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The development of newborn object
recognition in fast and slow visual worlds

Justin N. Wood and Samantha M. W. Wood

Department of Psychology, University of Southern California, Los Angeles, CA 90089, USA

Object recognition is central to perception and cognition. Yet relatively little

is known about the environmental factors that cause invariant object recog-

nition to emerge in the newborn brain. Is this ability a hardwired property

of vision? Or does the development of invariant object recognition require

experience with a particular kind of visual environment? Here, we used a

high-throughput controlled-rearing method to examine whether newborn

chicks (Gallus gallus) require visual experience with slowly changing objects

to develop invariant object recognition abilities. When newborn chicks were

raised with a slowly rotating virtual object, the chicks built invariant object

representations that generalized across novel viewpoints and rotation

speeds. In contrast, when newborn chicks were raised with a virtual object

that rotated more quickly, the chicks built viewpoint-specific object repre-

sentations that failed to generalize to novel viewpoints and rotation speeds.

Moreover, there was a direct relationship between the speed of the object

and the amount of invariance in the chick’s object representation. Thus,

visual experience with slowly changing objects plays a critical role in the devel-

opment of invariant object recognition. These results indicate that invariant

object recognition is not a hardwired property of vision, but is learned rapidly

when newborns encounter a slowly changing visual world.
1. Introduction
To perceive the world successfully, newborn animals must perform a difficult

task: they must build abstract object representations from high-dimensional sen-

sory inputs, and use those representations to generalize past experience to new

viewing situations. This ability is known as ‘invariant object recognition’. Despite

the computational difficulty of this task [1], many animals develop invariant

object recognition abilities, including primates [2–6], rodents [7–9] and birds

[10–14]. For example, after just a brief glimpse of an object, human adults can

recognize objects across novel changes in viewpoint, scale, retinal position and

lighting conditions [3]. To date, however, the development of invariant object rec-

ognition is poorly understood. Although previous studies have shown that

invariant object recognition can develop rapidly in newborn visual systems

[12–14], these findings do not reveal the environmental factors that cause this

ability to emerge in the brain. Is invariant object recognition a hardwired pro-

perty of vision? Or does the development of invariant object recognition

require experience with a particular kind of visual environment?

According to temporal learning models from computational neuroscience and

computer vision, invariant object representations are learned from experience

with the spatio-temporal statistics of the natural visual world [15–20]. In particu-

lar, researchers have argued that visual systems create invariant object

representations by extracting slowly changing features from the visual environ-

ment [15,21–23]. The overarching logic of this learning process is as follows:

during natural visual experience, the environment tends to change slowly

(i.e. objects are typically present for seconds or longer), whereas the primary sen-

sory signal changes rapidly (i.e. individual retinal receptors change on a timescale

of milliseconds). Thus, neural mechanisms that extract slowly varying features

from quickly varying input signals should create stable representations of the

external causes of the sensory input. In support of this view, a variety of compu-

tational studies indicate that experience with a natural (slow) visual environment
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Figure 1. Illustration of a controlled-rearing chamber. Newborn chicks were
raised in strictly controlled environments devoid of real-world objects. To pre-
sent object stimuli to the chicks, virtual objects were projected on two display
walls situated on opposite sides of the chamber. During the input phase (first
week of life), the chicks were exposed to a single virtual object that rotated
continuously, completing a full rotation every 1 (fast speed), 5 (medium
speed) or 15 s (slow speed). (Online version in colour.)
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plays an important role in the development of vision. For

example, algorithms that extract slowly varying features from

quickly varying input signals can successfully explain the

self-organization of complex-cell receptive fields [24], the rec-

ognition of whole objects invariant to spatial transformations

[25] and the self-organization of place cells, grid cells and

head-direction cells [26,27].

In this study, we used a controlled-rearing method to test

whether newborn animals need experience with a slowly chan-

ging visual environment in order to create invariant object

representations. If the environment changes too quickly (and

features do not vary slowly), then newborn visual systems

might have difficulty building invariant object representations

from sensory input. To test this hypothesis, we raised newborn

subjects in strictly controlled environments that contained

no objects other than a single virtual object. This virtual object

rotated continuously at a slow, medium or fast speed. After

one week of exposure to this object, we tested whether each sub-

ject’s object representation could generalize to novel viewpoints

(experiment 1) and to novel viewpoints and rotation speeds

(experiment 2). If newborns need experience with slowly chan-

ging objects to build invariant object representations, then the

subjects should successfully build invariant representations

only when raised in environments that contain a slowly rotating

object. Critically, we studied the first visual object representation

built by newborn subjects, before their visual systems had been

shaped by any prior visual object experience.

Because this experiment required controlling all of the sub-

jects’ visual object experiences from the onset of vision, we

used a controlled-rearing approach with a newborn animal

model: the domestic chick (Gallus gallus). Newborn chicks are

an ideal animal model for studying the development of

vision, for several reasons. First, chicks develop object recog-

nition abilities rapidly—for example, chicks can build a

viewpoint-invariant representation of the first object they see

in their life [12–14]. Second, chicks can be raised in strictly con-

trolled environments (i.e. environments devoid of objects and

caregivers) from the onset of vision.1 This makes it possible

to control all of the chicks’ visual object experiences [32,33].

