Downloaded from https://www .pnas.org by National Academy of Sciences on April 14,2025 from IP address 64.38.182.233.

NEUROSCIENCE
PSYCHOLOGICAL AND COGNITIVE SCIENCES

PNAS

Check for
updates

The world through infant eyes: Evidence for the early emergence

of the cardinal orientation bias

Zachary J. Petroff"®¢, Swapnaa Jayaraman®®, Linda B. Smith® (%), T. Rowan Candy®

, and Kathryn Bonnen®'

Edited by J. Anthony Movshon, New York University, New York, NY; received November 12, 2024; accepted February 22, 2025

The structure of the environment includes more horizontal and vertical (i.e. cardinal)
orientations than oblique orientations, meaning that edges tend to be aligned with or
perpendicular to the direction of gravity. This bias in the visual scene is associated with
a bias in visual sensitivity in adults. Although infants must learn to function in this
biased environment, their immature motor control prevents them from consistently
orienting themselves, relative to gravity. This study therefore asked whether cardinal
orientations dominate human visual experience from early infancy or only from later in
development, as motor control improves. We analyze video clips from head-mounted
cameras, showing the egocentric perspective of 75 infants (1 to 12 mo) in their home
environments in two communities (Indiana, USA vs. Tamil Nadu, India). We measured
the distribution of orientations in each frame of these videos and found that horizontal
and vertical orientations were overrepresented in infants from both countries. A cardinal
orientation bias was evident even in the egocentric view of the youngest infants (3 wk)
and became more prominent during the subsequent weeks of development. The early
presence of a cardinal orientation bias in infants’ visual input may serve as a consistent
cue to gravity and ground planes, potentially influencing motor development and
contributing to the formation of sensory, perceptual, and cognitive biases.

egocentric | natural scene statistics | development | infant vision | cardinal orientation bias

Natural events on Earth are influenced by gravity, establishing a reference frame with
two primary axes: a vertical axis aligned to the direction of gravity and a horizontal axis
defined by the ground plane, perpendicular to gravity. These two primary axes play a
role in many observed phenomena. For example, they impact the phototropic growth of
plants (1), the stability of objects, and the posture and movement of biological organisms
(2—4). As a result, vertical and horizontal structures are overrepresented in natural and
man-made visual environments (5). This overrepresentation of horizontal and vertical
information is present at similar or even greater levels in typical “pastoral” natural scenes
compared to indoor and outdoor “carpentered” scenes with man-made components
(5). This overrepresentation is also reflected in human visual perception and cognition,
including in performance on perceptual tasks (6-10) and in the neurophysiological
function of mature primate visual systems (11-14).

Humans exhibit a well-documented “oblique effect,” performing better on perceptual
tasks (e.g., detection, discrimination) at horizontal and vertical orientations than at
oblique orientations (6). These performance asymmetries reflect biased sensitivities that
align with the statistics of natural and man-made scenes (5, 7, 15, 16). In other words,
humans seem to be more sensitive to the orientations that they see most frequently.
Strong arguments have been presented that these biases are the result of evolutionary
pressures on vision in a world governed by gravity (7, 17).

Just as perceptual sensitivities align with the statistics of visual scenes, developmental
studies indicate that both neural response patterns and low-level visual functionality
(e.g. spatial resolution, contrast sensitivity, and orientation selectivity) are shaped by the
statistics of the postnatal visual experience. Neural tuning in the visual cortex changes
over the course of typical development (18-23), and moreover, atypical visual experience
can permanently alter neural responses (24-36). Additional evidence comes from clinical
observations of human infants with visual disorders such as cataracts, amblyopia, and
strabismus. When these disorders are not treated, the resulting disruption in early visual
experience can lead to permanent functional deficits (37-40).

Although studies have not yet revealed whether a cardinal orientation bias is present in
typical early visual experience, the literature on the development of the oblique effect has
found that infant perceptual performance is biased toward the cardinal orientations. The
oblique effect can be reliably detected at 3 to 4 mo of age (41), although a weak oblique
effect may be detectable at 6 wk of age (42). The strength of the effect then increases
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over the first year of life and well into early childhood (41, 42).
These findings are consistent with the hypothesis that infants’ see
horizontal and vertical orientations more frequently than oblique
orientations—a bias in their visual experience which may shape
the development of their neural circuitry and thereby their visual
function.

To assess infants’ visual diets and test for the presence of
a cardinal orientation bias, we gathered first-person egocentric
video recordings showing the visual scene in front of infants (n =
75, aged 3 wk to 12 mo). The infants wore these cameras in their
home environment while performing daily activities (Fig. 1A),
helping to ensure that we sampled their typical visual experience.
As our goal was to measure general patterns in visual input over
the course of human development, our sample included infants
of various age groups and from two very different communities:
a Midwestern college town in the United States and an urban
fishing village in southeastern India. Analysis of these recordings
reveals that horizontal and vertical structure are indeed prevalent
in early visual experience. This finding is crucial because it
establishes that it is possible that the visual experience of the
infant could be driving the development of the oblique effect in
early infancy.

