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Abstract

Object recognition is the process by which humans organize the visual 
world into meaningful perceptual units. In this Review, we examine 
the developmental origins and maturation of object recognition by 
synthesizing research from developmental psychology, cognitive 
neuroscience and computational modelling. We describe the extent to 
which infants demonstrate early traces of adult visual competencies 
within their first year. The rapid development of these competencies 
is supported by infant-specific biological and experiential constraints, 
including blurry vision and ‘self-curation’ of object viewpoints that 
best support learning. We also discuss how the neural mechanisms 
that support object-recognition abilities in infancy seem to differ from 
those in adulthood, with less engagement of the ventral visual pathway. 
We conclude that children’s specific developmental niche shapes early 
object-recognition abilities and their neural underpinnings.
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contexts20,21, by, for example, ‘filling in’ missing information in cases 
of partial occlusion or poor visibility.

Furthermore, researchers have begun to uncover the computa-
tional principles that support object recognition in adults via compu-
tational models known as deep neural networks (Box 2). When trained 
to recognize objects, deep neural networks can achieve human-level 
performance on a range of recognition tasks22, and their internal struc-
ture approximates the anatomical organization and functional profile 
of the adult ventral visual pathway23,24.

Although substantial progress has been made in understanding 
the cognitive, neural and computational mechanisms that support 
mature object recognition, our understanding of how object recogni-
tion abilities develop is still limited. This discrepancy is well reflected in 
the limitations of deep neural networks, which — unlike humans — often 
require millions of training examples to be able to derive robust object 
representations25,26. This limitation suggests that deep neural networks 
lack human-like developmental mechanisms for object recognition. 
Thus, understanding the origins and development of human object 
recognition enables a deeper understanding of the mechanisms that 
support object recognition in adulthood and opens up the possibility 
of training more human-like machines.

In this Review, we detail the developmental origins and processes 
that lead to mature object recognition in humans. To better under-
stand the innate mechanisms and crucial life experiences that form 
the foundation of object-recognition abilities, we focus primarily 
on object recognition in pre-linguistic infants in the first year of life. 
We first review early shape-perception abilities in infants, and exam-
ine the infant-specific constraints that support the development of 
robust shape representations. Next, we examine how infants come to 
use depth and motion information to perceive objects in 3D, and the 
extent to which this process supports their ability to recognize objects 
across viewpoints. Finally, we outline how infants use shape informa-
tion to learn object categories and we characterize the underlying 
processes that support categorization. Throughout, we illustrate how 
the rapid development of object recognition abilities is bootstrapped 
by specific biological and environmental factors that are unique to the 
developmental niche of infants.

Perceiving object shape
Object recognition involves matching perceived object properties 
to a pre-existing representation in memory. Perhaps the most diag-
nostic property of an object’s individual identity and category is its 
shape27,28. Human adults and older children preferentially identify and 
categorize objects using shape information, rather than other cues 
such as colour or texture29–31. Indeed, adults show little decrement in 
object-recognition performance when non-shape cues are removed, 
such as when looking at line drawings that lack colour and texture 
information32,33.

The most common behavioural approach to studying shape per-
ception in infancy is the habituation (or dishabituation) paradigm34 
(Fig. 2a,b). In the habituation phase, infants are shown one stimu-
lus repeatedly until their looking time to the stimulus — a proxy for 
engagement — decreases to a predetermined criterion, which triggers 
the dishabituation phase. During the dishabituation phase, infants are 
shown either a familiar stimulus (similar to the habituation stimulus) 
or a novel stimulus (different from the habituation stimulus). If infants 
can discriminate between stimuli, their looking time increases (they dis-
habituate) for the novel stimulus relative to the habituation phase and 
the familiar stimulus. A conceptually similar approach is sometimes 

Introduction
Visual object recognition is a fundamental cognitive ability that organ-
izes the visual world into meaningful perceptual units. Whether iden-
tifying food, threats or a friend in a crowd, object recognition enables 
observers to map visual information to conceptual content, which 
guides how they understand and interact with the world around them.

Although it is challenging to formulate a single unifying definition 
of an object, broadly speaking, objects are bounded visual entities 
that have a cohesive form that enables them to be segmented from 
other objects or the background (for reviews, see refs. 1,2). In other 
words, objects are entities whose properties persist together across 
time and space. Colloquially, objects include natural and man-made 
artefacts such as trees and books, as well as animate forms such as dogs, 
human bodies or faces. Objects can be contrasted with other visual enti-
ties such as textures and patterns (such as zebra stripes) or large-scale 
visual scenes and places (such as a view of a street or mountain), which 
can be composed of many objects.

The visual projection of a single object onto the retina can vary 
dramatically across changes in viewpoint, lighting or partial occlu-
sion. Additionally, the appearance of objects within the same object 
category can vary in innumerable ways, such as in colour, texture, size 
and the appearance of individual object features. For instance, a dog 
can be seen from the side or the front, peering through tall grass, or 
covered in mud (Fig. 1a). Visual examples of the category ‘dog’ can have 
coats of different colours and textures, vary in size, and have different 
shaped snouts, tails and ears, and can be represented by simplistic line 
drawings or even shapes in the clouds (Fig. 1b).

Despite the substantial variability with which objects appear, 
human object recognition is extremely robust and accurate by 
adulthood. Within less than a tenth of a second, adults can identify 
objects across never-before-seen viewpoints and can generalize 
an object’s category to a novel exemplar3–5. Adults can also learn 
to recognize novel objects extremely quickly6,7, often after seeing 
only a single exemplar8–10. One important process by which humans 
achieve such robust recognition is by constructing a holistic, 
three-dimensional (3D) shape-based representation that describes 
the overall, or ‘global’, form of the object, rather than using specific 
visual features that are visible from a particular object view or are 
specific to one category exemplar11.

In adults, neural object representations are formed primarily via a 
hierarchy of processing stages along the ventral visual pathway, which 
projects from the occipital cortex to the anterior pole of the temporal 
lobe (Box 1). As information is propagated along this hierarchy, regions 
derive and compute increasingly more complex visual properties. 
Simple visual features, such as the specific contours of a dog’s nose, are 
computed in early visual cortex; intermediate shape-like features, such 
as the triangular form of a dog’s ear, are computed in mid-level areas 
such as V4; and large holistic features that map directly to conceptual 
categories, such as tools, animals and faces, are computed in high-level 
areas of the occipitotemporal cortex12,13. Accumulating evidence also 
suggests that the recognition processes of this ventral pathway are 
complemented by input from regions of the dorsal visual pathway 
such as the posterior parietal cortex14,15. Specifically, the dorsal path-
way might compute properties crucial for forming holistic 3D shape 
representations, such as depth information16,17 and an object’s global 
structure18,19, which describe the spatial arrangement of object fea-
tures rather than their appearance18,19. These processes are further 
supplemented by lateral and recurrent feedback connections within 
both pathways, which can further support recognition in ambiguous 
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referred to as the violation-of-expectation paradigm. Using habitua-
tion, researchers have shown that newborns can discriminate between 
simple two-dimensional (2D) shapes, as reflected by the finding that 
they look longer at a new shape than one identical to habituation35. 
Newborns also display shape constancy, perceiving a shape as the 
same when it is seen from a novel 3D orientation, as evidenced by their 
looking longer at a new shape than at the habituation shape seen from 
a new orientation36. By 3 months of age, infants can readily categorize 
familiar stimuli (such as dogs and cats) using only the shape silhouette 
of the stimulus. Specifically, they dishabituate to an object from a novel 
category, but not one from a familiar category37 (Fig. 2b).