Third, chicks imprint to objects seen soon after hatching;

this naturally occurring behaviour can be used to test object

recognition abilities without training [34]. Fourth, avian and

mammalian brains process sensory input using homologous

cortical circuits with similar connectivity patterns [35]. Because

birds and mammals use common neural mechanisms to per-

ceive the world, controlled-rearing studies of newborn chicks

may inform our understanding of the development of object

recognition in both birds and mammals.
2. Experiment 1
(a) Methods
(i) Subjects
Twenty-six domestic chicks of unknown sex were tested. No

subjects were excluded from the analyses. The sample sizes

were determined before the experiments were conducted based

on previous high-throughput controlled-rearing experiments

with newborn chicks [12–14]. The chicks were randomly

assigned to the conditions. The eggs were obtained from a

local distributor and incubated in darkness in an OVA-Easy

incubator (Brinsea Products Inc., Titusville, FL). The incubation
room was kept in complete darkness. After hatching, the chicks

were moved from the incubation room to the controlled-rearing

chambers in darkness with the aid of night vision goggles. Each

chick was raised singly within its own chamber. These

experiments were approved by The University of Southern

California Institutional Animal Care and Use Committee.
(ii) Controlled-rearing chambers
We raised newborn chicks in specially designed controlled-

rearing chambers (figure 1) that provided complete control

over all visual object experiences. The chambers were devoid

of all real-world (solid, bounded) objects. Each chamber

measured 66 cm (length) � 42 cm (width) � 69 cm (height)

and was constructed from white, high-density polyethylene.

Food and water were provided within transparent troughs in

the ground that measured 66 cm (length) � 2.5 cm (width) �
2.7 cm (height). The floors were wire mesh and supported

2.7 cm off the ground by thin, transparent beams.

Object stimuli were presented to the chick by projecting

virtual objects on two display walls (LCD monitors) situated

on opposite sides of the chamber. The display walls were

1900 LCD monitors (1440 � 900 pixel resolution). On average,

the virtual objects measured 8 cm (length) � 7 cm (height)

and were suspended 3 cm off the floor. The objects were dis-

played on a uniform white background at the middle of the

display walls. The virtual objects presented in this study can

be viewed in electronic supplementary material, movies S1–S5.

The chicks’ behaviour was tracked by microcameras in the

ceilings of the chambers and image-based tracking software

(EthoVision XT, Noldus Information Technology, Leesburg,

VA) that calculated the amount of time the subject spent

within zones (22 � 42 cm) next to the left and right display

walls. We recorded all of the chicks’ behaviour (nine samples

per second, 24 h per day, 7 days per week) across the duration

of the two-week experiment. This high-throughput data collec-

tion approach made it possible to measure each newborn

chick’s first visual object representation with high precision.

In total, 8736 h of video footage (14 days � 24 hours per

day � 26 subjects) were collected for experiment 1.
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Figure 2. The experimental procedure. (a) A schematic showing a 4 h presentation schedule of the virtual objects during the input phase and test phase. During the
input phase, chicks were exposed to a single virtual object. During the test phase, we measured each chick’s sensitivity to object identity features (identity trials) and
viewpoint features (viewpoint trials). (b) The rotation speeds of the virtual objects during the input phase and test phase. In experiment 1, the objects rotated at the
same speed during the input phase and test phase. In experiment 2, the objects rotated at slow, medium and fast speeds on different test trials during the test
phase. (Online version in colour.)
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(iii) Procedure
During the input phase (first week of life), newborn chicks were

raised in environments that contained a single virtual object

rotating around a single axis. The object rotated at different

speeds for different subjects, completing a 3608 rotation

around a frontoparallel vertical axis every 1 (fast speed),

5 (medium speed) or 15 s (slow speed). The animations are pre-

sented in electronic supplementary material, movies S1–S3. The

object appeared for an equal amount of time on the left and right

display walls, switching walls every 2 h. The virtual objects

were modelled after those used in previous studies that tested

for invariant object recognition in adult rats [7,8] and newborn

chicks [12–14]. Half of the chicks were imprinted to each of the

two objects, with the other object serving as the novel object.

During the test phase (second week of life), we measured

each chick’s sensitivity to viewpoint features and identity fea-

tures. We measured sensitivity to these two feature types,

because building an invariant object representation requires

transforming patterns of retinal activity (viewpoint features)

into a higher-level representation that is tolerant to retinal
image changes and selective for a particular object (identity

features). Thus, measuring sensitivity to viewpoint features

and identity features reveals how successful the chick has

been in building an invariant representation. If the chick has

high sensitivity to identity features and low sensitivity to view-

point features, then the chick successfully built an invariant

object representation (i.e. a representation that is selective for

the object’s identity and tolerant to retinal image variation).

Conversely, if the chick has high sensitivity to viewpoint fea-

tures and low sensitivity to identity features, then the chick

failed to build an invariant object representation.

