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INTRODUCTION

The ability to recognize individual faces is a highly specialized skill that
emerges during infancy, continues to develop throughout childhood, and
becomes adult-like in late adolescence. In this chapter we explore the devel
opmental progression of face recognition and consider possible mechanisms
that underlie it. Specifically, we evaluate the role of visual experience in
driving the developmental changes and consider other potential factors
that could account for the slow development of adult-like expertise. To
begin, we describe the properties of the fully developed adult system for
face processing.
Adults are experts at face processing. They have the remarkable ability to
detect faces, even in the absence of normal facial features. They readily detect
faces in paintings in which faces are composed of objects such as an arrange
ment of fruit, vegetables, or rocks (Bruce & Young, 1986), or when presented
with a two-tone Mooney face (Kanwisher, Tong, & Nakayama, 1998), at least
when the stimuli are upright. Face detection is f~cilitated by the fact that all
faces share the same first"order relations: two eyes aligned horizontally above
a nose and mouth. As a result, face images can be superimposed, or averaged,
and the resulting stimulus remains recognizably face-like (Diamond & Carey,
1986). While adults are proficient at face detection, they recognize faces less
often at this basic level (i.e., "that's a face") and more often at the subordinate
level (e.g., "that's Wayne Gretzky") and can do so rapidly and accurately
(Tanaka, 200 1). This tendency to identify faces more often at the subordinate
level is considered a marker of perceptual expertise (Tanaka & Gauthier,
1997). In fact, adults can recognize thousands of individual faces, even when
the person is at a distance, in poor lighting, has a new hairdo, or is a former
schoolmate who has not been seen for over 20 years (Bahrick, Bahrick, &
Wittlinger, 1975).
How do newborn infants, who have never before perceived faces, even
tually acquire the expert ability to recognize thousands of individual faces in
adulthood? Here we outline the developmental pattern of face recognition
during infancy and childhood, and examine the role of experience in driving
the development of this expert system.
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INFANCY
,
The Starting Point: Face Detection by Newborns

I

Newborns are readily engaged by faces: they look at real faces for long periods
of time, look longer at drawings of faces than at experimental stimuli like
newsprint or bull's-eyes, and, under some circumstances, when presented
with patterns matched on low-level visual variables. orient preferentially
toward those with more face-like characteristics (cf. Fantz, 1965; Goren,
Sarty, & Wu, 1975; Johnson, Dziurawiec, Ellis, & Morton, 1991; Kleiner,
1987; StecWer, 1964; Mondloch et al., 1999; Valenza, Simion, Macchi
Cassia, & Umilta, 1996). These attentional biases ensure that the developing
visual system receives input from human faces.
What is less certain is whether newborns' biases reflect the newborn being
drawn toward stimuli matching an inborn specific face template or whether
they result from more general visual preferences that favor faces. For
exampl~, real human faces may be attractive to newborns because they
contain high-contrast patterned elements, are dynamic, come within 10-12
inches of the newborn's eyes, and often are accompanied by a voice-proper
ties that engage newborns' attention even when the stimulus is not a face
(e.g., Fantz, 1965; Kleiner, 1987). Fourier analyses of drawn faces indicate
that they contain a great deal of energy at spatial frequencies visible to the
newborn (Kleiner & Banks, 1987). Indeed, when newborns' preference for a
face-like pattern over a checkerboard-like lattice was probed by pitting a
hybrid stimulus with the visible energy in the face arranged like the lattice
(which looks like a lattice to adults) against a hybrid pattern with the visible
energy in the lattice arranged like a face (which looks like a face to adults),
newborns looked longer at the forrper-the nonfacelike pattern with the
face's energy level (see Figure 3.1d; Kleiner, 1987; Mondloch et al., 1999).
These results indicate that overall level of visible energy is more important in
determining newborns' looking preferences than whether the energy is
arranged spatially to resemble a face. Faces are attractive to newborns, then,
in part because they contain an optimal amount ofenergy that is visible to the
newborn. Other objects in the newborn's environment are less attractive
because the newborn's poor acuity and contrast sensitivity make many of
their properties invisible and/or be.cause they are visible but do not have the
optimal amount of visible energy.
Although optimal visible energy influences newborns' preference for faces,
it is not the only influence. For example, in the tests with hybrid stimuli,
newborns did show sensitivity to facial organization when visible energy was
equated: they looked longer at a face (Le., energy and organization of the
face) than at a comparison stimulus with the energy ofthe face organized like
the lattice (Kleiner, 1987; Morton, Johnson, & Maurer, 1990). Similarly,
newborns in the first hour after birth look longer at a stimulus (config) that
has a head outline filled with three black squares in the location of the eyes
and mouth than at a stimulus in which the location of the squares is inverted

Figure 3.1 Stimulus pairs used to test face preferences in newborns, 6-week-olds, and
12-week-olds. (a) Config and its inverted version; (b) a "T" pattern and its inverted
version; (c) a top-heavy scrambled face and a bottom-heavy scrambled face. Newborn
infants prefer the leftmost image for pairs a, b, and c. (d) A stimulus with the
organization of a face but the visible energy of a lattice, and a stimulus with the
organization of a lattice but the visible energy of a face. Newborns prefer the stimulus
on the right; 6- and 12-week-olds prefer the stimulus on the left. (e) A positive
contrast schematic face and its phase-reversed version. A preference fpr the positive
contrast face emerges between 6 and 12 weeks of age. Used with permission from C. J.
Mondloch et aI., 1999, "Face perception during early infancy," Psychological Science,
10, pp. 419-422, Copyright 1999 Wiley-Blackwell.
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(see Figure 3.1a) (Mondloch et al., 1999; see also Valenza et al., 1996). This
early preference supports Johnson and Morton's proposal that tpere is an
innate subcortical mechanism, Conspec, that causes newborns to orient
toward high-contrast elements with the c~nfiguration of facial features
(Johnson, 2005; Johnson & Morton, 1991; Morton & Johnson, 1991). They
argue that Conspec serves to guarantee that the newborn's developing brain
receives a great deal of visual input from faces, and that it then declines
postnatally to be replaced by a cortical mechanism, Conlern. The experi
mental results suggest that config may approximate the optimal or minimal
stimulus to activate Conspec. As would be expected under Morton and
Johnson's hypothesis, the newborn's preference for config is robust if the
stimuli are in the temporal visual field but disappears if they are in the nasal
visual field, a pattern matching the temporal~nasal asymmetry in input to the
subcortical structures likely to be involved (e.g., the superior colliculus, the
pulvinar, or both) (Simion, Valenza, Umilta, & Dalla Barba, 1998). Also, as
predicted, the visual preference for the config stimulus disappears at about 6
weeks of age, at the same time that the baby begins to show greater sensitivity
to the organizational properties of faces (see below) (Mondloch et al., 1999;
see also Johnson & Morton, 1991). Collectively, these results suggest that
there is an innate mechanism, possibly subcortical, that attracts babies to
faces so that the developing cortex receives the visual experience necessary to
drive cortical specialization for faces (but see Acerra, Burnod, & de Schonen,
2002, for evidence that even this preference could result from higher visible
energy in config than the inverted stimulus). this innate mechanism is
supplemented by general visual preferences for optimal energy level, move
ment, visual/auditory stimulation, and so forth, that serve the same adaptive
function of guaranteeing that the b,aby pays attention to the faces in the
environment.
Although the findings for config suggest that, in addition to general visual
properties favoring faces, there is an innate preference for faces, Simion's
systematic investigation of the preference suggests an alternative account.
She found that newborns look preferentially toward head-shaped figures
with more elements in the top over head-shaped figures with more elements
in the bottom (see Figure 3.1b and c for examples) (Macchi Cassia, Turati, &
Simion, 2004; Simion, Macchi Cassia, Turati, & Valenza, 2001; Simion,
Valenza, Macchi Cassia, Turati, & Umilta, 2002; Turati, Simion, Milani, &
Umilta, 2002; reviewed in Turati, 2004). This is true for photographs of faces,
'as well as arrangements of black squares like those used originally: newborns
look longer at five squares arranged to form an upright T than at its inverted
version (Simion et al., 2002), and they look longer at a photograph of a face
with its elements rearranged unnaturally. to have more elements than normal
in the top than at the unadulterated photograph (Macchi Cassia et al., 2004).
Thus, the preference for config may be just another example of newborns'
preference for head-shaped stimuli with more visible elements in the top
half-a general visual preference-and not evidence for an innate face tem
plate per se. Like the other general visual preferences, the top-heavy
~-~---~ -
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preference will serve the adaptive function of assuring that the human beings
who interact with the newborn easily attract and keep the infants' attention.
Interestingly, in adults such top-heavy patterns activate the fusiform face area
(Caldera et al., 2006) and elicit a face-like event-related N170 (Le Grand,
Barrie, & Tanaka, 2005), despite not being perceived as face-like. Thus, the
newborn preference for top-heavy patterns may be related to activity in brain
areas that later become specialized for face processing-in part because of the
face input they receive during early infancy (see the section "The Role of
Experience during Infancy").
While there is debate about the mechanisms underlying face preferences at
birth, there is agreement that infants' preferences change postnatally. By 2-3
months, infants look preferentially toward stimuli with the internal organi
zation of a face-even when that organization is pitted against a more
optimal level of visible energy (Kleiner & Banks, 1987; Mondloch et al.,
1999; see Maurer, 1985, for review of earlier studies) and even when it is
pitted against a head-shaped pattern with the same number of elements, or
even more elements, in the top half (Macchi Cassia, Kuefner, Westerlund, &
Nelson, 2006; Turati, Valenza, Leo, & Simion, 2005). Unlike younger infants,
they also look longer at a face with the normal polarity of dark elements on a
light background than at the reverse negative polarity (see Figure 3.1e;
Dannemiller & Stephens, 1988; Mondloch et al., 1999). These postnatal
changes are assumed to reflect increasing cortical specialization for faces,
although the newly developed selectivity for faces over top-heavy stimuli is
not manifest in the components of the event-related potential that signal face
detection in adults (potential precursors of the N170) (Machia Cassia et al.,
2006). The postnatal changes appear to be driven by visual experience: our
results to date from infants treated for bilateral congenital cataract indicate
that on the day when they can first see after treatment, their face preferences
matched those of newborns rather than age mates (Mondloch, Lewis,
Maurer & Levin, unpublished data; see the section "The Role of Experience
during Infancy"). Thus, in this rare condition in which visual input is
blocked by cataracts, postnatal brain maturation is not sufficient to drive
the typical changes in behavioral face preferences.
Recognition of Facial Identity