In this section, we discuss the mechanisms of shape perception in 
infants and young children. We consider the contributions of feedback 
connections and the role of visual acuity in the developmental trajectory 
of this ability.

Neural representations of shape
In adults, shape discrimination and shape constancy are most often 
ascribed to the lateral occipital cortex, a region in the posterior occipi-
totemporal cortex that is causally involved in object recognition38,39. 
Using functional near-infrared spectroscopy (fNIRS) and an adaptation 
procedure with 6-month-old infants, one study examined whether 
infant lateral occipital cortex is also sensitive to shape information40 

(Fig. 2c) (for a review of the strengths and limitations of fNIRS, see 
refs. 41,42). Infants were shown blocks of trials in which either the shape 
of the object varied, but the colour and texture remained constant, or 
the colour and texture of the object varied, but the shape remained 
constant (Fig. 3a). Lateral occipital cortex in infants showed adapta-
tion only when the shape information remained constant, even though 
colour and texture varied.

Other fNIRS research has shown that infants’ neural representa-
tions are more sensitive to shape than colour43–45 (Fig. 3b). In these 
experiments, infants were shown an object entering one side of an 
occluding screen and then an object exiting from the other side of 
the screen. In some trials, the exiting object had a different shape (the 
shape condition) and, in others, it had a different colour (the colour 
condition) compared to the object that entered the screen. The lateral 
occipital cortex of infants showed a larger response to the shape change 
than the colour change condition. By approximately 10 years of age, 
the lateral occipital cortex of children, as measured using fMRI, shows 
adult-like functional selectivity to objects46–49, and the responses are 
correlated with children’s ability to recognize objects50.

There is also evidence that the dorsal pathway exhibits shape 
sensitivity from early in development: 3-month-old infants tested 
with the occlusion paradigm described above exhibited stronger 
responses to changes in shape than to changes in colour within the 

a

b

Fig. 1 | Different retinal projections of a dog. a, The same dog under different viewing conditions. b, Different examples of dogs. Despite variations in low-level image 
properties and different local visual features, all these images are readily recognized as showing a dog. Credit (Great Dane): ozgurdonmaz/getty.
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parietal cortex51. Furthermore, the response of posterior parietal cortex 
in older children (over 6 years of age) varied parametrically with the 
degree to which a shape is distorted and was correlated with the child’s 
object-recognition abilities48,50.

Local and global shape properties
The use of local and global properties to represent shape changes 
over the course of development. Studies with older infants (over 
4.5 months of age) have shown that they are sensitive to local proper-
ties such as the relative lengths and angles that comprise 2D shapes52–55, 

as well as to pictorial cues that convey 3D shape (such as line junc-
tions)56,57. However, object recognition in adults is primarily supported 
by global shape properties, rather than by local shape properties 
like angles and lines58,59. An extensive literature has revealed that 
global shape percepts in adults are supported by gestalt principles of 
perceptual grouping (for a review, see ref. 60).

Many studies have shown that infants begin to construct shape per-
cepts using the gestalt principles of similarity, proximity and goodness 
of form by at least 4 months of age2,61–63. For instance, in a series of classic 
studies, researchers examined whether infants implemented the gestalt 

Box 1

The visual system at birth
The relative maturity of the visual system and cortical areas strongly 
constrains how object recognition can be accomplished at different 
ages. Evidence from humans and non-human primates suggests 
that the large-scale anatomical organization of the visual system 
is largely in place within a few days of birth77,206,241,242. The areas of 
early visual cortex, occipitotemporal cortex and posterior parietal 
cortex are already organized along adult-like functional and 
anatomical boundaries, including functional differentiation into 
dorsal and ventral pathways and a hierarchical organization within 
each pathway77,242. Moreover, these regions show a topographic 
organization with retinotopically based responses to visual input and 
eccentricity-biased connectivity between areas of early visual and 
high-level occipital–temporal cortices206,242,243. However, in contrast to 
adult connectivity, these connections in newborns are predominantly 
feedforward, with relatively few feedback or lateral connections even 
at 4 months of age78,80.

The early visual areas (particularly V1–V3) are among the 
earliest regions of the brain to develop and to display signatures 
of mature functioning at birth200–203. For instance, single-unit 
recordings from non-human primates show that V1 in newborns 
already exhibits selectivity for oriented contours and properties 
important for 3D shape and depth perception such as binocular 
disparity123,244,245. Higher-levels areas of the ventral pathway, such 
as the occipitotemporal cortex, are slower to develop and show 
inconsistent selectivity to individual objects or categories, such as 
faces, several months after birth191,192,194,246,247. The dorsal pathway 
is also visually responsive shortly after birth242,243, and continues to 
develop functionally into late childhood and early adolescence48,248.

There is accumulating evidence from both human and non-human 
primates that the cytoarchitecture of the dorsal pathway might 
mature earlier than the ventral pathway150,151. For instance, the 
posterior parietal cortex shows a more mature laminar organization 
than the occipitotemporal cortex in newborn monkeys149, and 
preliminary data from human infants suggests faster microstructural 
development of the parietal cortex compared to the inferior temporal 
cortex203,249. The dorsal pathway is also found to be less capable 
of functional reorganization than the ventral pathway following 
disruptions in childhood205,250,251 — consistent with earlier maturity 
and a smaller window of plasticity. However, many classic studies 
exploring the development of the dorsal pathway based their 
conclusions partly on the maturity of motion perception150,151, which 

might be processed along a separate lateral pathway outside the 
dorsal pathway252,253.

Another way of measuring the maturity of different regions is by 
examining the degree to which the time-varying stimulus response of 
a region is similar between children and adults. Using this approach, 
studies using naturalistic videos and whole-brain analysis have 
further confirmed the existence of a posterior-to-anterior pattern 
of maturation in the ventral and dorsal pathways. The time-varying 
response of infant early visual cortex to movies is correlated with that 
of adults237 and its correlation with adult early visual cortex remains 
stable across age238,239. By contrast, the correlation between child 
and adult occipitotemporal cortex and posterior parietal cortex 
becomes progressively stronger with age, suggesting protracted 
development of higher-level visual areas relative to lower-level 
ones238,239. This gradient can also be seen within each pathway, 
such that object-selective responses are most adult-like in posterior 
portions of occipitotemporal cortex and posterior parietal cortex and 
least adult-like in the anterior portions48.