Figure 2a illustrates the testing schedule and the trial

types. On the viewpoint trials, one display wall showed the

imprinted object rotating around the familiar axis (which pre-

sented familiar viewpoints of the object), whereas the other

display wall showed the imprinted object rotating around a

novel axis (which presented novel viewpoints of the object;

see electronic supplementary material, movie S4 for sample

animations). If the chicks built object representations that con-

tained viewpoint features, then they should have preferred the
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Figure 3. Results from experiment 1. (a) The chicks’ object recognition performance when raised with a slow, medium or fast object. The graph shows the per-
centage of time the chicks spent with the correct animation (i.e. the familiar object on the identity trials and the familiar viewpoint range on the viewpoint trials).
When exposed to a slowly rotating object, the chicks built invariant representations that were selective for object identity and tolerant to changes in viewpoint. In
contrast, when exposed to a quickly rotating object, the chicks built viewpoint-specific representations that were selective for familiar viewpoints with little to no
sensitivity for object identity features. (b) The abstraction space for visualizing the pattern of variation across subjects. Each dot depicts the object representation built
by a single chick. The x-axis reflects the representation’s sensitivity to identity features and the y-axis reflects the representation’s sensitivity to viewpoint features.
The position of the representation in the abstraction space was largely determined by the object’s rotation speed.
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object rotating around the familiar axis compared with the

novel axis.

On the identity trials, one display wall showed the

imprinted object rotating around a novel axis, whereas

the other display wall showed a novel object rotating around

the familiar axis (see electronic supplementary material,

movie S5 for sample animations). Importantly, this comparison

equated the between-object image difference (i.e. the image-

level difference between the test animation of the novel object

and the input animation of the imprinted object) and the

within-object image difference (i.e. the image-level difference

between the test animation of the imprinted object and the

input animation of the imprinted object), on both pixel-like

and V1-like levels (for details, see electronic supplementary

material, figures S1 and S2). Thus, to recognize their imprinted

object on the identity trials, the chicks needed to build invar-

iant representations that were selective for the object’s

identity and tolerant to identity-preserving image transform-

ations (i.e. changes in viewpoint). The chicks received 24 test

trials per day (168 test trials in total), at the rate of one trial

per hour. Each test trial lasted 20 min. For each chick,

the objects in the test phase rotated at the same speed as the

object in the input phase.
(b) Results
To compute each chick’s object recognition performance, we

first computed the proportion of time each chick spent with

the correct animation compared with the incorrect animation

for the test trials in which the imprinted object switched dis-

play walls after the rest period and for the test trials in which

the imprinted object stayed on the same display wall after the

rest period. We then computed the average of these two

values to obtain a single recognition performance score for

each chick in the condition.

The results are shown in figure 3a. An ANOVA with the

within-subject factor of trial type (viewpoint trials versus iden-

tity trials) and the between-subject factor of object speed (slow,
medium, fast) revealed a significant main effect of trial type

(F1,23 ¼ 7.07, p ¼ 0.01, h2
p ¼ 0:24) and a significant interaction

between trial type and object speed (F2,23 ¼ 18.75, p , 0.001,

h2
p ¼ 0:62). When raised with a slowly rotating object, newborn

chicks built viewpoint-invariant object representations that

were more sensitive to identity features than viewpoint fea-

tures (two-tailed t-tests, t9 ¼ 3.01, p ¼ 0.02, Cohen’s d ¼ 0.95).

Conversely, when raised with a quickly rotating object,

newborn chicks built viewpoint-specific object representa-

tions that were more sensitive to viewpoint features than

identity features (two-tailed t-tests, t8 ¼ 5.23, p ¼ 0.001,

Cohen’s d ¼ 1.74). The chicks raised with the medium speed

object built representations that were equally sensitive to

identity features and viewpoint features (two-tailed t-tests,

t6 ¼ 0.86, p ¼ 0.42, Cohen’s d ¼ 0.32).

To visualize this pattern of variation, we charted the position

of each chick’s object representation within a two-dimensional

abstraction space2 (figure 3b; each point represents the object

representation built by one chick). The x- and y-axis reflect

the object representation’s sensitivity to identity features

and viewpoint features, respectively. Thus, the position of

the representation within the abstraction space reflects its

degree of abstraction (i.e. the representation’s sensitivity to

identity features and tolerance to changes in viewpoint).

The chicks exposed to a slowly rotating object tended to

build abstract object representations that were sensitive to iden-

tity features but not viewpoint features (the representations

occupying the bottom right area of the abstraction space). In

contrast, the chicks exposed to a quickly rotating object built

viewpoint-specific object representations that were sensitive to

viewpoint features but not identity features (the representations

occupying the top left area of the abstraction space). These

results show that newborn chicks can build many different

types of object representations, with the degree of abstraction

varying largely as a function of the object’s rotation speed.

In experiment 1, the objects moved at the same speed during

the input phase and test phase. Accordingly, the effect of

rotation speed on object recognition performance could be

http://rspb.royalsocietypublishing.org/
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Figure 4. Results from experiment 2. (a) The chicks’ object recognition performance when raised with a slow, medium or fast object. The graphs show the per-
centage of time the chicks spent with the correct animation for each test trial type. (b) Radar graphs illustrate the different types of object representations built by
the chicks exposed to the slow, medium and fast objects during the input phase. The information content of the representation was largely determined by the
object’s rotation speed when the object was encoded into memory. When exposed to a slowly rotating object, the chicks built invariant representations that were
selective for object identity, regardless of whether the test objects rotated at slow, medium or fast speeds. In contrast, when exposed to a quickly rotating object,
the chicks built viewpoint-specific representations that were selective for familiar spatio-temporal features.
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explained by limitations in chicks’ ability to perceive and/or

attend to quickly rotating objects, rather than limitations in

chicks’ ability to build (encode) visual object representations.