Newborns can recognize the face oftheir mother from visual cues alone: infants as
'young as 3 days old fixate their mother's face longer than the face of a stranger,
even when olfactory cues have been eliminated by video presentation or a
masking scent (Bushnell, 2001; Bushnell, Sai, & Mullin, 1989; Pascalis, de
Schonen, Morton, Deruelle, & Fabre-Grenet, 1995). This looking preference is
robust in infants who have had as little as 5.5 hours of exposure to the mother's
face over those 3 days (Bushnell, 2001) and in infants who have not seen their
mother during the preceding 15 minutes (the longest delay tested) (Bushnell,
2001). After habituation to the photograph of one unfamiliar female, infants 3 to
4 days old look longer at the photograph of a second unfamiliar female even after
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a 2 minute delay (the longest delay tested) (Pascalis & de Schonen, 1994). Not
surprisingly, given their poor visual sensitivity, newborns make the discrimina
tion when the faces are filtered to include information only at very low spatial
frequencies (large details; 0-0.5 cycles/degree) but not when the faces are filtered
to include only higher spatial frequencies (smaller details) (de Heering et al.,
2008). These results indicate that newborns have the ability to perceive large
distinguishing features of individual faces and to recognize them after a short
delay even when the face (of their mother) is presented in an unfamiliar context
(without movement, voice, smell, or contingent interaction; in a two-dimensional
format). Thus, even during the period of primitive face detection (see the section
"The Starting Point:, Face Detection by Newborns"), babies are able to differ
entiate individual faces and store information about identity. However, the
information they use appears to be more limited than it will be later during
infancy.
To study the information used to recognize faces, investigators have tested
newborns' recognition ofthe mother's face when various cues are eliminated.
When the mother and stranger both wear identical scarves or wigs, thus
eliminating most external cues, newborns no longer show a looking prefer
ence for mother over stranger (Pascalis et al., 1995), and this failure persists
until about 6 weeks of age (Bartrip, Morton, & de Schonen, 2001; Bushnell,
2003). Similarly, following habituation to the photographed face of mother
or a stranger, I-month-olds show recovery oflooking tq a novel face when
the individuals were photographed with either the eyes or mouth occluded
but not if the two faces wore identical bathing caps (Bushnell, 1982).1 This
pattern has led researchers to conclude that young infants recognize and
differentiate faces based on the external contour-perhaps because the area
between the hair and face forms a large, high contrast contour that they can
see easily. It fits with evidence of a more general externality bias favoring
processing of external contour over'internal features (e.g., Milewski, 1976;
Salapatek, 1975) and with e~dence that I-month-olds (the youngest age
tested) fixate the external contour of faces more than its internal features,
even when the face belongs to the baby's own mother and even when it is
moving and talking (Hainline, 1978; Haith, Bergman, & Moore, 1977;
Maurer & Salapatek, 1976).
However, there are two findings inconsistent with the conclusion that the
young infant's recognition offacial identity is based only on the external contour
and that there is a change favoring internal features around 2 months of age.
First, although it is not until 6 weeks ofage that babies can recognize their mother
when the external contour is occluded, during the first 4 months of life, infants
fail to show a looking preference when the mother and stranger both wear masks
occluding the internal features and leaving the hair and external contour visible,
perhaps because they fail to recognize the stimulus as a face (Bartrip et al., 2001).

J The occlusion of eyes or mouth was tested only in the experiment involving mother and
stranger.
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Second, a recent habituation study revealed that even newborns 1 to 3 days old
can discriminate between two strangers, based on the internal features alone
(Turati, Macchi Cassia, Simion, & Leo, 2006). Turati et al.'s procedure differed
from the studies measuring a looking preference for mother's face (Bartrip et al.,
2001; Pascalis et al, 1995) in that there was no change in the features available for
recognition between learning and test. Thus, newborns appear to be able to
discriminate between unfamiliar faces based on either internal or external cues
and to recognize something about those cues in an immediate test. Follow-up
studies using the same method have revealed that external cues are, never
theless, more salient for newborns: following habituation to a full face, new
borns show a novelty preference on the paired test when shown the familiar
and novel face with external features only but not when shown their internal
features only. Similarly, following habituation to external features alone,
newborns show a novelty preference on the paired test when shown full
versions of the two faces, but do not following habituation to internal
feature'S alone (Turati et al., 2006). Combined with the scanning data (e.g.,
Milewski, 1976; Salapatek, 1975) showing a bias to look at external features,
the results suggest that newborns learn faces based mainly on their external
contour unless that contour has been masked. By 7 months of age, infants
show evidence of integrating the internal and external features: following
habituation to the faces of two unfamiliar women, they treat a new face that
recombines the internal features of one woman with the external features of
the other as if it is completely novel, if the faces are presented upright but not
if they are inverted (Cashon & Cohen, 2001). Paradoxically, the integrative
skill follows a U-shaped function with no sign of integration at 3 months, the
integrative pattern for both upright and inverted faces at 4 months, a seeming
loss of integration at 6 months, and its re-emergence at 7 months for upright
faces only (Cashon & Cohen, 2004). Similarly, 4-month-olds discriminate
between strangers' faces following habituation as readily when the faces are
both presented inverted as when they are both presented upright unless the
baby has to generalize habituation to the face in a novel point ofview (Turati,
Sangrigoli, Ruel, & de Schonen, 2004).
By 2-3 months, babies switch from an external to an internal bias when
scanning faces and geometric patterns (Hainline, 1978; Haith et al., 1977;
Hunnius & Geuze, 2004; Maurer & Salapatek, 1976; Salapatek, 1975). They
look at the internal features more than the external features with a bias to
fixate the eyes, at least in static faces. They also begin to demonstrate the
cognitive skills needed to form prototypic representations of fac-es, a
prerequisite to developing the multidimensional face space that appears to
underlie adults' expert coding of facial identity (de Haan, Johnson,
Maurer, & Perrett, 2001). At 5, but not 3 months, they discriminate between
schematic faces that have normal relations among features from those that
have been Thatcherized; that is, the relation among the internal features has
been altered by rotating the eyes and mouth in an otherwise upright face,
leaving each feature in more or less the normal location but making the face
look grotesque from the altered relation among features (Bertin & Bhatt,
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2004; Bhatt, Bertin, Hayden, & Reed, 2005). At 5 months they also discrimi
nate between two photographed faces that differ only in the space between
the two eyes and the space between the eyes and mouth, a configural cue
called second-order relations that contributes to adults' face expertise (see
the section "Internal Facial Characteristics"): following habituation to 'one
spacing, they show a novelty preference when shown the same face with a
change in spacing that spans the normal range of human variability (Hayden,
Bhatt, Reed, Corbly, & Joseph, 2007). At 3 months, they fail a similar test with
even larger changes in spacing that are outside natural limits (Bhatt et al.,
2005). As in adults, 5-month-olds' sensitivity to Thatcherization and to
second-order relations decreased when the faces were inverted. Combined
with the findings for external and internal features, the results suggest that by
5-7 months of age, similar mechanisms underlie the processing of facial
identity in infants and adults. Together, the evidence of parallel changes in
scanning for faces and geometric patterns, ofemergent skills that can initially
be applied readily to either upright or inverted faces, of U-shaped develop
mental curves, and of later specialization for upright faces suggests that
development during infancy may involve general changes in visual proces
sing that are not face specific, but that alter the types of information babies
pick up from their many exposures to upright faces in their environment.
This exposure may, in turn, tune the emergent skills to upright faces.
A Special Role for Eyes?