Researchers have also suggested that visual behaviours in 
newborns are supported by subcortical structures214,254,255. The 
anatomical organization of the subcortex and its projections to 
the cortex are already in place at birth110,256,257. The superior colliculus 
and pulvinar are thought to play a key part in object recognition 
in children and adults258–260. Like the early visual cortex, the adult 
superior colliculus and the pulvinar are visually responsive and 
have a topographic organization corresponding to the retina257,261, 
as well as bilateral connections with the ventral and dorsal 
visual pathways262–265. Although neuroimaging data linking infant 
recognition abilities to the subcortex are sparse, some studies find 
that lesions to subcortical regions in newborns have a greater impact 
on visual abilities than lesions to occipital cortex255,266. Researchers 
have even suggested that visual recognition is almost exclusively 
controlled by subcortical regions in newborns and that cortical 
regions eventually take on these recognition processes as infants 
mature214,267.

Existing research suggests that the overall anatomical 
organization of the brain is largely adult-like at birth but that 
subcortical and early visual areas mature earlier than higher-level 
ventral and dorsal regions. Future fine-grained microstructural 
analysis of the dorsal and ventral regions can confirm whether  
the dorsal pathway matures earlier than the ventral pathway.
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principle of good continuation to perceive the two halves of an occluded 
object as one unified object, rather than as two separate elements 
(Fig. 2a). Infants were habituated to a display of a diagonally oriented 
rod whose centre was occluded. The upper and lower halves of the rod 
were either aligned, supporting good continuation of contours, or not 
aligned. At test, infants were either shown a display with a complete rod 
or a display with two segmented rod halves. Two-month-old infants (but 
not newborns) who were habituated to the aligned rod dishabituated 
to the segmented rod at test, suggesting that they perceptually grouped 
the pieces of the occluded rod into a single shape64–67. Importantly, 
infants who were habituated to the misaligned rod dishabituated to 
the complete rod, further suggesting that good continuation is needed 
for the perception of unity and that these results are not explained by 
a pre-existing preference for the segmented rod. Other research has 
found that newborns, like adults, show a global-precedence effect to 
preferentially categorize objects on the basis of global form, such as 
by the arrangement of local elements, rather than on the basis of the 
shape of the local elements themselves63,68–70.

In adults, an extensive neuroimaging literature has suggested 
that perceptual grouping processes are generally accomplished via 
recurrent feedback connections between higher-level neural regions 
like lateral occipital cortex and early visual cortex71–73. Computational 

work has further shown that incorporating recurrent connections in 
deep neural networks is crucial for models to recognize objects when 
images are partially occluded20,74, and the internal representations 
of the models become better aligned to those of the adult ventral 
pathway75,76. However, feedback connections might be relatively sparse 
in the first few months of human life77–80. For instance, post-mortem 
tracing studies of the brains of human infants showed a normal dis-
tribution of feedforward connections, but extremely few feedback 
connections even at 4 months of age78,80. Moreover, anatomical and 
functional connectivity studies with pre-term and term (26–44 weeks 
of gestational age) infants as well as older children (7–17 years of age) 
have shown that they have far fewer long-range connections compared 
to adults, and that their connectivity profile is, instead, dominated by 
local connections81,82.

Nevertheless, by 7 months of age, infants show some evidence 
of feedback processing, with fNIRS research showing enhancement of 
early visual cortex signals in preparation of an anticipated stimulus83, 
and electroencephalography (EEG) research shows a late ‘second 
wave’ of activity in occipitotemporal cortex when processing a masked 
stimulus84. These feedback processes are nevertheless immature, such 
that even 15-month-old infants show a much slower second wave of 
putative feedback processing compared to adults84. Consistent with the 

Box 2

Deep neural networks
Deep neural networks (DNNs) are hierarchically organized 
computational models consisting of multiple layers. Each DNN 
layer consists of many units, or ‘artificial neurons’, that have weighted 
connections with units in different layers. Most conventional object 
classification DNNs are trained in a supervised fashion wherein 
they iteratively attempt to predict the category labels for a set of 
object images. The accuracy, or ‘error’, of these predictions on each 
iteration is used to update the weights between units to improve 
subsequent predictions. This process is repeated many times until 
accuracy plateaus. Researchers also increasingly use unsupervised, 
or ‘self-supervised,’ training methods, such as methods that generate 
contrasting categories directly from the training data or ones that 
update their weights by predicting the next frame of a video182.

These approaches have led to the high accuracy of DNNs on 
object-recognition tasks, as well as a strong correspondence to 
the hierarchical organization and functional profile of the ventral 
pathway. One study found that DNNs that showed the best 
object-recognition performance also exhibited the best statistical 
fit to the multivariate neural responses of mid-level and high-level 
regions in the adult ventral pathway199, suggesting that optimizing an 
artificial system for object recognition leads to representations similar 
to those in the ventral pathway. Indeed, examination of the internal 
representations of DNN units reveals qualitatively similar types of 
feature selectivity, with simple visual features, such as the oriented 
grating represented in early model layers (akin to early visual cortex), 
more complex shape-like features in mid-level layers (akin to V4), 
and holistic object features such as faces in later layers (akin to 
occipitotemporal cortex)268. Importantly, researchers often find that 
improving the biological plausibility of  a DNN’s architecture, such as 

by adding feedback connections20 or local-connectivity constraints23, 
improves object-recognition performance and the model’s fit to the 
ventral pathway. However, the relation between a DNN’s biological 
plausibility and performance has plateaued in the past few years269, 
suggesting that newer models are achieving better performance 
using strategies different from humans.

DNNs can be an excellent artificial ‘model organism’ for the study 
of development. Like animal models, DNNs can be manipulated, 
or ‘control-reared’, to have different biological mechanisms or 
experiences and then used to address questions that are rarely 
accessible using current child-testing methods. Because DNNs 
can be constructed to execute the same tasks as infants and young 
children, researchers can iteratively test what kinds of mechanism 
are needed for DNNs to exhibit the same behavioural signatures as 
children234,236.

However, DNNs currently have many limitations. One key 
limitation is that the training needed for DNNs to accomplish object 
recognition is often greater than, and qualitatively different from, 
what humans need25,26. Moreover, despite many training approaches 
and architecture manipulations, DNNs continue to exhibit difficulties 
in representing holistic global shape information and instead 
primarily represent objects via local visual features and textures30,270. 
One possible explanation for these limitations is that DNNs have 
not yet been able to approximate the perceptual processing of the 
dorsal pathway18 or a human-like learning objective228. In the future, 
DNNs might overcome these limitations in part by incorporating 
developmentally plausible biological and experiential constraints or 
learning objectives.
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slow development of feedback connections, studies have shown that 
although older children (3–5 years of age) exhibit perceptual group-
ing abilities during object recognition85, these abilities might not fully 
mature until adolescence86–89. Although feedback connections exhibit 
a prolonged developmental trajectory, they might be sufficiently intact 
to support rudimentary perceptual grouping abilities in infancy.