To examine whether the faster rotation speeds in experiment

1 disrupted processes related to perception and attention, we

performed a second experiment in which all of the chicks

were tested with objects that rotated at slow, medium and fast

speeds. If the faster rotation speeds disrupted processes related

to perception or attention, then recognition performance should

be low when the test objects rotate at fast speeds (because the

chicks would be unable to perceive and/or attend to quickly

rotating objects if the fast rotation speed exceeds the limitations

of chicks’ perception or attention abilities). Conversely, if the

faster rotation speeds disrupted processes related to encoding

visual object representations, then recognition performance

should be high whether the test objects rotate at slow,

medium or fast speeds—provided that the object rotated

slowly when being encoded into memory.
3. Experiment 2
(a) Methods
Experiment 2 was identical to experiment 1, with two key

changes. First, a new group of 34 domestic chicks of unknown

sex was tested. Second, rather than being presented with test

objects that rotated at the same speed as the input object,

the test objects rotated at slow, medium and fast speeds on

different test trials (figure 2b). In total, 11 424 h of video footage

(14 days � 24 hours per day � 34 subjects) were collected for

experiment 2.
(b) Results
The results are shown in figure 4a. An ANOVA with the within-

subject factor of trial type (slow viewpoint trials, medium

viewpoint trials, fast viewpoint trials, slow identity trials,

medium identity trials and fast identity trials) and the

between-subject factor of encoding speed (slow, medium, fast)

revealed a significant main effect of trial type (F5,155¼ 7.47,

p , 0.001, h2
p ¼ 0:19) and a significant interaction between trial

type and encoding speed (F10,155¼ 8.75, p , 0.001, h2
p ¼ 0:36).

When newborn chicks were raised with a slowly rotating

object, they built invariant object representations that were

highly sensitive to identity features, regardless of whether

the test objects rotated at slow, medium or fast speeds. In con-

trast, when newborn chicks were raised with a quickly rotating

object, they built viewpoint-specific object representations that

were primarily sensitive to familiar spatio-temporal features

(i.e. the same images presented at the same speed). Thus, to

build a robust invariant representation, chicks require slow

visual object input; however, once the object representation

has been built, the chick can then recognize the object whether

it moves at a slow, medium or fast speed. These results show

that the effect of rotation speed on object recognition per-

formance obtained in experiment 1 cannot be explained by

appealing to limitations in perception and attention.3 Rather,

faster rotation speeds appear to primarily disrupt chicks’

ability to build invariant object representations.

The results from experiment 2 also demonstrate that

visual representations in the newborn brain are highly plastic

and can take a variety of forms. These forms can be visual-

ized in the six-dimensional radar graphs shown in figure 4b
(each dimension of the graph reflects the chicks’ performance
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on one of the six test trial types). More generally, experi-

ment 2 replicates the main findings from experiment 1, and

provides additional evidence that it is possible to systemati-

cally manipulate the abstract form of a newborn chick’s

first visual object representation simply by manipulating

the object’s rotation speed when the object is being encoded

into memory.
blishing.org
Proc.R.Soc.B

283:20160166
(c) Measuring the strength of the imprinting response
Did the chicks imprint more strongly to the slowly rotating

objects than the quickly rotating objects? To examine whether

object speed influenced the strength of the imprinting response,

we analysed the proportion of time chicks spent by their

imprinted object during the rest periods. During the rest periods,

the imprinted object appeared on one display wall and a white

screen appeared on the other display wall. In experiment 1,

when raised with the slow, medium and fast objects,

chicks spent 81% (s.e.m.¼ 1%), 81% (s.e.m. ¼ 3%) and 77%

(s.e.m. ¼ 2%) of their time with the imprinting stimulus, respect-

ively. In experiment 2, when raised with the slow, medium and

fast objects, chicks spent 83% (s.e.m. ¼ 2%), 86% (s.e.m.¼ 1%)

and 88% (s.e.m. ¼ 1%) of their time with the imprinting stimu-

lus, respectively. These values did not differ significantly from

one another for experiment 1 (one-way ANOVA, F2,23¼ 1.23,

p ¼ 0.31) or experiment 2 (F2,31 ¼ 1.96, p ¼ 0.16). The chicks

imprinted equally strongly to the virtual object, regardless of

whether the object rotated at a slow, medium or fast speed.

Thus, the faster rotation speeds primarily disrupt the generative
capacityof visual representations (i.e. the extent to which the rep-

resentation can generalize to novel viewing situations), not the

strength of the imprinting response.
4. Discussion
We used a high-throughput controlled-rearing method with

newborn chicks to examine whether the development of

invariant object recognition requires visual experience with

slowly changing objects. Newborn chicks were able to

create a viewpoint-invariant and speed-invariant represen-

tation of the first object they encountered in their life,

provided that the object rotated slowly when being encoded

into memory. However, when newborn chicks were raised

with an object that rotated more quickly, the chicks built

viewpoint-specific object representations that were selective

for familiar spatio-temporal features and failed to generalize

across novel viewpoints and rotation speeds. These results

support three primary conclusions.