Newborns look longer at a face if its eyes are open rather than closed (Batki,
Baron-Cohen, Wheelwright, Connellan, & Ahluwalia, 2000) and if the eyes
have direct rather than averted gaze (Farroni, Csibra, Simion, & Johnson,
2002; Farroni, Menon, & Johnson, 2006; Farroni, Pividori, Simion,
Massaccesi, & Johnson, 2004). The looking preference for direct gaze is
present for upright faces, but not for inverted faces or faces turned 45° to
the side (Farroni et al., 2006). Although the explanation might be related to
differences in the spatial frequencies in the eyes region, the preference never
theless functions to- attract newborns to the faces of individuals interacting
with them and may facilitate the learning ofthe many social cues conveyed by
the eye. In addition, a recent study found that newborns' orienting preference
for config over the inverted stimulus and for a photographed face with
normal rather than inverted internal features occurs only when the polarity
m~tches that of a hu'man face: dark squares (eyes) on a lighter background or
a dark spot (pupil) within a lighter square (iris) (Farroni et al., 2005).
Moreover, newborns show an orienting preference for a normal face photo
graphed with natural overhead lighting (which creates shadows around the
eye sockets so that dark eyes appear on a light background) over the same face
photographed with unnatural lighting from below. Combined, these results
suggest that newborns' face detection cannot be explained entirely based on
visible energy or top-heavy energy within a frame. Rather, newborns appear
to have an innate face template that is tuned to structural properties of the
------
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face that are associated with the appearance of the eyes. Such a template has
the adaptive value of increasing newborns' attention to the faces of people
who are interacting with them: in an upright orientation, lit from above, with
eyes open and direct gaze. Those are the conditions under which people
expect the baby to learn to recognize them and the conditions under which
they emit the cues the baby will need to learn about facial expressions and
joint attention.
Eye gaze also modulates 4-month-olds' recognition of facial identity:
following habituation to a video of an animated face, infants show a novelty
preference for a novel face over the familiar face in static, colored photographs
when the faces have direct gaze throughout the experiment but not when they
have averted gaze (Farroni, Massaccesi, Menon, & Johnson, 2007). It is not
known whether averted gaze caused poorer encoding (as suggested by shorter
looking time during habituation) or poorer retrieval, nor whether there are
similar eff~cts earlier in infancy.
CHILDHOOD
Face Recognition in Children

Despite abundant exposure to faces during infancy and childhood, children
do not reach adult levels of expertise in recognizing facial identity until
adolescence. Six- and eight-year-olds have difficulty matching facial identity
when two versions of the same face differ in facial expression, clothing, or
lighting (Benton & Van Allen, 1973, as cited in Carey, Diamond, & Woods,
1980; Bruce et aI., 2000; Mondloch, Geldart, Maurer, & Le Grand, 2003) and
even lO-year-olds have difficulty when they differ in point of view
(Mondloch, Geldart, et aI., 2003). Even when the same picture of a face is
shown during familiarization and the recognition test, 10- to 14-year-olds
make more errors than adults. In one study (Carey et al., 1980), adults and
children aged 7 to 14 studied 48 faces; they were asked to indicate the gender
of half of the faces and the likeability of the rest. They were then shown 48
pairs of faces and, for each pair, were asked which face had been seen
previously. Like adults, children of all ages performed better for faces that
had been rated on likeability, presumably because those f~ces had been
processed more deeply; nonetheless, children of all ages made more errors
tl;l.an adults in both conditions.
Children's poor performance on some face recognition tasks may be
attributable to general cognitive skills, such as immature memory strategies
and attention. However, it is unlikely that general cognitive immaturities
offer a complete explanation. First, the extent of the immaturity in face
processing varies across manipulations relevant to face processing despite
identical task demands (see "Cues to Facial Identity" below), and children
perform worse than adults under a variety of conditions, even when memory
demands are minimized/eliminated. Mondloch, Le Grand, & Maurer (2002)
asked children (6 to 10 years of age) to make same/different judgments about
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pairs of Caucasian female faces; models wore a surgical cap to cover their hair
and ears. Ten-year-olds made more errors than adults when the faces were
presented sequentially with only a 300 ms interstimulus interval (Mondloch
et al., 2002), and 8-year-olds (the only age group tested) made more errors
than adults even when the faces were presented simultaneously for an
unlimited amount of time (Mondloch, Dobson, Parsons, ~ Maurer, 2004;
see also Bruce et al., 2000). Thus, although memory demands may contribute
to children's poor performance on some tasks, 8-year-olds make more errors
than adults even under conditions that minimize memory demands.
Children also perform worse than adults when tested with children's faces.
Developmental change is evident in match-to-sample tasks (Bruce et al.,
2000) and in same/different discrimination tasks even when the stimuli are
children's faces (Mondloch, Maurer, & Ahola, 2006), the category of faces
with which they have the most experience. There is also improvement in
perforrnance between 6 and 10 years of age when children are tested with
familiar faces. Hay and Cox (2000) presented 6- to 7-year-olds and 9- to 10
year-olds with a face for 5 s and then, after a lOs interstimulus interval, asked
them to indicate which of two faces they had just seen. The older group
performed better than the younger group regardless of whether the target
face was familiar (a schoolmate) or unfamiliar.
In summary, children make more errors than adults at recognizing facial
identity on face recognition tasks under a variety of conditions: recognizing
highly familiar faces, matching familiar and unfamiliar faces, and making
same/different judgments about pairs of unfamiliar faces presented either
sequentially or simultaneously. Understanding the slow development of
adult-like expertise for face recognition requires isolating components that
underlie that expertise and tracing the development of each. In the next few
sections, we review what ,is known about specific skills that playa role in
adults' expert face recognition: holistic processing, sensitivity to differences
among faces in the shape of external contours, internal features, and the
spacing among features, and the ability to recognize faces despite transfor
mations in their appearance.
Holistic Face Processing

Holistic processing is a hallmark of adults' expert face perception. When
adults process faces holistically, the parts are integrated into a whole or
gestalt-like representation, and information about individual features
becomes less accessible (for a review see Maurer, Le Grand, & Mondloch,
2002). A compelling demonstration of holistic processing is the composite
face effect (Carey & Diamond, 1994; Hole, 1994; Hole, George, & Dunsmore,
1999; Le Grand, Mondloch, Maurer, & Brent, 2004; Michel, Caldara, &
Rossion, 2006; Young, Hellawell, & Hay, 1987). Adults find it'difficult to
recognize the top half of a celebrity's face when it has been aligned with the
bottom half of a different face (Young et al., 1987). Presumably holistic
processing binds the two halves of the face and creates a novel face, thereby
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making it difficult to recognize the person in the top half. Adults perform better
after manipulations that disrupt holistic processing such as misaligning the two
halves or inverting the face (Young et al., 1987). The composite face effect also
occurs for same/different judgments about the top halves of unfamiliar faces
(Hole, 1994; see Figure 3.2). In addition, adults recognize the features from an
individual's face more easily in the context of the whole face (e.g., Larry's nose in
Larry's face) than in isolation (the whole/part advantage) (Tanaka & Farah,
1993; see also Michel, Rossion, Han, Chung, &Caldara, 2006). These findings
demonstrate that facial features are not only represented individually, but are
also integrated into a holistic representation that interferes with access to any
representation of the individual features.
There is some evidence suggesting that young children may process faces in a
more piecemeal fashion than adults. Schwarzer (2000) trained 7-year-olds, 10
year-oIds, and adults to place schematic faces into one of two categories that
corresponded to an adult face and a child's face. The faces varied in four
attributes (eyes, nose, mouth, and outline) and could be sorted successfully
based on an individual feature or overall resemblance. Test faces were created to
determine which approach had been used during training. For example, one test
face had adult eyes, but all of the other features were those of a child. If a
participant were classifying faces based on the isolated features ofthe eyes, he/she
would categorize the face as an adult's; if a participant were classifying faces
based on overall resemblance, he/she would categorize the face as a child's. Most
7- and lO-year-olds (about 62%) made choices based on isolated features,
whereas most adults (56%) made choices based on overall similarity, that is,
they categorized the faces holistically. Younger children (aged 3 to 5 years) show

....
II I
Figure 3.2 Composite face stimuli. Face pairs from the misaligned condition (top
row) and the aligned condition (bottom row). For all face pairs, the bottom halves are
different. The top halves either have the same (left column), or different (right
column) top halves. In the aligned condition, holistic processing creates the
impression that the top halves are always different. Reprinted with permission from
R. Le Grand et al., 2004, Psychological Science 15, p. 763, Copyright 2004 Wiley
Blackwell.
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little evidence of holistic processing on this task; instead they categorize faces
based on a single feature (20%) or a different attribute on each trial (65%)
(Schwarzer, 2002). Thus, under some conditions holistic processing may be slow
to develop, at least for schematic pictures that are presented for a prolonged
period of time.
.
However, when photographs of faces are used, both the composite face task
and the whole/part task reveal adult-like holistic processing during early child-.
hood. When asked to identify the top half of composite faces depicting class
mates or newly familiarized faces, 6- and lO-year-old children, like adults, are
faster on misaligned trials than on aligned trials (Carey & Diamond, 1994).
Similarly, when 4- and 6-year-olds are asked to make same/different judgments
about the top halves of unfamiliar faces, their accuracy is higher on "same" trials
when the faces are misaligned (i.e., when interference is reduced by disrupting
holistic processing) than when the faces are intact, and the effect is adult-like in
magnitude (de Heering, Houthuys, & Rossion, 2007; Mondloch, Pathman,
Le Grand, Maurer, & deSchonen, 2007). Similar conclusions can be drawn
from studies that use the whole/part advantage to measure holistic processing.
Children as young as 4 years show the whole/part advantage with no significant
change in the size of the effect between 6 and 10 years of age (Tanaka, Kay,
Grinnell, Stansfield, & Szechter, 1998) or between age 4 and adulthood (Pellicano
& Rhodes, 2003; Pellicano, Rhodes, & Peters, 2006): at every age test~, subjects
were more accurate at picking out a previously seen face from one in which a
feature had been altered than they were at discriminating between the isolated
parts. This early development of holistic processing may be necessary for the
eventual development of adult-like expertise but it is not sufficient; despite
evidence of holistic processing under,some conditions by 4 years of age, some
face processing skills have yet to emerge, and even young adolescents make more
errors than adults on a variety of face processing tasks. Below we explore the
mechanisms that underlie the slow development of adult-like expertise.
Cues to Facial Identity