Visual acuity and holistic recognition
In addition to feedback connections, perceptual grouping in infancy 
might be supported by infants’ lower visual acuity. At birth, infant visual 
acuity is approximately 20 to 30 times poorer than for adults, with 
a Snellen equivalent of about 20/60090–93. Acuity increases rapidly 
over the first few months of life, reaching adult levels for high-contrast 

displays by approximately 6 months of age94. Rather than being a limi-
tation, the low level of acuity in newborns might be adaptive for their 
age-specific ecological niche95,96. Even with 20/600 vision, newborns 
can clearly see a 12-cm stimulus from 60 cm away. This acuity is well 
within the range for an infant viewing a parent’s face at arm’s length or 
the objects of a mobile dangling above a crib. Initial low visual acuity 
might also be crucial for the development of mature object-recognition 
abilities. Specifically, impoverished input might reduce competition 
from distracting background stimuli, enabling infants to learn objects 
better when they are within view97. Indeed, in animals, such as quail, 
rats and monkeys, exposure to visual stimuli at developmentally inap-
propriate time points (such as by surgically opening a rat pup’s eyes or 
by shining light patterns through a quail chick’s egg) impairs sensory 
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Fig. 2 | Procedures for studying the development of visual perception and 
object recognition. a, In a habituation paradigm, infants are habituated to the 
repeated presentation of a stimulus and then tested with a familiar stimulus and 
a novel stimulus. For example, if infants are habituated to an occluded rod where 
good continuation of contours is preserved, they look longer at the segmented 
than the complete rod in the test64. b, A variation of the habituation paradigm, 
wherein infants are habituated to multiple category exemplars (different cats) 
and then tested with either a novel exemplar from the same category (a new 
cat) or an exemplar from a different category (a dog). Paradigm as in ref. 159. 

c, An infant wearing an functional near-infrared spectroscopy (fNIRS) cap with 
electrodes arranged to measure neural signals from temporal cortex (left; blue) 
or early visual cortex (right; red). Panel c is reprinted with permission from ref. 83, 
PNAS. d, In a control-rearing study examining viewpoint-invariance, chicks are 
first imprinted on one rotating object, and then tested with either the imprinted 
object from a new orientation or a novel object. Chicks continue to follow the 
imprinted object, even when it is presented from a novel orientation. Panel d is 
courtesy of Building a Mind Lab.
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development98–100 and can impede the animal’s ability to discriminate 
between objects101.

Importantly, low visual acuity might help infants to develop holis-
tic object representations, rather than those based on the appearance 
of individual object features. For instance, children who have had their 
sight restored later in childhood (by surgical removal of dense cataracts 
after 1 year of age) transition from near-total visual deprivation to high 
visual acuity in a relatively short period of time, and consequently do 
not experience a period of blurry vision. Although these children gain 
normal visual function in many domains, they are specifically impaired 
at integrating visual features in a holistic manner, a process crucial for 
face recognition and perception of global form102–104.

Consistent with these findings, newborns preferentially catego-
rize objects using global, rather than local, shape cues by relying on 
low-spatial-frequency, or ‘blurry’, information68. In these experiments, 
infants were habituated to stimuli with both global and local informa-
tion, such as a cross shape comprising several smaller cross shapes, and 
then tested with objects where either the global information changed 
(a diamond comprising smaller cross shapes) or the local information 

changes (a cross comprising smaller diamond shapes). Infants consist-
ently dishabituated to a change in the global, but not the local cue, 
and — importantly — continued to do so when the displays were filtered 
to have only low-spatial-frequency information (blurred) but not when 
they were filtered to have only high-spatial-frequency information 
(sharpened). Moreover, simulations with deep neural networks have 
revealed that a training regimen consisting of blurry images at the start 
of training and high-resolution images at the end of training results in 
better recognition performance for holistically defined categories, 
such as faces, than training that consists of high-resolution images 
alone105–107 (Box 2).

The importance of low-spatial-frequency input in the development 
of object recognition is consistent with the neural development of mag-
nocellular and parvocellular cells in the lateral geniculate nucleus and 
the broader dorsal and ventral pathways. Magnocellular cells are most 
sensitive to contrast and low-spatial frequency information, enabling 
them to support perception of global form108. These neurons primarily 
transmit information to the dorsal rather than the ventral pathway, 
via direct projections from the lateral geniculate nucleus and indirect 
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shape stays constant, even when colour and texture 
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were shown displays in which an object’s shape changed 
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colour changed (bottom). Infant lateral occipital cortex 
and posterior parietal cortex showed greater neural 
response to the shape-change condition than to the 
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projections via early visual cortex109. By contrast, parvocellular cells are 
most sensitive to colour and high-spatial frequencies, enabling them 
to support perception of fine-grained details and local object features. 
Parvocellular cells project primarily from the lateral geniculate nucleus 
to the ventral pathway by way of early visual cortex. Mirroring the visual 
sensitivities of infants to global form and low-spatial-frequency infor-
mation, magnocellular cells develop anatomically and functionally 
earlier than parvocellular cells in both humans and monkeys80,110–112. 
The earlier development of the magnocellular cells relative to parvocel-
lular cells might also then drive the dorsal pathway to mature earlier 
than the ventral pathway (Box 1).

Infants’ early perceptual grouping abilities might be primarily 
supported by the dorsal pathway and its magnocellular input. Research 
with human adults has shown that posterior parietal cortex in the 
dorsal pathway might be involved in representing the spatial arrange-
ment rather than the appearance of the local elements, with the rep-
resentation of arrangement leading to the formation of global shape 
percepts18,19,113,114. Also in adults, disruptions to posterior parietal cortex 
(from damage or transient magnetic stimulation) impair perception 
of global, but not local, shape properties115–117. By contrast, the ventral 
pathway, with its strong parvocellular inputs, is particularly sensitive 
to fine-grained local visual features118,119. Thus, an emerging perspec-
tive is that a complete object representation, one that includes both 
global and local information, arises via interactions of the dorsal and 
ventral pathways, though additional evidence is needed to support 
this conjecture14,120.

All told, the low visual acuity and early development of magno-
cellular cells in infants might provide an important developmental 
constraint for bootstrapping their shape-perception abilities. Thus, 
although one might think that lower-resolution information imposes a 
limitation on the infant visual system, as noted above, studies suggest 
that blurry vision early in neonates might be adaptive. Low acuity might 
help infants to filter irrelevant background information and support 
the formation of holistic shape percepts.