First, this study provides evidence for a ‘slowness con-

straint’ on the development of invariant object recognition

in a newborn animal. All of the chicks built object represen-

tations, but only the chicks exposed to a slowly rotating

object successfully built invariant representations that gener-

alized across novel viewpoints and rotation speeds. Thus,

newborn chicks need experience with slowly changing

objects to create invariant object representations. These

results support previous studies showing that adult visual

systems extract slowly changing features from the environ-

ment to create invariant object representations [15,21–23]

and extend this literature by demonstrating that newborn

visual systems use a similar strategy to develop invariant

object recognition abilities.
These findings do not necessarily imply that newborn

chicks build three-dimensional geometrical representations of

whole objects when exposed to slowly rotating objects.

Chicks could have succeeded on the identity trials by building

invariant representations of subfeatures that are smaller or less

complex than the entire object. These feature detectors might

respond to only a portion of the object, or be sensitive to key

two-dimensional, rather than three-dimensional, features. In

fact, many leading computational models of invariant object

recognition in humans and monkeys explicitly rely on such

subfeatures [36–38]. Importantly, regardless of the specific

nature of these features, our results indicate that invariant fea-

tures are learned only when newborn chicks are exposed to

slowly changing objects.

Second, these results show that visual object represen-

tations in the newborn brain are highly plastic. When

exposed to a slowly rotating object, the chicks built abstract

representations that were selective for object identity and tol-

erant to identity-preserving image changes; conversely, when

exposed to a quickly rotating object, the chicks built view-

point-specific representations that were selective for familiar

spatio-temporal features. Thus, it is possible to systematically

manipulate the abstract form of a newborn chick’s first visual

object representation simply by varying the object’s rotation

speed when it is being encoded into memory.

In the cognitive sciences, it is common to interpret early

emerging abilities as evidence for hardwired abilities. The

present results indicate that, for the domain of object recog-

nition, this may be an incorrect assumption. Newborn

chicks develop invariant object recognition abilities rapidly

(within the first week of life), but this ability does not

emerge automatically. Rather, invariant recognition emerges

when newborn chicks are exposed to slowly changing

objects. This finding adds to a growing body of research

suggesting that invariant object recognition depends upon

experience [3,15,16,18,23].

It is important to emphasize that the chicks raised with a

quickly rotating object did not perform poorly in all of the con-

ditions. In fact, when the task required remembering the

specific spatio-temporal features that were present when

the object was encoded into memory (viewpoint trials), the

chicks raised with a quickly rotating object significantly out-

performed the chicks raised with a slowly rotating object.

Thus, exposing newborns to fast visual objects does not

simply break vision in general. Rather, experience with

fast visual objects disrupts newborn chicks’ ability to build

invariant object representations.

Third, these results demonstrate that this high-through-

put controlled-rearing method can measure—with high

precision—how specific visual inputs relate to specific behav-

ioural outputs in a newborn visual system. This opens up

experimental avenues for drawing causal links between the

particular visual experiences encountered by a newborn

and the contents of their mental representations. By sys-

tematically manipulating the visual inputs provided to a

newborn and observing the effects of those manipulations

on behaviour, it is possible to distinguish the experiences

that are causally related to behavioural change from those

that are not.

To what extent do these findings apply to the development

of object recognition in other species such as humans? While

this study was not designed to address this question, there is

growing evidence in the neurosciences for an evolutionarily

http://rspb.royalsocietypublishing.org/
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ancient cortical circuit for processing sensory input [35]. Specifi-

cally, the six-layered mammalian cortex and avian cortex

contain similarities on the cellular [39], molecular [40], connec-

tivity [41] and information-coding levels [42]. This circuit is

believed to have evolved in stem amniotes at least 100 million

years ago [43] and to underlie the computations used for

visual object recognition [3]. If birds and mammals share hom-

ologous cortical circuits for processing visual input, as these

studies suggest, then controlled-rearing studies of newborn

chicks would provide insights into the development of object

recognition in mammals. Of course, we might also expect

some differences in the development of object recognition

across species, especially between chickens and humans. For

instance, humans have much larger visual systems than chick-

ens, which may allow humans to achieve greater levels of

abstraction across the successive levels of the visual cortex

[36,37,44]. Further, chickens, unlike humans, are mobile from

birth and immediately able to explore their environment.

Such active motor exploration might play an important role in

the development of object recognition [45–47].

In sum, this study provides evidence for a slowness con-

straint on the development of invariant object recognition in a

newborn animal. Visual experience with slowly changing

objects appears to play a critical role in the development of

invariant object recognition. More generally, this study pro-

vides evidence that invariant object recognition is not a

hardwired property of vision but is learned rapidly when

newborns encounter a slowly changing visual world.
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Endnotes
1Previous studies have investigated the effects of visual deprivation
on object and face recognition in primates and rodents [28–31]. In
these studies, however, the subjects had experience with objects
and/or agents (e.g. caregivers) during their lifetime, and these
experiences might have shaped their recognition abilities in impor-
tant ways. In contrast, newborn chicks can be raised in strictly
controlled environments (i.e. environments devoid of all objects
and caregivers) from the onset of vision. Thus, with chicks, it is poss-
ible to examine how patterned visual input affects the development
of object recognition at the beginning of life, in the absence of
visual experience with natural, real-world objects.
2To calculate the position of each chick’s representation within the
abstraction space (figure 3b), we computed the proportion of time
each chick spent with the correct animation compared with the incor-
rect animation for the identity trials and the viewpoint trials. These
values were then scaled to fit on the two axes, such that 0% marked
chance performance and 100% marked perfect performance. Perfect
performance was equal to each chick’s performance on the rest periods,
which measured the amount of time the chicks generally preferred to
spend in proximity to their imprinted object. This same approach
was used to create the radar graphs for experiment 2 (figure 4b).
3These results also rule out the possibility that quickly rotating objects
are more difficult to recognize than slowly rotating objects in these vir-
tual environments (e.g. owing to distortion effects that may occur when
images of three-dimensional objects are projected on a two-dimen-
sional screen). Performance was nearly identical whether the test
objects rotated at slow, medium or fast speeds, provided that the
chicks were raised with a slowly rotating object.
References
1. Pinto N, Cox DD, DiCarlo JJ. 2008 Why is real-world
visual object recognition hard? PLoS Comput. Biol. 4,
27. (doi:10.1371/journal.pcbi.0040027.sg004)