Adults are able to recognize facial identity based on a variety of subtle
differences among individual faces, including the shape of the external con
tour, the shape of individual internal features (e.g., eyes, mouth), and differ
ences in the spacing among features (e.g., distance between the eyes) or
, second-order relations. Although each of these cues varies between two faces
in the real world, the laboratory affords an opportunity to test sensitivity to
each of these cues in isolation.
Facial Contour
Facial contour (hair, chin shape) facilitates face recognition, particularly of
unfamiliar faces. Adults and children alike find it easier to recognize an
unfamiliar face based only on its external features than only on its internal
features (Want, Pascalis, Coleman, & Blades, 2003). Likewise, adults are able
to make same/different judgments for pairs of unfamiliar faces that differ
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only in external contour even when the hair and ears are covered by a surgical
cap and clothing cues are removed (Mondloch et aI., 2002; See Figure 3.3).
Under special conditions, adults can be fooled by external contour; when
looking at a picture of Bill Clinton beside another politician, they perceive the
second face as belonging to AI Gore even when the internal features are those
of Bill Clinton (Sinha & Poggio, 1996). For adults, the external contour is a
less salient cue for highly familiar faces: adults are better able to recognize
familiar faces from photographs that include only the internal features than
from photographs that include only the external features (Ellis, Shepherd, &
Davies, 1979). Unlike adults, children younger than 7 years of age are more
accurate when asked to identify pictures of classmates ifphotographs contain
only the external features than if photographs contain only the internal
features, and it is only when children are between 9 and 11 years of age that
they show the adult-like pattern (Campbell & Tuck, 1995; Campbell,
Walker, & Baron-Cohen, 1995).
Sensitivity to the external contour of a face develops very early (see also the
section "Recognition of Facial Identity"). When asked to recognize a familiar
face from a storybook that is paired with a foil that differs only in the external
contour, 4-year-old children's (the youngest age tested) performance is
virtually errorless (Mondloch, Leis, & Maurer, 2006). The same is true
when 4-year-olds are asked to find their own face that is paired with a foil
wearing the same Clothes but with a different external contour. Notably,
4-year-olds notice that the foil is wearing their own clothing but not that
the foil has their internal features (Mondloch, Leis, et al., 2006). By 6 years of
age (the youngest age tested), children's accuracy is adult-like when making
same/different judgments about pairs of unfamiliar faces that differ only in
external contour despite the ~he fact that the models· were wearing a surgical
cap (Mondloch et al., 2002). Consistent with findings that children can
identify faces based on contour information alone, removing contour infor
mation impairs their performance. In a match-to-sample task, children

Figure 3.3 An original face (a) and three altered versions: (b) differs in the shape of
the eyes and mouth(c) differs in the spacing among features, and (d) differs in the
shape ofthe external contour. Used with permission from C. ]. Mondloch et a1., 2002,
"Configural face processing develops more slowly than featural face processing,"
Perception 31 (5),553-566, Pion Limited, London.
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between the ages of 5 and 10 years make more errors when the hair and ears
are masked than when these external cues are visible (Bruce et al., 2000);
older children have not been tested on this task. This pattern of results is
somewhat paradoxical given that by 2 months of age infants look longer at
the internal facial features than the external contour and that even riewborns
can recognize faces based on the internal features alone (see the section
"Recognition of Facial Identity").
Children's sensitivity to the external contour is perhaps most evident in
studies showing that paraphernalia (e.g., a hat) interferes with their face
recognition. Six-year-olds and eight-year-oIds are influenced by parapher
nalia (e.g., glasses, hats) when matching unfamiliar faces: they are apt to
select a match wearing the same hat as the target face rather than the target
face without the hat (Carey & Diamond, 1977). This effect is reduced in older
children (Carey & Diamond, 1977) and in younger children when the faces
presented are less similar (Baenninger, 1994; Flin, 1985). Freire & Lee (2001)
trained children between 4 and 7 years of age and ll-year-olds to recognize
"Bob" when he was presented among three distracters that differed either in
the spacing among facial features or the shape of individual features.
Children who successfully completed training were then tested on four
additional trials in which all four models (including the target; uniform
trials) or two models (the target and one foil; mixed trials) wore' a hat.
Accuracy in both conditions increased with age; when the foils differed in
the spacing of features (Le., when paraphernalia should have its maximal
effect), only the ll-year-oIds performed above chance levels in the mixed
trials.
Internal Facial Characteristics