Together, these studies show that infants are particularly sensi-
tive to shape information from the earliest days of life and, like adults, 
show evidence of shape constancy and a global precedence effect. 
Existing evidence suggests that these early shape-processing abilities 
are bootstrapped by infant-specific biological constraints such as low 
visual acuity and neural pathways driven by magnocellular input.

Viewpoint invariance
An important signature of object recognition is the ability to recognize 
an object as the same object across different viewing conditions, such 
as changes in orientation, size and illumination. This process is usually 
referred to as viewpoint-invariant object recognition. Despite the term 
‘invariance,’ even adult humans rarely achieve perfect invariance121, and 
often fail in contexts where the object is overly self-occluded such as 
when foreshortened122. Nevertheless, humans demonstrate remarkable 
tolerance to changes in orientation, including viewing objects at orien-
tations they have never seen before. Here, we focus on the mechanisms 
that support tolerance for viewpoints that change the appearance of 
an object’s shape on the retina, namely rotations in depth.

A prerequisite for identifying a depth-rotated object is the ability 
to perceive depth from cues such as binocular disparity and to form 3D 
shape representations. Electrophysiology studies with monkeys have 
shown that ocular dominance columns and sensitivity to binocular 
disparity in early visual cortex are already present at birth123,124 (Box 1). 
Likewise, newborns are sensitive to the depth properties of objects125 

and show a visual preference for real objects over photographs of the 
same objects (which lack stereoscopic depth cues)126. However, it is not 
until approximately 4 months of age that infants consistently demon-
strate the ability to represent 3D shape from binocular disparity127,128, 
motion129–131, or line junctions and shading56,57. At 4 months of age, 
infants’ perception of 3D shape becomes remarkably precise, enabling 
them to discriminate between visually matched possible and impos-
sible figures132. At 6 months of age, they can generalize an object’s 3D 
shape across different types of pictorial depth cue133.

Although infants do not show mature depth perception abilities 
until 4–6 months of age, they already demonstrate the ability to accom-
plish viewpoint-invariant recognition. Indeed, by at least 3 months of 
age, infants can identify 3D objects in a viewpoint-invariant manner 
that enables them to recognize objects from orientations not previ-
ously encountered. Using a variation of the habituation paradigm, 
researchers presented infants with an image sequence consisting of 
a single object presented at different orientations on each trial. At 
test, infants viewed the same object at an orientation that had not 
been displayed previously. Infants did not dishabituate to the familiar 
object in a novel orientation, but looked longer at a visually matched 
novel object, indicating their recognition of the familiar object134,135. 
Another study used an operant learning procedure to train 3-month-old 
infants to kick their legs in the presence of an object presented from 
one viewpoint. Both immediately after training and also after a 24-h 
delay, infants kicked when shown the trained object presented from 
a novel viewpoint but not when shown a novel object, suggesting that 
they had recognized the object from its novel viewpoint136.

The neural basis for infants’ viewpoint-invariant object represen-
tations is unclear. Data from older children suggests that the lateral 
occipital cortex displays invariance to changes in size at an earlier 
point in development (5–10 years of age) than changes in orientation 
(11–17 years of age), suggesting a late emergence of 3D shape in the 
ventral pathway49. Other studies with 5–10-year-old children have found 
that the response profiles of lateral occipital cortex and posterior pari-
etal cortex were correlated with the ability to recognize objects across 
different viewpoints50. Similarly, representations of 3D shape and depth 
information have been documented in lateral occipital cortex and 
posterior parietal cortex in adult human and non-human primates137–140. 
The specific contributions of each pathway to 3D shape perception 
might depend in part on the type of depth information available. For 
example, in adults, 3D shape from shading might be computed primar-
ily in the ventral pathway, whereas 3D shape from motion or disparity 
is computed in the dorsal pathway17,137,138,141. This distinction between 
dorsal and ventral representations of depth might explain how infants 
and young children accomplish viewpoint-invariance behaviourally, 
despite immature representations of 3D shape in their ventral pathway.

Early studies suggested that 3D shape perception and viewpoint- 
invariant object recognition in adults was accomplished by interpolat
ing between previously seen views of an object121,142. However, by 
3 months of age, infants have been shown to generalize object iden-
tity to viewpoints that could not be interpolated from previous 
experience134,136.

Studies with newborn chickens (chicks) have suggested that very 
little object experience is needed to accomplish viewpoint-invariant 
object recognition. For example, in one study, newborn chicks were 
reared in a controlled virtual-reality chamber containing only a sin-
gle object that rotated through a limited set of viewpoints143. Because 
chicks quickly imprint on and follow around the first object they see, 
researchers can test their recognition performance by examining 
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whether they follow novel versions of the imprinted object. The chicks 
were presented with either the imprinted object from a novel orienta-
tion or a visually matched novel object (Fig. 2d). The chicks preferred 
to follow the imprinted object shown from a novel viewpoint even when 
the novel object had greater image-level similarity to the originally 
imprinted object viewpoint. Subsequent research has demonstrated 
that experience with object rotations is unnecessary, so that chicks 
form invariant object representations when imprinted to an object 
presented from a single viewpoint144. These controlled-rearing studies 
provide a powerful tool with which to explore how much visual experi-
ence is needed for an organism to form 3D shape representations, as 
well as insight on which evolutionarily preserved structures might be 
sufficient to accomplish viewpoint-invariant recognition.

Although extensive viewpoint experience might not be needed 
for viewpoint-invariant recognition, motion is an important visual 
cue for infants when forming 3D shape representations. For instance, 
3-month-old infants are better able to generalize to novel viewpoints 
of an object when they are familiarized with smoothly rotating objects 
(60° of rotation) rather than static images of the object from different 
viewpoints130,131,145. Moreover, control-rearing studies with chicks show 
that chicks are only able to accomplish viewpoint-invariant object 
recognition if exposed to objects that exhibit smooth continuous 
motion rather than temporally discontinuous static object images146.

Beyond viewpoint invariance, motion might be a foundational 
perceptual grouping cue crucial for shape perception. For instance, 
2-month-old infants are only able to perceive a complete object through 
partial occlusion when the parts of the object move synchronously but 
not when they are static64–67. It is not until 5 months of age that infants 
can perceptually group object parts that were occluded into a single 
object from static images alone2. Likewise, patients recovering from 
prolonged visual deprivation overwhelmingly rely on motion cues to 
parse visual scenes102,147,148. Consistent with these behavioural data, 
motion-selective areas (such as area MT) are some of the earliest regions 
of the visual system to mature, providing an early neural mechanism by 
which motion might support the representation of shape149–152.