2. Logothetis NK, Sheinberg DL. 1996 Visual object
recognition. Annu. Rev. Neurosci. 19, 577 – 621.
(doi:10.1146/annurev.ne.19.030196.003045)

3. DiCarlo JJ, Zoccolan D, Rust NC. 2012 How does the
brain solve visual object recognition? Neuron 73,
415 – 434. (doi:10.1016/J.Neuron.2012.01.010)

4. Rolls ET. 2000 Functions of the primate temporal
lobe cortical visual areas in invariant visual object
and face recognition. Neuron 27, 205 – 218. (doi:10.
1016/S0896-6273(00)00030-1)

5. Okamura JY, Yamaguchi R, Honda K, Wang G,
Tanaka K. 2014 Neural substrates of view-invariant
object recognition developed without experiencing
rotations of the objects. J. Neurosci. 34, 15 047 –
15 059. (doi:10.1523/JNEUROSCI.1898-14.2014)

6. Biederman I. 1987 Recognition-by-components:
a theory of human image understanding. Psychol. Rev.
94, 115 – 147. (doi:10.1037/0033-295X.94.2.115)

7. Zoccolan D, Oertelt N, DiCarlo JJ, Cox DD. 2009 A
rodent model for the study of invariant visual object
recognition. Proc. Natl Acad. Sci. USA 106,
8748 – 8753. (doi:10.1073/pnas.0811583106)

8. Alemi-Neissi A, Rosselli FB, Zoccolan D. 2013
Multifeatural shape processing in rats engaged in
invariant visual object recognition. J. Neurosci. 33,
5939 – 5956. (doi:10.1523/JNEUROSCI.3629-12.2013)

9. Tafazoli S, Di Filippo A, Zoccolan D. 2012
Transformation-tolerant object recognition in rats
revealed by visual priming. J. Neurosci. 32, 21 – 34.
(doi:10.1523/JNEUROSCI.3932-11.2012)

10. Wasserman EA, Gagliardi JL, Cook BR,
KirkpatrickSteger K, Astley SL, Biederman I. 1996
The pigeon’s recognition of drawings of depth-
rotated stimuli. J. Exp. Psychol. Anim. Behav.
Process. 22, 205 – 221. (doi:10.1037/0097-7403.
22.2.205)

11. Gibson BM, Lazareva OF, Gosselin F, Schyns PG,
Wasserman EA. 2007 Nonaccidental properties
underlie shape recognition in mammalian and
nonmammalian vision. Curr. Biol. 17, 336 – 340.
(doi:10.1016/j.cub.2006.12.025)

12. Wood JN. 2013 Newborn chickens generate
invariant object representations at the onset
of visual object experience. Proc. Natl Acad.
Sci. USA 110, 14 000 – 14 005. (doi:10.1073/pnas.
1308246110)

13. Wood JN. 2015 Characterizing the information
content of a newly hatched chick’s first visual object
representation. Dev. Sci. 18, 194 – 205. (doi:10.
1111/desc.12198)

14. Wood SMW, Wood JB. 2015 A chicken model for
studying the emergence of invariant object
recognition. Front. Neural Circuits 9, 7. (doi:10.3389/
fncir.2015.00007)

15. Cox DD, Meier P, Oertelt N, DiCarlo JJ. 2005
‘Breaking’ position-invariant object recognition. Nat.
Neurosci. 8, 1145 – 1147. (doi:10.1038/nn1519)

16. Foldiak P. 1991 Learning invariance from
transformation sequences. Neural Comput. 3,
194 – 200. (doi:10.1162/neco.1991.3.2.194)

17. Wallis G, Rolls ET. 1997 Invariant face and
object recognition in the visual system. Prog.
Neurobiol. 51, 167 – 194. (doi:10.1016/S0301-
0082(96)00054-8)