I

Adults also recognize facial identity based on the shape and color of internal
features (e.g., eyes, mouth) and the spacing among them, second-order rela
tions. Several studies have isolated these two variables and measured adults'
sensitivity to each type of cue. Freire, Lee, & Symons (2000) created eight
versions of a single face that differed either in the shape of the eyes and mouth
or in the spacing among facial "features (e.g., by moving the eyes closer
together and the mouth down). Adults made same/different judgments
about pairs of faces that were presented simultaneously. Adults' accuracy
was very high in both conditions but was about 10% higher in the featural
condition (M = 90%) than in the spacing condition. Similar results were
obtained by Mondloch et al. (2002); adults' accuracy was about 7% higher in
the featural condition (M = 89%) than in the spacing condition, despite the
spacing changes covering most of the natural variation among Caucasian
female faces. Although scaling issues make it difficult to compare the two
conditions directly when set sizes are small, more recent work suggests that
adults' accuracy for featural cues was not overestimated in the' original
studies. Mondloch, Robbins, & Maurer (in press) created 20 versions of a
single face that differed only in the appearance of the eyes and mouth; adults
were asked to make same/different judgments for pairs of faces that were
-------- ----
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presented sequentially. Accuracy on "different" trials was high (M = 93%)
across the 60 pairs and did not decrease when the 11 pairs in which one face
had make-up were removed from the analysis. Furthermore, when the ana
lysis was constrained to the 29 pairs in which there was no striking difference
in the color or size of the iris, accuracy remained at 93%. This pattern of
results suggests that previous estimates of adults' sensitivity based on smaller
face sets (Freire et al., 2000; Mondloch et al., 2002) are representative. Thus,
adults are more sensitive to featural changes than they are to spacing changes
that cover most of the natural variability among faces in the real world but
stay within normal limits (Farkas, 1981), a result leading to the conclusion
that adults are adept at using featural differences in recognizing facial
identity.
Nonetheless, under some conditions features may not provide a reliable
cue: when the face is seen from a new point of view, when the person poses a
new faCial expression, under poor lighting conditions, and after many years
of aging. Under these conditions the appearance of individual features
changes, and adults may need to rely on the spacing among facial features
that comes from the bone structure of the face. It is not surprising then that
adults are exquisitely sensitive to the spacing of facial features (Freire et al.,
2000; Mondloch et al., 2002) and that limits in this sensitivity correspond to
limits in their visual acuity (Ge, Luo, Nishiura, & Lee, 2003; Haig, 1984).
Thus, the slow development of expert face recognition may result from slow
development of sensitivity to either the shape of individual features or to the
spacing among them.
Several studies suggest that sensitivity to differences among faces in the
spacing of features (second-order relations) develops more slowly than
sensitivity to differences in the shape of individual features. By 5 years of
age (the youngest age tested), children, like adults, are biased toward low
spatial frequencies in facial identity tasks. Deruelle & Fagot (2005) showed
participants a low-pass face, a high-pass face, or a hybrid face (comprised of
lower spatial frequencies from on~ face and higher spatial frequencies from
another); participants were asked which of two filtered faces matched the
original model in identity. Adults and children both chose the low-pass face,
indicating their bias toward low spatial frequencies. Nevertheless, children
appear to be able to use featural information in faces, but they are much less
Jsensitive than adults to second-order relations. Mondloch, Leis, et al., (2006)
familiarized 4-year-olds with two faces from a storybook over a 2-week
period. The children were then asked to identify unaltered photographs of
those children when they were paired with foils that differed either in the
shape and color of individual features odn the spacing among features. Four
year-olds' performance was above chance when the foils differed featurally
but was at chance levels when the foils differed in the spacing of features. An
identical pattern of results was obtained when children were tested with
pictures of their own face (Mondloch, Leis, et al., 2006) and with the faces
of friends from their daycare center (Mondloch & Thomson, 2008). When
tested with unfamiliar faces in a simultaneous match-to-sarnple task, 4-year
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olds' performance was above chance, but only 10 of 18 children were correct
on more than three of four test trials (Mondloch & Thomson, 2008).
Similarly, when asked to select a target face presented among three foils,
4-year-olds performed at chance levels when the faces differed only in the
spacing of features (Freire & Lee, 2001; see analysis of data for separate age
groups in McKone & Boyer, 2006, p. 137) whereas they performed above
chance when the foils differed in the shape of individual features.
Performance improves dramatically by 6 years of age such that children are
able to select a target among three foils (Freire & Lee, 2001) and perform
above chance when asked to make same/different judgments about pairs of
unfamiliar faces that differ only in the spacing of features (Mondloch et al.,
2002). Nonetheless, whereas 6-year-olds are nearly adult-like when discrimi
nating faces based on individual features (with no statistical difference by 10
years of age), even 14-year-olds make more errors than adults when discri
minating faces based on the spacing of features (Mondloch et al., 2002;
Monoloch, Le Grand, & Maurer, 2003). Converging evidence comes from a
study in which 7- and 10-year-olds were asked which of two stimuli matched
a just-seen target. All groups performed accurately when the task involved
isolated features, with no improvement with age; in contrast, 10-year-olds
were better than 7-year-olds when it involved the whole face, presumably
because they were better able to use second-order relations (Hay & Cox,
2000). Collectively, these data suggest that sensitivity to spacing differences
develops more slowly than sensitivity to featu,ral differences, with children
not beginning to use spacing cues to recognize facial identity until some time
between 4 and 6 years of age. Children's failure to use spacing cues for facial
identity appears to be at odds with the finding that 7-month-old infants are
able to predict which of two stimuli is about to move when the stimuli differ
only in the spacing of features (Hayden et al., 2007). Given that the visual
system of infants is able to detect differences in the spacing of facial features,
we conclude that the visual system of 4-year-old children is able to do so, but
that children do not use that information to judge identity when the spacing
of facial features falls within normal limits.
Only one study suggests that 7-year-olds are equally mature for featural
and second-order relational changes. Adults recognize distinctive faces more
readily than typical faces (Valentine & Bruce, 1986a, 1986b), likely because
they reside in a less densely clustered area of face space (Valentine, 1991).
Gilchrist and McKone (2003) demonstrated that children as young as 7 years
of age show this advantage and that they do so both when faces are made
distinctive by altering the appearance of individual features and when faces
are made distinctive by altering the spacing among features. These results are
consistent with those showing that by 7 years of age children are sensitive to
the spacing offeatures in facial identity tasks (Freire & Lee, 2001; Mondloch
et al., 2002), but Gilchrist and McKone (2003) claim that 7-year-olds are
adult-like in their sensitivity. The finding of adult-like sensitivity in this task
suggests that children are as sensitive as adults when spacing alterations are
sufficiently large to make the face distinctive and when performance in adults
~-----~---
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is equated for the two conditions (but see Mondloch et al., 2004, for evidence
that 8-year-olds judge spatially altered faces as less grotesque than adults).
Although 4-year-olds are not sensitive to second-order relations for facial
identity, their insensitivity to the spacing of features is not absolute. The
usual interpretation of the whole/part paradigm is that poor performance in
the isolated features condition indicates that faces are processed holistically
and that characteristics of individual features are encoded in the context of:.
this gestalt representation (Tanaka & Farah, 2003). In adults, the whole/part
effect is disrupted by changing the spacing of the features within the whole
face (Tanaka & Sengo, 1997), presumably because the gestalt is altered when
features are moved, making it more difficult to recognize features in their
new context. Consequently, adults are less able to identify which of two
mouths is "Bob's" when the mouths are presented in the context of "Bob's"
face but other features such as the eyes are moved. These data suggest that an
implicit representation of second-order relations is incorporated into the
facial gestalt. Pellicano et al. (2006) report the same effect in 4-year-old
children, suggesting that 4-year-olds' gestalt may also include information
about the spacing among features. We note, however, that Pellicano et al. did
not present the original face in their study; rather, the model face had eyes
moved in one direction (e.g., farther apart) and the test face had eyes moved
in the opposite direction (i.e., closer together) (personal communication,
2007). This is in contrast to our studies in which the original, unaltered
version of a face was presented with a spatially altered version in which the
eyes were moved in one direction. Consequently, differences in the spacing
among facial features were twice as large in the study by Pellicano and Rhodes
(approximately 5 SDs) (Pellicano & Rhodes, personal communication, 2007)
than in our studies (Mondloch, Lei~ et al., 2006; Mondloch & Thomson,
2008). The implication is tha(4-year-olds are sensitive to only large changes
in spacing.
Studies of distinctiveness also suggest that 4-year-olds are sensitive to
large changes in spacing. McKone & Boyer (2006) created distinctive faces
by altering the appearance of individual features or the spacing among them.
One group of adults rated each face on distinctiveness, and based on those
ratings, McKone and Boyer created pairs with small, medium, or large
differences in distinctiveness such that distinctiveness ratings were equated
across featural and spacing manipulations. Four-year-oIds selected the face
adults had rated distinctive for both types of change when the differences in
'distinctiveness were large, although their success (M = 63%) was less than
that of adults (M = 92%). Importantly, they were no more successful for
featural changes than spacing changes. These data suggest that 4-year-olds
have some sensitivity to second-order relations, at least when adults rate one
member of the pair as extremely distinct. However, when spacing changes are
small (McKone & Boyer, 2006) and remain within normal limits (M0ndloch
& Thomson, in press), 4-year-olds perform at chance levels when asked to
select the more distinctive member of each pair. Thus, adult-like sensitivity
to second-order relations is slow to mature when stimulus sets representative
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of variability in the real world are used (e.g., Friere et al., 2000; Freire & Lee,
2001; Mondloch et al., 2002; Mondloch, Leis, et al., 2006; Mondloch, Le
Grand, et al., 2003; Mondloch & Thomson, 2008).
In summary, children's poor performance on some face recognition tasks,
relative to that of adults, appears to be caused by the slow refinement of
specific face processing skills. By 4 years of age (the youngest age tested)
children are very sensitive to facial contour, and they show evidence of adult
like holistic processing. Sensitivity to facial features is evident by 4 years of
age and is adult-like by 10 years of age. Sensitivity to differences among faces
in the spacing of features emerges during the preschool years for large
differences but continues to be refined until adolescence. Although the
underlying cause of the refinement of sensitivity to the spacing of facial
features may not be face specific (Le., may be due to more general develop
ment of the visual system), the consequence appears to be a gradual improve
ment.in face recognition skills. Below we discuss factors that account for the
slow development of expert face recognition.
WHAT FACTORS ACCOUNT FOR THE SLOW DEVELOPMENT
OF FACE RECOGNITION?

Expertise in face recognition develops after years of experience in differen
tiating among upright human faces. As a result of this extensive experience,
by ad,ulthood faces are processed differently than objects for which we are not
experts (e.g., houses, landscapes, and animals) (e.g., Diamond & Carey, 1986;
Scapinello & Yarmey, 1970; Yin, 1969), at least when faces are upright. A
striking demonstration of adults' expertise in face identity is the face inversion
effect-much poorer accura,cy and longer reaction times for discriminating
and recognizing faces presented upside-down versus upright (Yin, 1969; for a
review, see Rossion & Gauthier, 2002). The magnitude of this inversion effect
is much larger for faces than most nonface objects (for reviews see Maurer
et al., 2002; Rossion & Gauthier, 2002; Valentine, 1988). A similar inversion
effect can also be obtained with nonface objects through extensive experience
discriminating among them (Gautbier & Tarr, 1997). The effect of experience
on recognition is also evident when comparing human faces and those of
other species. Adults are much better able to discriminate among human
faces than among faces of another species such as sheep and monkeys
, (Mondloch et al., 2006; Pascalis, de Haan, & Nelson, 2002). Adults are also
much better able to recognize faces of individuals from their own race
compared to individuals from another race or cultural group-the other
race effect (Meissner & Brigham, 2001), an effect that is modulated by the
differential frequency of exposure to own- versus other-race faces (Wright,
Boyd, & Tredoux, 2001). Presumably as a result of differential experience,
adults process other-race faces less holistically (Michel, Caldara, et al., 2006;
Michel, Corneille, & Rossion, 2007; Michel, Rossion, et al., 2006; Tanaka,
Kiefer, & Bukach, 2004; but see Elms et al., 2008) and are less sensitive to
differences in the appearance of individual features and the spacing among
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them (Elms et aL, 2008; Hayward, Rhodes, & Schwaninger, 2008; Rhodes,
Hayward, & Winkler, 2006). Superior face processing for upright own-race
faces is unlikely to be innately prespecified; rather, it is more likely to be the
result of regularly differentiating faces from particular categories. Below we
examine how experience shapes the face recognition system during develop
ment, discuss the neural mechanisms that underlie this ability, and identify
potential factors that would account for the slow maturation of expertise in
face recognition.
The Role of Experience during Infancy