Altogether, these data suggest that viewpoint-invariant object 
recognition is robust from early in development, and that infants might 
require little experience with different object views to identify objects 
across variations in viewpoint. Instead, domain-general experience 
with smoothly moving objects helps infants to develop the ability to 
construct robust 3D shape representations.

Object categorization
Another critical visual recognition ability is object categorization. 
Like viewpoint-invariant recognition, object categorization requires 
a shape representation that is not dependent on visual features spe-
cific to any single projection of the object (Fig. 1b). However, whereas 
viewpoint-invariant recognition is the process of identifying an object 
as remaining the same across different viewing conditions (constancy), 
object categorization is the process of grouping perceptually dissimilar 
objects on the basis of a shared property. We consider the evidence from 
behavioural tasks and patterns of neural selectivity to understand the 
development of object categorization.

Behavioural categorization
Categorization is central to the mental representation of objects. 
Grouping objects into distinct categories provides a low-dimensional 
structure by which humans can understand the similarity between 
objects and quickly make inferences about the functional properties of 

novel objects. For instance, grouping poodles and Australian shepherds 
as objects in the category dog can help one to infer that poodles can 
bark because Australian shepherds also do. Adults can readily form 
object categories from visual properties or abstract rules. However, 
most object categories are represented at the basic level of categori-
zation, in which objects have similar global shapes but varying local 
features153,154. Subordinate-level categorization or recognition of indi-
vidual items in the category is also important, enabling one to pick out 
a specific object such as one’s own dog.

Infants demonstrate the ability to categorize objects from early 
in development155. For instance, with exposure to just three category 
exemplars whose local features vary, newborns can categorize a novel 
category exemplar (with never-before-seen local features) on the 
basis of shape properties such as closure (categorized as ‘O’-shaped 
versus ‘X’-shaped figures)156. By 3 months of age, infants can catego-
rize more complex shapes (such as squares, circles and triangles) by 
their global form despite variations in their contours and local shape 
properties157,158.

For naturalistic images such as animals and furniture, infants show 
a coarse superordinate-level to basic-level trajectory. At 2 months of 
age, infants form a category for mammals that includes dogs and cats, 
but excludes birds and furniture. By 3 months of age, infants show 
evidence of basic-level category boundaries159,160. Moreover, infants’ 
representations of naturalistic categories is relatively abstract. For 
example, if they are habituated to naturalistic photographs of dogs, 
they will generalize to new dogs presented as silhouettes that lack 
colour and texture information37.

Infants are also sensitive to the distributional properties of cat-
egory exemplars. For instance, the inclusivity of infants’ categories 
varies with a category’s variability, such that infants demonstrate more 
exclusive category boundaries for objects that have less visual vari-
ability among exemplars (such as cats) than those with greater visual 
variability (such as dogs)159,161,162. This sensitivity can result in uneven, 
or asymmetric, category boundaries wherein infants are more likely to 
classify a novel cat as a member of the category ‘dog’, than a novel dog 
as member of the category ‘cat’. As in adults, infants’ category bounda-
ries can be altered experimentally by manipulating the variability of 
habituated exemplars. Infants are better at categorizing novel objects 
whose features correspond to the central tendency of a category (the 
prototype) than exemplars near the category boundary: they would 
be more likely to categorize a golden retriever as a dog than a pug158,163. 
Also like adults, infants’ recognition of an object prototype improves 
with exposure to a greater number of category exemplars and with 
longer delays between training and test158. The formation of object 
prototypes might serve as a crucial mechanism for rapid object learn-
ing more generally: deep neural network models that emphasize object 
prototypes demonstrate better performance on few-shot categoriza-
tion tasks and also reveal infant-like signatures of categorization, such 
as category asymmetries164.

There is evidence that by 6 months of age, infants, like adults10,165, 
might already be able to accomplish one-shot categorization69. Spe-
cifically, with exposure to just one example, 6-month-old infants will 
extend category membership to an exemplar with novel local features69 
(Fig. 4). Infants’ performance on this task was best matched by a com-
putational model that represents global shape (known as the shape 
skeleton59,166) rather than the visual features learned by deep neural 
networks, further suggesting that category learning relies on a global 
representation of shape in infancy. By 4 years of age, children are adept 
at using shape information to accomplish one-shot categorization 
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across variations in colour and texture and use this information to 
learn new object labels quickly31,167–169. This finding suggests that by at 
least 6 months of age, infants seem to have acquired inductive biases 
that guide categorization for novel objects.

Studies using head-mounted cameras (headcams) to investigate 
the visual statistics (or ‘visual diet’) of the environment of infants have 
suggested that infants accomplish few-shot categorization without 
extensive experience with different objects. These studies show that 
infants’ visual experience in the first year of life is dominated by about 
ten unique objects and only three faces on average170–172. However, 
despite the sparsity of objects in the visual world of infants, their object 
categorization abilities can match or surpass the object recognition 
abilities of many state-of-the-art deep neural networks25,69,173, which 
are often trained on several thousands of exemplars from hundreds 
of categories. As noted above, infants can learn novel categories from 
just a few exemplars69 (Fig. 4) and, by 4 years of age, show greater 

robustness to image distortions than state-of-the-art deep neural 
networks30,85,173,174.

Infants’ visual experience with the few objects in their envi-
ronment is extensive and seemingly biased to encourage category 
learning175. Specifically, infants’ object viewpoints are not normally 
distributed around the objects but are biased to planar orientations 
that maximally display the object shape structure176,177. For instance, 
if an infant is holding a toy intended to represent a dog, they will often 
rotate the toy to select views that best depict the dog’s shape, such 
as from the side. Thus, although infants are exposed to fewer total 
objects than a typical deep neural network, the visual experience they 
receive is comprised of a much larger sample of highly diagnostic 
viewpoints per object. These findings are consistent with a growing 
literature that suggests that infants ‘curate’ their own experience to 
support visual learning by adjusting where they fixate or how they 
manipulate objects175,178,179.
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Fig. 4 | One-shot object categorization in human 
infants. a, b, Illustration of the experimental 
procedure administered to infants. In two 
experiments, infants were habituated to one 
object and then tested with objects that did or did 
not match the target in global shape structure. 
Both types of test object differed in their local 
features from the habituation object. In the first 
experiment (top), the familiar and novel test 
objects had qualitatively different structures. In 
the second experiment, the familiar and novel test 
object were better visually matched. c, d, Infant 
one-shot categorization performance relative to 
a skeletal model of global shape (Skeleton), deep 
neural networks trained on naturalistic images 
from ImageNet (ResNet-IN and CorNet-S), images 
with greater amounts of variability from Stylized 
ImageNet (ResNet-SIN) and infant head-cam 
videos (ResNext-SAY). Infant performance was 
best matched by the skeleton model, suggesting 
sensitivity to global shape. Error bars depict 
bootstrapped confidence intervals (95% CI). Dotted 
line indicates chance performance (0.5). Adapted 
from ref. 69, CC BY 4.0 (https://creativecommons.
org/licenses/by/4.0/).
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Training deep neural networks using infant headcam videos 
or the visual diet of other newborn animals (such as chicks) leads 
to above-chance object recognition performance180,181 and reason-
able fits between the internal representations of the models and the 
multivariate response of the adult ventral visual pathway (though 
the fits are weaker than with other models)182. Indeed, deep neural 
networks are better at object categorization if they are trained with 
frames from infants’ headcam videos than with frames from adult 
headcam videos183. Nevertheless, even with naturalistic visual experi-
ence, these models still fall short of the object-recognition abilities of 
human infants, young children and other juvenile animals on many 
recognition tasks, such as categorizing on the basis of shape69,173,184. 
These findings suggest that deep neural networks might still be missing 
important architectural features or appropriate learning objectives 
found in human infants.