18. Wiskott L, Sejnowski TJ. 2002 Slow feature analysis:
unsupervised learning of invariances. Neural

http://dx.doi.org/10.1371/journal.pcbi.0040027.sg004
http://dx.doi.org/10.1146/annurev.ne.19.030196.003045
http://dx.doi.org/10.1016/J.Neuron.2012.01.010
http://dx.doi.org/10.1016/S0896-6273(00)00030-1
http://dx.doi.org/10.1016/S0896-6273(00)00030-1
http://dx.doi.org/10.1523/JNEUROSCI.1898-14.2014
http://dx.doi.org/10.1037/0033-295X.94.2.115
http://dx.doi.org/10.1073/pnas.0811583106
http://dx.doi.org/10.1523/JNEUROSCI.3629-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.3932-11.2012
http://dx.doi.org/10.1037/0097-7403.22.2.205
http://dx.doi.org/10.1037/0097-7403.22.2.205
http://dx.doi.org/10.1016/j.cub.2006.12.025
http://dx.doi.org/10.1073/pnas.1308246110
http://dx.doi.org/10.1073/pnas.1308246110
http://dx.doi.org/10.1111/desc.12198
http://dx.doi.org/10.1111/desc.12198
http://dx.doi.org/10.3389/fncir.2015.00007
http://dx.doi.org/10.3389/fncir.2015.00007
http://dx.doi.org/10.1038/nn1519
http://dx.doi.org/10.1162/neco.1991.3.2.194
http://dx.doi.org/10.1016/S0301-0082(96)00054-8
http://dx.doi.org/10.1016/S0301-0082(96)00054-8
http://rspb.royalsocietypublishing.org/


rspb.royalsocietypublishing.org
Proc.R.Soc.B

283:20160166

8

 on April 27, 2016http://rspb.royalsocietypublishing.org/Downloaded from 
Comput. 14, 715 – 770. (doi:10.1162/089976
602317318938)

19. Edelman S, Intrator N. 2003 Towards structural
systematicity in distributed, statically bound visual
representations. Cogn. Sci. 27, 73 – 109. (doi:10.
1207/s15516709cog2701_3)

20. Isik L, Leibo JZ, Poggio T. 2012 Learning and
disrupting invariance in visual recognition with a
temporal association rule. Front. Comput. Neurosci.
6, 37. (doi:10.3389/fncom.2012.00037)

21. Li N, DiCarlo JJ. 2010 Unsupervised natural visual
experience rapidly reshapes size-invariant
object representation in inferior temporal cortex.
Neuron 67, 1062 – 1075. (doi:10.1016/j.neuron.
2010.08.029)

22. Li N, DiCarlo JJ. 2008 Unsupervised natural
experience rapidly alters invariant object
representation in visual cortex. Science
321, 1502 – 1507. (doi:10.1126/science.
1160028)

23. Wallis G, Bülthoff HH. 2001 Effects of temporal
association on recognition memory. Proc. Natl Acad.
Sci. USA 98, 4800 – 4804. (doi:10.1073/pnas.
071028598)

24. Berkes P, Wiskott L. 2005 Slow feature analysis
yields a rich repertoire of complex cell properties.
J. Vision 5, 579 – 602. (doi:10.1167/5.6.9)

25. Franzius M, Wilbert N, Wiskott L. 2011 Invariant
object recognition and pose estimation with slow
feature analysis. Neural Comput. 23, 2289 – 2323.
(doi:10.1162/NECO_a_00171)

26. Franzius M, Sprekeler H, Wiskott L. 2007 Slowness
and sparseness lead to place, head-direction, and
spatial-view cells. PLoS Comput. Biol. 3, e166.
(doi:10.1371/journal.pcbi.0030166)

27. Wyss R, Konig P, Verschure PP. 2006 A model of the
ventral visual system based on temporal stability
and local memory. PLoS Biol. 4, e120. (doi:10.1371/
journal.pbio.0040120)
28. Sugita Y. 2008 Face perception in monkeys reared
with no exposure to faces. Proc. Natl Acad. Sci. USA
105, 394 – 398. (doi:10.1073/pnas.0706079105)

29. Fine I, Wade AR, Brewer AA, May MG, Goodman DF,
Boynton GM, Wandell BA, MacLeod DI. 2003 Long-
term deprivation affects visual perception and cortex.
Nat. Neurosci. 6, 915 – 916. (doi:10.1038/nn1102)

30. McLean S, Grayson B, Harris M, Protheroe C, Woolley
M, Neill J. 2010 Isolation rearing impairs novel
object recognition and attentional set shifting
performance in female rats. J. Psychopharmacol. 24,
57 – 63. (doi:10.1177/0269881108093842)

31. Le Grand R, Mondloch CJ, Maurer D, Brent HP. 2001
Neuroperception. Early visual experience and face
processing. Nature 410, 890. (doi:10.1038/35073749)

32. Wood JN. 2014 Newly hatched chicks solve
the visual binding problem. Psychol. Sci. 25,
1475 – 1481. (doi:10.1177/0956797614528955)

33. Vallortigara G. 2012 Core knowledge of object,
number, and geometry: a comparative and neural
approach. Cogn. Neuropsychol. 29, 213 – 236.
(doi:10.1080/02643294.2012.654772)

34. Horn G. 2004 Pathways of the past: the imprint of
memory. Nat. Rev. Neurosci. 5, 108 – 113. (doi:10.
1038/nrn1324)

35. Karten HJ. 2013 Neocortical evolution: neuronal
circuits arise independently of lamination. Curr. Biol.
23, R12 – R15. (doi:10.1016/j.cub.2012.11.013)

36. Serre T, Oliva A, Poggio T. 2007 A feedforward
architecture accounts for rapid categorization. Proc.
Natl Acad. Sci. USA 104, 6424 – 6429. (doi:10.1073/
pnas.0700622104)

37. Yamins DLK, Hong H, Cadieu CF, Solomon EA,
Seibert D, DiCarlo JJ. 2014 Performance-optimized
hierarchical models predict neural responses in
higher visual cortex. Proc. Natl Acad. Sci. USA 111,
8619 – 8624. (doi:10.1073/pnas.1403112111)