Infancy is characterized by rapid developmental changes in the ability to
process faces, changes that are dependent upon visual experience. Because of
their own visual biases and the fact that adults and children alike are attracted
to them, babies receive abundant exposure to faces during the first few weeks
of life. Here we examine converging evidence that early exposure to faces
shapes the specificity of the face perception system; in its absence some
mechanisms underlying adult expertise are prevented from developing
normally.
A unique method that has been employed to examine the role of early
experience has been to compare individuals with normal visual experience to
patients who were born with cataracts in both eyes that were sufficiently
dense to deprive them of visual input early in life. Later in infancy the
cataracts were treated by surgical removal of the natural lens and fitting of
an optical correction (a contact len~) that provided nearly normal visual
input thereafter (see Maurer, ,Lewis, & Brent, 1989). 'Because the cataracts
deprived these patients of all patterned input, and not just input from faces,
such studies are an indirect assessment of whether the development of face
perception requires early experience with faces. Our studies on these patients
indicate that visual experience during the first few weeks and months of life is
critical for the normal development of some, but not all, aspects of face
processing.
Although sensitivity to first-order relations (face detection) improves
during infancy (see the section "The Starting Point: Face Detection by
Newborns"), its eventual perfection does not require early visual input.
lndividuals aged 9-20 years (mean = 14 years) who were deprived of early
visual experience during early infancy by bilateral cataracts (mean length of
deprivation = 3.9 months from birth) are as fast and accurate as age-matched
controls at detecting facial structure in ,upright Mooney faces (Mondloch,
Le Grand, et aL, 2003). The results from deprived patients could reflect an
innate programming of sensitivity to first-order relations of faces that is not
affected adversely by visual deprivation. Alternatively, and more likely, it
reflects a mechanism that can be trained equally well by visual input from
birth or after a delay. Several pieces ofevidence indicate that experience alters
the face preferences of visually normal infants and hence favor the second
alternative (see "Infancy" section). In addition, preliminary data from infants
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treated for congenital cataract after 6 weeks of age indicate that the pattern of
face preferences on the day they can first see is like that of newborns, rather
than that of infants of the same age who had normal visual experience-a
pattern suggesting that the postnatal increase in sensitivity to first-order
relations is driven by visual input (Mondloch, Lewis, Maurer, &: Levin,
unpublished data). In adults, upright Mooney faces activate the face-sensitive
FFA (Kanwisher et al., 1998). However, it is unknown whether the neural
correlates underlying face detection following early visual deprivation are the
same as those found in visually normal individuals or when these neural
correlates emerge.
The normal ability to detect faces based on their first-order relations
following early visual deprivation contrasts with permanent deficits in other
aspects of face processing. Early visual deprivation prevents the later devel
opment of holistic processing, as measured by the composite face effect.
Visually normal adults and children as young as 4 years of age have difficulty
identifying that the top halves of two identical faces are the same when they
are aligned with different bottom halves (de Heering et aI., 2007; Hole, 1994;
Le Grand et aI., 2004; Mondloch et al., 2007). This effect is the result of
holistic processing of the intact, aligned faces, making it difficult to ignore
the bottom halves of the faces. Performance improves when the top and
bottom halves are misaligned, a manipulation that disrupts holistic proces
sing. In contrast, patients (age 9 to 23 years) deprived of early visual
experience by bilateral cataracts (mean duration of deprivation = 4.6
months from birth) perform just as well when composite faces are aligned
as they do when composite faces are misaligned (Le Grand et al., 2004). This
result is particularly striking as the patients' impairment in holistic proces
sing is demonstrated by enhanced performance relative to normals when the
top halves are the same and the faces are aligned. The results demonstrate that
this important aspect of processing, which distinguishes face from object
processing (reviewed in Maurer et aI., 2002), is not prespecified, but rather
depends on early visual input to set up or maintain the neural substrates
underlying it.
Early visual deprivation has no apparent effect on the later development of
recognition of facial identity based on individual features (featural proces
sing). Deprived patients can easily distinguish faces that differ only in the
shape of individual features (Le Grand, Mondloch, Maurer, & Brent, 2001),
even when there are no striking changes in the color or size of the eyes
(Mondloch et aI., 2008), and they can match faces based on emotional
expression, vowel being mouthed, and direction of eye gaze (Geldart,
Mondloch, Maurer, de Schonen, & Brent, 2002)-tasks that can be per
formed by processing local features. They can also distinguish faces that
differ only in the external contour of the face (Le Grand et aI., 2001). In
contrast, they have deficits in distinguishing faces that differ only in the
spacing among features such as the distance between the eyes (Le Grand
et al. 2001; Le Grand, Mondloch, Maurer, & Brent, 2003), and in matching
faces' identity when the matching face is presented from a novel point ofview
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(Geldart et aI., 2002)-tasks that require sensitivity to second-order relations
(Mondloch, Geldart, et aI., 2003). Early visual input to specifically the right
hemisphere is necessary for the later development of normal sensitivity to
second-order relations. Patients deprived of normal input to either the right
hemisphere or both hemispheres show impairment at distinguishing faces
that differ in the spacing of features, while patients whose early deprivation
affected mainly the left hemisphere perform normally (Le Grand et aI., 2003).
In fact, visual deprivation of normal input to the right hemisphere lasting as
little as the first 2 months after birth is sufficient to cause these deficits. This
finding is especially interesting given that sensitivity to second-order rela
tions is particularly slow to develop in visually normal children (see the
section "Internal Facial Characteristics"). More recent work suggests that
the deficit in the spacing among facial features is face specific; patients treated
for bilater~l congenital cataract perform like visually normal controls when
asked to discriminate houses that differ only in the spacing of features (i.e.,
windows and doors) (Robbins, Maurer, Mondloch, Nishimura, & Lewis,
2008). In contrast, recognition of facial identity based on the shape of
internal features or the external contour develops more rapidly and does
not require early visual experience.
In sum, visual experience during early infancy, which is effectively limited
to low spatial frequencies (see the section "The Starting Point: Face Detection
by Newborns"), sets up or maintains the cortical areas that will become
responsible for some aspects of expert face processing later in life. It is unclear
from the studies of cataract patients whether it is visual input per se, or more
specifically experience with faces during early infancy that drives this neural
organization. However, a recent study with monkeys suggests that it is visual
input during infancy that is necessary to preserve the neural architecture for
the later development of face expertise, not experience with faces per se.
Sugati (2008) selectively deprived infant monkeys of experience with faces
beginning immediately after birth until between 6 and 24 months of age. The
infant monkeys were raised in a visually rich environment, but their human
caregivers wore masks at all time. When tested during the period of depriva
tion, the infant monkeys looked preferentially toward both human and
monkey faces when they were paired with nonface objects; however they
did not look longer at monkey faces than at human faces. Furthermore,
foJIowing familiarization with one face, they were able to discriminate both
novel human and novel monkey faces and could do so based on either the
shape of internal features or their spacing. In fact, it was later exposure to
either human or monkey faces that led to perceptual narrowing (see next
section). As discussed in the next section, several lines of evidence from
studies on visually normal infants demonstrate that experience with faces
early in life affects the properties of the face processing system. Combined
with the results on face detection (see the section "The Starting Point: Face
Detection by Newborns"), these results suggest that exposure to faces during
infancy is necessary for the refinement of sensitivity to the first-order rela
tions that define a face, but not for the development of ~ensitivity to the
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featural and spacing differences that adults use to recognize facial identity.
For those identity cues, what is necessary is that the nervous system be
exposed to patterned visual input so that the requisite neural substrate is
preserved for later refinement by experience with faces. As we discuss in the
next section, that refinement normally begins during infancy, but Sugita's
study with monkeys suggests that the refinement can be delayed if there is no
exposure to faces.
Experience-Based Perceptual Narrowing