Neural category selectivity
Although infants show sophisticated categorization abilities, category 
representations in the ventral visual pathway are slow to develop. The 
adult occipitotemporal cortex exhibits regions of selectivity to famil-
iar categories such as faces, bodies, places13 and objects185. Selectiv-
ity is typically measured as a statistically significantly greater neural 
response to one category (such as faces) than to another presented 
category (such as objects). Extensive visual experience is important for 
the development of category selective regions in the ventral pathway. 
For instance, the visual word form area, a region selectively involved 
in perceiving written text, develops only after children or adults learn 
to recognize letters or read words186,187. Likewise, control-rearing stud-
ies in monkeys show that category selectivity for faces develops only 
following extensive experience with faces. Monkeys deprived of face 
experience showed selectivity for other experienced categories (such 
as hands), but not for faces188 (Fig. 5). It seems likely that neural selectiv-
ity would emerge for any category with which humans gain extensive 
experience, especially during childhood189. Indeed, intensively train-
ing monkeys to discriminate between exemplars of a synthetically 

generated object category led to the emergence of category selective 
responses to those objects in juvenile monkeys, but not in adults who 
were similarly trained190.

The occipitotemporal cortex of infants exhibits a protracted devel-
opmental trajectory with selectivity to faces arising earlier (2–6 months 
of age) than to other categories (such as bodies and landscapes around 
6–15 months of age)191–194. However, fully adult-like selective category 
representations in occipitotemporal cortex might not mature until 
adolescence46,47, or even young adulthood195. Although functional 
selectivity for different categories in infant occipitotemporal cortex 
is still developing, category information can be accurately decoded 
from the distributed pattern of infants’ neural responses196,197. This 
result suggests that the mechanisms supporting object recognition 
in infancy might be different, and more distributed, than those in 
adults. Indeed, comparisons between infants, the representations of 
the adult ventral visual pathway and deep neural networks, show that, 
in young infants (4–6 months of age), categorization abilities are better 
explained by the representations of adult early visual cortex and early 
layers of deep neural network models (which represent early visual 
cortex-like simple visual features)197,198 than by adult occipitotem-
poral cortex representations or later layers of deep neural network 
models (which are predictive of adult occipitotemporal cortex repre-
sentations)23,199. Consistent with this behavioural pattern of develop-
ment, the early visual areas (V1–V3) are among the earliest regions of 
the brain to develop and display signatures of mature functioning at 
birth200–203 (Box 1). However, with increased age, infants’ behavioural 
categorization performance becomes increasingly better described by 
higher-level layers of the models198, with the category representations 
of 18-month-olds well predicted by the multivariate response of adult 
occipitotemporal cortex204.

Beyond the ventral pathway, categorization on the basis of global 
shape might be partly supported by the dorsal visual pathway14. The 
dorsal pathway receives coarse, low-spatial-frequency information 
from magnocellular cells and does not have the fidelity to represent 
the fine-grained details of local features. Moreover, the dorsal pathway 
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is heavily involved in computing the spatial arrangement of object fea-
tures, enabling representation of an object’s global shape structure18. 
In adults, object category information can be decoded from the mul-
tivariate response of dorsal regions involved in computing the spatial 
arrangements of features. These regions might mediate global shape 
representations in occipitotemporal cortex18,120 and contribute to rep-
resentations of categories like faces19,119. Combined with accumulating 
evidence that the dorsal pathway also develops earlier than the ventral 
pathway149,150,205 (Box 1), these findings suggest that object recognition 
might primarily be supported by the dorsal pathway in early develop-
ment, but that the ventral pathway takes an increasingly prominent 
role in later development.

Together, these findings suggest that infants exhibit robust cat-
egorization abilities from early in life. Unlike conventional machine 
learning models, infants’ ability to categorize new objects does not 
depend on extensive experience with many objects: instead, infants 
‘curate’ their visual experience with the few objects in their environ-
ment to learn diagnostic object properties such as global shape. How-
ever, despite the sophistication of infants’ categorization abilities, 
category-selective regions of the ventral pathway are not yet fully 
developed and categorization in infancy might instead be supported 
by early visual areas and the dorsal pathway. Thus, a recurring pattern 
in human development is that many object-recognition abilities are 
present from early in development, but might be supported by differ-
ent neural mechanisms than in adulthood and might require extended 
time to reach their mature state.

Innate constraints on object recognition
Although visual experience is necessary for infants’ visual abilities 
to mature fully, several innate constraints, such as blurry vision and 
sensitivity to motion, guide infants’ abilities to form holistic 3D shape 

representations206,207. In this section, we take a broad view of the 
degree to which innate mechanisms guide specific object-recognition  
abilities (Table 1).

In the domain of categorization, early sensitivity to cues such 
as curvilinearity and rectilinearity might support rudimentary dis-
tinctions between animate and inanimate objects, such as dogs and 
furniture208–210. Newborns also display innate sensitivities for visual 
properties that are correlated with important object categories such as 
faces, including symmetry and top-heaviness (top-heavy stimuli have 
more elements at the top than the bottom)211–213. Although there is not 
yet a complete understanding of the neural correlates of these visual 
features, some of these properties might be represented by subcortical 
regions214–216 and might account for infants’ bias for face-like stimuli at 
birth217–219. Structural and anatomical properties such as retinotopy and 
connectivity23,220 might also guide visual development. For example, 
category representations for items that are typically foveated (such as 
manipulable objects, faces and words) typically develop along occipi-
totemporal cortex regions with preferential connectivity to foveal 
cortex in early visual cortex206,207,221.