38. Ullman S, Vidal-Naquet M, Sali E. 2002 Visual
features of intermediate complexity and their use in
classification. Nat. Neurosci. 5, 682 – 687. (doi:10.
1038/nn870)

39. Reiner A, Yamamoto K, Karten HJ. 2005
Organization and evolution of the avian forebrain.
Anat. Rec. A, Discov. Mol. Cell Evol. Biol. 287,
1080 – 1102. (doi:10.1002/ar.a.20253)

40. Dugas-Ford J, Rowell JJ, Ragsdale CW. 2012 Cell-
type homologies and the origins of the neocortex.
Proc. Natl Acad. Sci. USA 109, 16 974 – 16 979.
(doi:10.1073/pnas.1204773109)

41. Wang Y, Brzozowska-Prechtl A, Karten HJ. 2010
Laminar and columnar auditory cortex in avian brain.
Proc. Natl Acad. Sci. USA 107, 12 676 – 12 681.
(doi:10.1073/pnas.1006645107)

42. Calabrese A, Woolley SMN. 2015 Coding principles
of the canonical cortical microcircuit in the avian
brain. Proc. Natl Acad. Sci. USA 112, 3517 – 3522.
(doi:10.1073/pnas.1408545112)

43. Jarvis ED et al. 2005 Avian brains and a new
understanding of vertebrate brain evolution. Nat. Rev.
Neurosci. 6, 151 – 159. (doi:10.1038/nrn1606)

44. Guclu U, van Gerven MAJ. 2015 Deep neural
networks reveal a gradient in the complexity of
neural representations across the ventral stream.
J. Neurosci. 35, 10 005 – 10 014. (doi:10.1523/
JNEUROSCI.5023-14.2015)

45. James KH, Jones SS, Swain S, Pereira A, Smith LB. 2014
Some views are better than others: evidence for a visual
bias in object views self-generated by toddlers. Dev. Sci.
17, 338 – 351. (doi:10.1111/desc.12124)

46. Soska KC, Adolph KE, Johnson SP. 2010 Systems in
development: motor skill acquisition facilitates
three-dimensional object completion. Dev. Psychol.
46, 129 – 138. (doi:10.1037/a0014618)

47. Perone S, Ross-Sheehy S, Carey M, Madole KL,
Oakes LM. 2008 The relation between infants’
activity with objects and attention to object
appearance. Dev. Psychol. 44, 1242 – 1248. (doi:10.
1037/0012-1649.44.5.1242)

http://dx.doi.org/10.1162/089976602317318938
http://dx.doi.org/10.1162/089976602317318938
http://dx.doi.org/10.1207/s15516709cog2701_3
http://dx.doi.org/10.1207/s15516709cog2701_3
http://dx.doi.org/10.3389/fncom.2012.00037
http://dx.doi.org/10.1016/j.neuron.2010.08.029
http://dx.doi.org/10.1016/j.neuron.2010.08.029
http://dx.doi.org/10.1126/science.1160028
http://dx.doi.org/10.1126/science.1160028
http://dx.doi.org/10.1073/pnas.071028598
http://dx.doi.org/10.1073/pnas.071028598
http://dx.doi.org/10.1167/5.6.9
http://dx.doi.org/10.1162/NECO_a_00171
http://dx.doi.org/10.1371/journal.pcbi.0030166
http://dx.doi.org/10.1371/journal.pbio.0040120
http://dx.doi.org/10.1371/journal.pbio.0040120
http://dx.doi.org/10.1073/pnas.0706079105
http://dx.doi.org/10.1038/nn1102
http://dx.doi.org/10.1177/0269881108093842
http://dx.doi.org/10.1038/35073749
http://dx.doi.org/10.1177/0956797614528955
http://dx.doi.org/10.1080/02643294.2012.654772
http://dx.doi.org/10.1038/nrn1324
http://dx.doi.org/10.1038/nrn1324
http://dx.doi.org/10.1016/j.cub.2012.11.013
http://dx.doi.org/10.1073/pnas.0700622104
http://dx.doi.org/10.1073/pnas.0700622104
http://dx.doi.org/10.1073/pnas.1403112111
http://dx.doi.org/10.1038/nn870
http://dx.doi.org/10.1038/nn870
http://dx.doi.org/10.1002/ar.a.20253
http://dx.doi.org/10.1073/pnas.1204773109
http://dx.doi.org/10.1073/pnas.1006645107
http://dx.doi.org/10.1073/pnas.1408545112
http://dx.doi.org/10.1038/nrn1606
http://dx.doi.org/10.1523/JNEUROSCI.5023-14.2015
http://dx.doi.org/10.1523/JNEUROSCI.5023-14.2015
http://dx.doi.org/10.1111/desc.12124
http://dx.doi.org/10.1037/a0014618
http://dx.doi.org/10.1037/0012-1649.44.5.1242
http://dx.doi.org/10.1037/0012-1649.44.5.1242
http://rspb.royalsocietypublishing.org/

	The development of newborn object recognition in fast and slow visual worlds
	Introduction
	Experiment 1
	Methods
	Subjects
	Controlled-rearing chambers
	Procedure

	Results

	Experiment 2
	Methods
	Results
	Measuring the strength of the imprinting response

	Discussion
	Ethics
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