The face processing system in infancy normally undergoes a process of
refinement based on the specific faces to which the infant is exposed.
According to the model proposed by Nelson and colleagues (Nelson, 2001;
Pascalis et al., 2002), regions of the temporal cortex that receive information
about {aces during early infancy are initially broadly tuned to stimuli from a
number of categories including inverted faces and nonhuman faces. With
increased exposure to up~ight human faces over the subsequent months and
years, these cortical regions become more and more narrowly tuned and
eventually become specialized for recognition of such stimuli. The process of
specialization is illustrated well by the study of face-deprived monkeys men
tioned earlier (Sugita, 2008). At the end of deprivation, the monkeys were
housed alone and for a I-month period were exposed to either human or
monkey faces. At the end of 1 month, when they were shown a pair of faces
comprised of one human face and one monkey face, they looked longer at the
species offace to which they had been exposed. Furthermore, infants exposed
to human faces were able to recognize individual human faces, but not
individual monkey faces; infants exposed to monkey faces showed the oppo
site pattern. These visual preferences and differential recognition abilities
were maintained even after 1 year of being exposed to both human and
monkey faces.
Similar patterns have been revealed in human infants. Perceptual nar
rowing begins during infancy: 6-month-olds can discriminate between indi
vidual monkey faces as readily as between individual human faces, whereas 9
month-olds tested with the same method discriminate between the human
but not the monkey faces (Nelson, 1993; Pascalis et al., 2002), a pattern that is
paralleled in language (Kuhl, Tsao, & Liu, 2003) and music perception
,(Hannan & Trehub, 2005). Experience with monkey faces between 6 and 9
months of age can maintain the 6-month-olds' skill: 9-months-olds who
were regularly exposed to a picture book of monkey faces during the previous
3 months retain the ability to accurately, discriminate monkey faces (Pascalis
et al., 2005; see Hannon & Trehub, 2005, for a similar finding in music
perception and Kuhl et al., 2003, for a similar finding in phonemic ,percep
tion). The own-species bias is evident later in childhood, as well. Five-year
olds also show an enhanced ability at recognizing the identity of human faces
compared to faces from nonhuman categories such as sheep and monkeys
(Pascalis, Demont, de Haan, & Campbell, 2001).
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Exposure to predominantly own-race faces during infancy also refines the
face processing system and leads to an increase in the ability to discriminate
own-race faces compared to other-race faces (i.e., the other-race effect).
Newborn infants do not show a preference for own-race compared to
other-race faces, but exposure to mainly own-race faces during the first
3 months is sufficient to bi~s infants' looking preferences. Infants aged
3 months who were raised in a predominantly homogeneous own-race
environment show a looking preference for own-race over other-race faces
(Bar-Haim, Ziv, Lamy, & Hodes, 2006; Kellyet al., 2005). Consistent with the
view that visual experience with specific face categories shapes the infant face
recognition system, there is no looking preference for own-race faces in
3-month-olds living in a heterogeneous cross-race environment (e.g.,
Israeli-born infants of African parents) (Bar-Haim et aI., 2006). In addition
to a looking preference, 3-month-olds are also better at recognizing the
identity o(own-race faces than of other-race faces. Caucasian infants who
are familiarized with a single Caucasian and Asian face only demonstrate a
novelty preference for an unfamiliar own-race face. However, the infant face
recognition system remains sufficiently malleable that brief exposure to three
Asian faces leads to evidence of discrimination among them (Sangrigoli & de
Schonen, 2004b). Nonetheless, by 3.5 months babies are more sensitive to
differences among own-race faces than among other-race faces: Caucasian
infants can discriminate between an original Caucasian face and a morphed
version of that face that is 70% Caucasian/30% Asian, but they show no
evidence of discriminating between an original Chinese face and a morphed
version that is 70% Asian/30% Caucasian. Between 3 and 9 months of age,
face perception continues to be tuned by experience such that by 9 months of
age, infants recognize own- but not other-race faces '(Kelly et al., 2007).
Superior processing for own-race faces is also evident during childhood.
It has been demonstrated at 4 years of age and a number of ages thereafter
that children are better at identifying individual faces from their own race
(Chance, Turner, & Goldstein, 1982; Pezdek, Blandon-Gitlin, & Moore,
2003; Sangrigoli & de Schonen, 2004a). Nevertheless, the face processing
system remains sufficiently plastic during childhood to allow for the other
race effect to be reversed: when tested as adults, Korean individuals adopted
by Caucasian families in Europe between the ages 3-9 years are better at
n;cognizing Caucasian faces, for which they have extensive experience after
the adoption, than Asian own-race faces that they experienced before adop
tion (Sangrigoli, PaIIier, Argenti, Ventureyra, & de Schonen, 2005).
A hallmark of adults' expertise in face recognition is the face inversion
effect: adults are much faster and accurate at recognizing upright faces
relative to their inverted counterpart. Studies with young infants suggest
that experience with faces in the canonical upright orientation is critical to
the development of configural face processing. Like newborns (Turati et al.,
2006), infants at 3-5 months of age can discriminate between the faces of two
strangers as readily upright or inverted (Cashon & Cohen, 2004; Turati &
Simion, 2004). However, when the task is modified so as to force the use of
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configural cues, babies in the same age range may pass with upright faces and
fail with inverted faces: this is true for recognizing a familiar face in a new
viewpoint at 4 months (Turati et aI., 2004), discriminating two faces that
differ only in the spacing of internal features at 5 months (Bhatt et al., 2005;
Hayden et aI., 2007), and integrating internal and external features into a
holistic gestalt at 7 months (Cashon & Cohen, 2004).
Paradoxically, studies with children indicate that the inversion effect
emerges during the preschool years and continues to increase until middle
childhood. Under many conditions, 6- and 8-year-olds' judgments of facial
identity are equivalent for upright and inverted faces while 1O-year-olds show
the adult-like pattern of better performance on upright faces (Carey &
Diamond, 1977). Thus, by the age of 10, children clearly show the inversion
effect. Tests using a child-friendly procedure involving a picture book of
upright and inverted faces reveal an inversion effect by 5 years of age, but
even in that study children between the ages of 2 and 4 years show no
evidence {)f an inversion effect (Brace et aI., 2001). At first glance these
findings appear to contradict evidence showing an inversion effect in infants.
However, it is difficult to compare directly face inversion studies with infants
to those with children because the methodology and stimuli used with these
two groups differ tremendously. For example, whereas studies on children
tend to use a relatively large set of photographic face images, infant studies
typically use habituation to a single face, and often the images are schematic
or cartoon faces. The lack of a face inversion effect in young children suggests
that at this age the face processing system is not as specified as in adults, and
perhaps additional experience viewing upright faces is necessary for such
specificity to emerge. In sum, developmental studies on the face inversion
effect provides further evidence that the- system underlying face recognition
becomes gradually fine tuned during infancy and childhood to the properties
of faces present in the individual's visual environment, namely upright
human faces. The slow development of the face inversion effect parallels
that of sensitivity to second-order relations. Interestingly, while inverting a
face affects the ability to encode many types of facial cues, it appears to
disproportionately affect sensitivity to second-order relations, and this pat
tern first emerges at 10 years of age (Mondloch et aI., 2002).
Why Is Sensitivity to Second-Order Relations Particularly Slow to
Dewelop?

There are several hypotheses about why children's sensitivity to second-order
relations develops so slowly. One hypothesis is that this sensitivity improves as
children acquire additional experience differentiating individual faces (Nelson,
2003). Diamond and Carey (1986) argued that children under 10 years ofage are
like adult novices attempting to recognize individual dogs: both lack expertise in
differentiating among individuals based on second-order relations. However,
the difference in accuracy between adults and 8-year-olds is of equal magnitude
for both human faces (for which adults have expertise) and for monkey faces (for
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which they do not), suggesting that expertise per se is an inadequate explanation.
Mondloch, Maurer, et al. (2006) asked 8-year-olds and adults to make same/
different judgments about pairs of monkey faces and pairs of human faces that
differed only in the spacing among features; the spacing changes were identical
across the two face sets. If the large improvement in sensitivity to the spadng of
features in upright human faces that occurs between 8 and 14+ years of age
depends on years of experience differentiating individual human faces, then
there should have been a greater difference between children and adults for
human faces than for monkey faces because additional experience discrimi
nating monkey faces is not acquired after 8 years of age. The results did not
match this prediction. Adults were more accurate than 8-year-olds for both face
sets, but, like adults, 8-year-olds' accuracy was 9% higher for the human face set
than it was for the monkey face set. Furthermore, when asked to discriminate
houses that differed in features (houses and doors) or the spacing among
features, 8-year-olds were disproportionately worse than adults on the spacing
task (Robbins, Shergill, Maurer, & Lewis, 2007). Based on these results,.we
conclude that the slow development of sensitivity to second-order relations
after 8 years of age is caused, at least in part, by age differences in general
perceptual abilities rather than in face-specific mechanisms. For example,
limits in adults' sensitivity to second-order relations correspond to limits in
their acuity (Ge et al., 2003; Haig, 1984). Skoczenski and Norcia (2002) showed
that Vernier acuity, a hyperacuity involving sensitivity to slight misalignments
between stimuli like abutting lines, continues to improve until 14 years of age.
Thus, although the lower spatial frequencies available to infants allow some
sensitivity to second-order relations (Hayden et al., 2007; de Schonen &
Mathivet, 1989),. adult-like expertise may depend on a much more refined
visual system. A second visual skill that 'Continues to improve until adolescence
is spatial integration-the ability to link small oriented elements into a flowing
contour (Kovacs, Kozma, Feher, & Benedek, 1999). Although even 4-year-olds
show the whole/part advantage (Pellicano & Rhodes, 2003; Pelicano et aI., 2006)
and 4-year-olds showan adult-like composite face effect (Carey & Diamond,
1994; de Heering et al., 2007; Mon<lloch et al., 2007), the ability to integrate
separated elements continues to be refined after those ages (see also Schwartzer,
2000). In sum, immaturities in Vernier acuity, spatial integration, or some other
visual skill may limit children's sensitivity to second-order relations, at least after
8 years of age.
I
A second hypothesis is that the "face space" that allows adults to discri
minate and recognize hundreds of faces by encoding individual exemplars
relative to a face prototype (Valentine, 1991) is slow to develop. Faces vary
continuously on multiple dimensions (e.g., eye size, distance between the
nose and mouth), each of which can be represented as a vector in "face
space." Individual faces are represented as single points in this multidimen
sional space. The direction of the vector joining each individual face to the
prototype represents how that face differs from the average face (the identity
trajectory); the distance between each individual face and the prototype
represents how typical/distinctive that face is. Norm-based coding of facial
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identity has recently been demonstrated in adults using adaptation para
digms: adapting (exposure) to a face for several seconds biases perception of a
subsequent face, so that an average face, seen correctly as having no particular
identity before adaptation, begins to resemble the computationally opposite
identity (Leopold, O'Toole, Vetter, & Blanz, 2001). Children show
this identity aftereffect by 8 years of age (the youngest age tested;
Nishimura, Maurer, Jeffery, Pellicano, & Rhodes, 2008). Adults also demon
strate attractiveness aftereffects. After being adapted to consistently distorted
faces (e.g., with compressed features), adults' ratings of both facial attrac
tiveness and normality shift in the direction of the adapting stimuli such that
faces with slight distortions are rated as more attractive and more· normal
than unaltered faces (Maclin & Webster, 2001; Rhodes, Jeffery, Watson,
Clifford, & Nakayama, 2003; Watson & Clifford, 2003). Children also show
attractiveness aftereffects by 8 years of age (Anzures, Mondloch, & Lackner,
2009). Although infants can form face prototypes (de Haan et aL, 2001) and
8-yeai-olds show adaptation aftereffects, children's face space may be less
refined than that of adults. This was evident when adults and 8-year-olds
were asked to rate the attractiveness of both unaltered and distorted faces
prior to adaptation (Anzures et aL, 2009); much larger distortions were
required for children than for adults in order to generate preadaptation
ratings in which unaltered faces were rated as most attractive. Likewise,
although 8-year-olds rate both Thatcherized and spatially distorted faces as
more bizarre than unaltered faces, their bizarreness ratings are much lower
than those of adults (Mondloch et al., 2004). These data suggest that some
aspects of norm-based coding continue to develop during childhood (e.g.,
the number of dimensions represented in face space and the ability to
discriminate small differences within anyone dimension; Anzures et al.,
2009; see also Rhodes, Robbins, et al., 2005).
Development of the Neural Markers Underlying Face Processing