Computational studies have begun to explore how such visual 
biases might arise in the newborn visual system. One study revealed 
that deep neural networks with randomly initialized weights (and there-
fore no predefined functional selectivity) nevertheless display rudi-
mentary object-recognition abilities, and that their internal neuron-like 
units exhibited sensitivities to categories such as faces222,223. With a 
large Gaussian distribution of random weights, some units will exhibit 
sensitivity to simple features like curvilinearity and top-heaviness 
by chance. This finding raises the possibility that object-recognition 
abilities and neural responses in infants might also arise from a visual 
system with little predefined functional selectivity. Moreover, these 
simulations can shed light on the potential processes by which category 

Table 1 | Innate and experiential contributions to the development of object recognition

Visual function Finding Implications

Shape perception Newborns can discriminate simple two-dimensional shapes and exhibit shape constancy36 Rudimentary shape-perception abilities 
might be innate and sufficient to form 
holistic shape representationsNewborns exhibit a global-precedence effect68

Most perceptual grouping abilities do not develop until several months after birth89 The ability to form holistic shape 
representations is bootstrapped by blurry 
vision early in developmentPatients with sight restored late in development exhibit poor perceptual grouping102

Low visual acuity early in deep neural network training improves holistic perception105

The magnocellular pathway develops earlier than the parvocellular pathway112

Viewpoint-invariance Ocular dominance columns are present at birth123 Infants might be born with the ability to 
perceive some three-dimensional shape 
properties and recognize objects from 
novel viewpoints

Newborns are sensitive to some depth properties125

Newborn chicks and young infants can recognize objects from novel viewpoints143

Infants are better at recognizing depth-rotated objects after familiarization with moving 
objects131

Experience with smooth continuous 
motion might be critical for forming 
three-dimensional shape representations

Experience with smooth motion is needed for chicks to accomplish viewpoint-invariant 
recognition146

Object categorization Infants experience very few object classes in the first year of life170 The infant visual system is already 
equipped with visual representations to 
accomplish object recognition at birthInfants can accomplish one-shot categorization69

Newborns exhibit an innate bias for properties such as symmetry and top-heaviness212

Randomly initialized deep neural networks are capable of coarse categorical judgements223 The visual representations of the neonate 
visual system are an emergent property  
of domain-general evolutionary pressuresVisual experience is needed to develop category-selective regions188
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selectivity develops. Specifically, model units whose features happened 
to be similar to an object category were later co-opted to represent that 
category following training. For example, spuriously face-like model 
units became more selective for faces with visual experience, whereas 
units spuriously similar to other object categories became selective 
for those categories223,224. This finding parallels the ‘cortical-recycling’ 
theory of development, which posits that category representations 
in the occipitotemporal cortex develop by co-opting, or recycling, 
neurons with similar functional profiles225–227.

Together, these findings illustrate how the human visual system is 
not a ‘blank slate’ at birth, but is already equipped with many biases and 
constraints that support object recognition. These innate biases might 
not have evolved from pressures to accomplish any one specific 
object-recognition task, such as face perception, but might, instead, 
be an emergent property of a visual system evolved to adapt to an 
individual’s postnatal visual environment. Looking forwards, a key 
goal of developmental and evolutionary neuroscience is to uncover 
the overarching learning objectives that drive the development of the 
visual system228.

Summary and future directions
We have documented the developmental origins, milestones, and 
constraints that lead to mature object recognition (Fig. 6). Specifi-
cally, we examined how infants develop the capability to construct 
holistic 3D shape representations that support object recognition 
across changes in viewpoints and categorize objects across variations 
among exemplars.

Humans demonstrate traces of sophisticated object-recognition 
abilities from early in infancy. However, despite these abilities, the ven-
tral visual pathway, which is the primary pathway underlying object rec-
ognition in adults, does not reach maturity until at least adolescence. 
Instead, these abilities might be bootstrapped by infant-specific adap-
tations, such as low visual acuity and self-curated visual experience, that 
emphasize an object’s global shape. Moreover, object recognition in 
infancy might be accomplished using visual properties represented by 
early visual areas and complemented by input from the dorsal pathway. 

Finally, although innate and early developing constraints can support 
object recognition, extensive experience with objects is needed for 
recognition abilities and their neural correlates to mature.

Although psychologists, neuroscientists and computer scien-
tists have made immense progress in understanding the processes 
by which humans reach maturity, there remain many open questions 
that are challenging to test with developmental populations. These 
include questions regarding biology (including about pruning229,230, 
recurrence75 and visual acuity105), which typically require invasive 
methods or complicated neuroimaging techniques, and questions 
regarding the nature of experience (such as the necessity of experience 
with faces231–233) that are impossible or unethical to test in humans. 
Indeed, as is evident from much of this Review, there are few stud-
ies that examine the neural and computational principles that guide 
object-recognition development.

To address these limitations, the developmental research pro-
gramme should be complemented by hypothesis-driven computa-
tional modelling to explore the developmental constraints that lead to 
human-like behaviours and neural responses at different developmen-
tal timepoints. Indeed, because researchers are rarely able to experi-
mentally manipulate different developmental factors, biologically 
plausible computational models provide an ideal testbed with which 
to explore developmental questions. Researchers can ‘control-rear’ 
computational models to have different architectural constraints, 
learning objectives or visual diets, and can then compare the behav-
iour and internal representations of the models to empirical data from 
human children. Such an approach could shed light on fundamental 
questions regarding the organization of the visual system at birth, its 
underlying visual representations, and the innate and experiential 
contributions to object recognition.

Several methodological developments are needed for this research 
approach to be successful. First, developmental researchers and com-
putational scientists need to develop behavioural tasks and evaluation 
methods that enable human children and models to be tested on equal 
footing234. Object-recognition models are typically evaluated using 
large-scale classification tasks contrasting thousands of categories — a 
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Fig. 6 | Development of visual functions. The development of visual functions 
in months and years. Each shaded gradient represents a different visual function. 
Lighter shades of the gradient indicate when each function can initially be 

measured, whereas darker shades indicate when it begins to show adult-like 
signatures.
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task which no child (or even adult) could feasibly perform in a labora-
tory setting235. Instead, models should be tested using metrics that 
approximate human behaviours, such as looking time236. Second, 
researchers need more and higher-quality task-based neuroimaging 
studies with children. Movie watching holds particular promise in this 
regard because movies are rich in content, enabling researchers to ask 
many different questions. Importantly, movies are also engaging for 
infants237 and young children238,239, holding their attention for long 
periods of time during neuroimaging scans. The same videos could 
be presented to models, enabling researchers to explore what kinds of 
mechanism lead to child-like neural responses in the models. Finally, 
and perhaps most importantly, developmental researchers need to 
formalize their theories in computationally tractable ways that can be 
implemented and tested with quantitative models. Although purely 
conceptual theories (such as box-and-arrow ‘models’) are important, 
computational specification of developmental theories provides con-
crete evidence of which developmental processes are important for an 
ability to develop and leads to a more replicable developmental science.

Thus, integrating classic behavioural approaches from devel-
opmental psychology with the modern tools of cognitive and com-
putational neuroscience will reveal a deeper understanding of the 
developmental mechanisms that lead to mature object recognition.

Published online: xx xx xxxx
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