As discussed above, there is an abundance of behavioral evidence that face
processing changes during infancy and childhood. Similar change is also
found for the brain mechanisms underlying face processing, In adults, certain
cortical areas are highly responsive to faces as compared to a variety of
nonface objects. Neuroimaging studies in adults have identified face proces
sing regions within the ventral occipitotemporal cortex, particularly an area
of the fusiform gyrus referred to as the FFA (fusiform face area) (e.g., Haxby
et al., 2001; Haxby, Hoffman, & Gobbini, 2000). In adults, the FFA responds
more to faces than to a variety of nonface objects (Aguirre, Singh, &
D'Esposito, 1999; Dubois et al., 1999; Haxby et al., 2001; McCarthy, Puce,
Gore, & Allison, 1997). The response to faces is generally bilateral with a
stronger response in the right than left hemisphere (Kanwisher, McDermott,
& Chun, 1997; McCarthy et al., 1997). Activity in the FFA is higher when the
background encourages perception of the stimulus as a face than when it
encourages perception of a vase (the Rubin face-vase illusion; Hasson,
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Hendler, Bashat, & Malach, 2001). Similarly, in a binocular rivalry task in
which a face and a house are presented to different eyes, face percepts are
accompanied by increased FFA responses (Moutoussis & Zeki, 2002; Tong,
Nakayama, Vaughan, & Kanwisher, 1998; see also Bentin, Sagiv, Mecklinger,
Friederici, & von Cramon, 2002). Inverting two-tone Mooney faces disrupts
the ability to detect a face and produces a significant decrease in FFA activa
tion (Kanwisher et al., 1998). The FFA also responds strongly to upright
objects for which the observer has expertise, especially when the objects must
be categorized at the subordinate level (Gauthier, Skudlarski, Gore, &
Anderson, 2000; Gauthier, Tarr, Anderson, Skudlarski, & Gore, 1999).
There is considerable debate as to the precise role of the FFA in face proces
sing, induding whether it is truly selective for faces or rather mediates the
differentiation of objects with which one has developed an expertise (e.g.,
Gauthier et al., 1999; Grill~Spector, Knouf, & Kanwisher, 2004; Joseph &
Gathers, 2002; Rhodes, Byatt, Michie, & Puce, 2004; Tarr & Cheng, 2003).
Regardless of whether the p'rocessing in the FFA is specific to faces or
generalizes to other objects of expertise, there remains the question of the
development of its selective response to faces.
To date there is little known about developmental changes in the activa
tion of the FFA during infancy. By 2 months of age, human faces activate a
network of cortical areas predominantly in the right inferior-temporal
cortex. This network includes regions within the fusiform gyrus that may
be the homologue of the adult FFA (Tzourio-Mazoyer et al., 2002). However,
the activation is widely distributed and includes cortical areas implicated in
language processing. tMRI studies suggest that face-specific neural activity is
slow to develop during childhood. Three-studies have rep.orted a lack of face
specific activity in the fusiform face area prior to 10 years of age (Aylward
et al., 2005; Gathers, Bhatt, Corbly, Farley, & Joseph, 2004; Scherf, Behrmann,
Humphreys, & Luna, 2007; see also Passarotti et al., 2003), and in the one
study reporting face-specific activity (Golarai et al., 2007) the right fusiform
face area was three times larger in adults than in children aged 7 to 11 years.
Furthermore, accuracy on a face memory task was correlated with the size of
the fusiform face area (Golarai et al., 2007). Together with behavioral studies,
studies of the tMRI correlates of face processing in infants and children
suggest that there is a gradual process of cortical specialization that emerges
eaJ;ly, and with increased experience with faces, continues to develop
throughout childhood and into adolescence.
Developmental studies using event-related potentials (ERPs) provide
converging evidence of increasing neural specificity with age. Studies of
adults have shown that a negative-going deflection occurring at about 170
ms poststimulus (NI70) is larger for faces than for many other categories of
stimuli (Bentin, Allison, Puce, Perez, & McCarthy, 1996; Carmel & Bentin,
2002) and usually occurs more rapidly when adults view upright faces
compared to objects (Caldera et al., 2003; Itier & Taylor, 2004). In adults,
the N170 is affected by manipulations that disrupt the basic configuration of
the face: its latency is increased when the face is presented without eyes
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(Eimer, 1998), the features are scrambled (Jemel, George, Olivares, Fiori, &
Renault, 1999), or the face is inverted (Bentin et al., 1996; Rossion et al., 1999;
Sagiv & Bentin, 2001). In addition to the temporal delay, inverting a face
increases the amplitude of the N170 (Rossion et aI., 1999). Based on these
findings, it has been proposed that the adult N170 reflects a 'structural
encoding mechanism sensitive to the basic configuration of a face (Bentin
et aI., 2002). In addition, the N170 may reflect specific aspects of face
processing, with the N170 in the left hemisphere being larger when the
observer is detecting featural differences than spacing differences, and the
right hemisphere showing the opposite pattern (Scott & Nelson, 2006).
Furthermore, the enhanced N170 seen for faces may reflect expertise, rather
than face processing per se; the N170 is also observed for nonface objects with
which the observer has extensive expertise. For example, the N170 is greater
when dog and bird experts are presented with an object from their category of
expertise than for control stimuli (Scott, Tanaka, Scheinberg, & Curran,
2006; Tanaka & Curran, 2001; see also Curran, Tanaka, & Weiskopf, 2002).
In infants as young as 3 months of age, there is an ERP component that is
also elicited by faces more than other objects. Some investigators have argued
that this component represents a putative infant N 170. The component is of
similar morphology to the adult N170, although its amplitude is smaller and
latency longer-it occurs approximately 290 ms after stimulus onset-:- and it
is commonly referred to as the N290. By 3 months of age, the N290 shows the
adult-like pattern of greater amplitude to faces relative to visual noise images
containing the amplitude spectra of a face (Halit, Csibra, Volein, & Johnson,
2004), although inversion effects do not emerge until after 6 months of age
(de Hann et aI., 2002; Halit et aI., 2003).,At 3 and 6 months, the N290 is larger
for human than monkey faces, but it is only at 12 months that the component
is sensitive to both the species and orientation of a face (de Haan, Pascalis,
Johnson, 2002; Halit, de Haan, & Johnson, 2003). As in adults, at 12 months
of age, the amplitude of the ERP is larger for inverted than upright human
faces, and there is no difference for inverted compared to upright monkey
faces. Even at 12 months, there remain fundamental differences between the
infant N290 and the adult N170, such as its longer latency, smaller amplitude,
and more medial distribution for upright human faces (Halit et al., 2003).
These ERP results are consistent with behavioral studies of the gradual
specialization of the face recognition system. They support the idea that
initially the mechanisms underlying face processing are relatively broad
tuned, and that only later in development with sufficient exposure to upright
human faces do they become more specific for that category.
The functional specificity of the N170 ·continues to become more adult
like throughout childhood. To date there is a marked absence of develop
mental ERP research on face processing between 12 months and 4 years of
age. A face-sensitive N170 is present at 4 years of age with a small amplitude
and long latency that extends beyond 270 ms, like the infant N290 (Taylor,
Batty, & Itier, 2004). Between 4 and 14 years of age, there is a gradual increase
in amplitude and a decrease in latency of the N170 in response to upright
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human faces (Taylor, Edmonds, McCarthy, & Allison, 2001; Taylor,
McCarthy, Saliba, & Degiovanni, 1999). However, even 14-year-olds show
an N170 that is smaller in amplitude and longer in latency than that of adults
irrespective of whether the stimuli are photographs or schematic faces (Itier
& Taylor, 2004; Taylor et al., 1999), a finding consistent with behavioral
evidence that expert face recognition remains immature in midadolescence
(see the section "Face Recognition in Children").
In summary, early visual experience in conjunction with the newborn's
bias to look preferentially toward faces are the starting points for the pro
longed development of face processing. Behavioral studies and investigations
of the neural correlates of face processing in infants and children suggest that
there is a gradual process of perceptual and cortical specialization that
emerges early, and with increased experience with faces, continues to develop
throughout childhood and into adolescence. The end point of this develop
ment is the ability to discriminate and identify faces rapidly, an ability that is
limited to the kinds of faces (i.e., upright own-race faces) that are differen
tiated regularly.
Questions/Issues to Be Resolved
The Starting Point
1) To what extent can the experimental effects that have been shown

2)
3)

4)

with eye gaze in newborns be explained by low-level visual
variables versus an innate eye detector?
When during infancy does holi~tic processing between internal
face parts emerge?
How are the newborns' responses and postnatal changes altered in
babies who are diagnosed later with autism and other
neurodevelopmental disorders? If their responses are abnormal,
are there environmental events that can alter the deVelopmental
trajectory?
What is the developmental relationship between the N290 and the
N170? Does the N290 become the N 170, or does it disappear to be
replaced by the N170?

Development between Infancy and the Preschool Years

5)

6)

What changes occur in the sensitivity and morphology of the N170
component between the ages of 12 months and 4 years of age? How
do those changes correlate with behavioral changes?
Why do infants show evidence of a face inversion effect but 4-year
olds do not? Could a more sensitive measure reveal a face inversion
effect in children younger than 5 years?

What Is So Slow to Develop?

7)

To what extent are children's poor sensitivity to second-order
relations caused by limits in basic visual abilities (e.g., Vernier
acuity, spatial integration)?

---
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8)

To what extent does the development of expertise for a new
stimulus category (e.g., Greebles) in a lab setting mimic the
development of expertise with faces during childhood?

Underlying Mechanisms

9)

Several characteristics of adult face perception (e.g.,
distinctiveness effect, inversion effects, the other-race effects) can
be interpreted as reflecting adults' face space. What is the nature of
children's face space? What characteristics are especially immature
during childhood (e.g., the number of dimensions versus
sensitivity to differences within dimensions)?
10) As individuals develop expertise for a new face category (e.g.,
after arriving in a new country), do the various face processing
mechanisms emerge in the same order that is evident in normal
development?
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