Results

We characterized infants’ visual input by computing orientation
distributions in images collected with head-mounted video
cameras over long periods of natural behavior in infants’ home
environments (n = 75, aged 3wk to 12 mo; Fig. 1). To ensure
that our results were not specific to a particular geographic or
cultural context, we included data from two notably different
communities (Table 1): one in Indiana, USA (n = 50, 238 h of
video), and one in Tamil Nadu, India (n = 25, 90h of video).
Together, the data consisted of 328 h of video ( 35 million video
frames).

Because the visual experience of an infant changes rapidly
during the first year of life, we sought to analyze the effects over
time. To achieve this in our analyses, we divided the data into
five groups based on infants’ age at the time of recording: 3 to
12wk, 13 to 24 wk, 25 to 36 wk, 37 to 48 wk, and 49 to 52 wk.
Additionally, we used a temporal sampling approach, grouping
video frames in 15-min samples, and averaging across the frames
in each sample.

For each video frame, we measured the orientation of edges
using the method published in ref. 7 (Fig. 1 B—D; see Materials
and Methods for more details). That computation operates on
multiple spatial scales (i.e. spatial frequency bands), producing
an orientation histogram per spatial scale. We found similar

results at each of our six spatial scales (centered at 0.06 to 2
cycles/degree; ST Appendix, Fig. S1). We also repeated the analysis
on a per-frame basis (S/ Appendix, Fig. S2). The range of spatial
frequency information is limited by the camera specifications
(i.e. field of view, pixel resolution; see Materials and methods).
The spatial frequency bands we were able to measure are well
matched to the spatial frequencies visible to infants. Compared
to adult vision, infant vision is more limited in the range of visible
spatial frequencies. Evidence from preferential looking studies
suggests that visual acuity in 1-mo-old infants is approximately 2
cycles/degree (43), while evidence from VEP studies suggests that
5-wk-old infants have a visual acuity of around 5 cycles/degree
(44). Studies of their contrast sensitivity functions suggest that
there is peak sensitivity in lower spatial frequencies (0.25 to 1
cycle/degree)(44). For this reason, the figures in the main text
show data from the spatial scale centered at 0.5 cycles/degree.

Predominance of Cardinal Orientations. Orientation his-
tograms reveal very clear peaks at the two cardinal orientations for
all but the very youngest group of infants (Fig. 24). To quantify
this orientation imbalance, we calculated the ratio of orientations
near the cardinal axes (0°/90°) to those near the ordinal (i.e.,
intercardinal; 45°/135°) axes for all 15-min video samples (Fig.
2B). Ratios greater than 1 indicate an overrepresentation of
cardinal orientations relative to ordinal, and 90% of video
samples had a ratio greater than 1. The median ratio for all
samples was 1.90 with a bootstrapped 95% CI of 1.81 to 2.03.

Looking across age groups, we found that the overrepresen-
tation of cardinal orientations emerges early in infancy and that
the strength of the overrepresentation changes over development.
Across age, the ratios were well fit by a logarithmic curve (Fig. 2B,
red line; P < 0.01), indicating that the ratio increases over
development, with the most rapid increase occurring early in
infancy. Indeed, the percentage of segments with a ratio greater
than 1 increases over the first 24 wk, stabilizing very close to
100% after 25 wk (Fig. 2C). We also computed the median ratio
per age group and, unsurprisingly, found that the median for the
first age group (3 to 12wk) is quite low compared to the older
groups (Fig. 2D). Even so, the median ratios for all age groups
were above 1, confirming that the cardinal orientation bias was a
feature of visual experience for all ages in our sample.

Comparison of Infants in India and the United States. Our data
collection included infants from two distinct communities: a
mid-size college town in Indiana, USA, and an urban fishing
village in Tamil Nadu, India. Approximately 73% of recordings
came from the United States and 23% from India. In the
United States, recordings were made primarily inside of infants’

frequency
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orientation (deg)

Fig. 1. Measuring the distribution of orientations in egocentric video data. (A) Recording egocentric video in home environments. Two infant participants are
shown wearing a lightweight Looxcie2 camera, secured to the head using a hat. (B) Example video frame from an outdoor environment. Our data consists
of egocentric video frames, collected during infants’ daily life. (C) Extracting orientation from video frames. To extract orientations from the example image
in (B), we select a circular patch at the center of the video frame, identify locations with pronounced edges, and compute the orientation of those edges. (D)
Measuring orientation frequency. We calculate orientation frequency histograms per-image by measuring the frequency of edges with particular orientations.
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Table 1. Population and home environment

Chennai, Bloomington,
TN, India IN, USA

Population density (persons/sq. km.) 26,553 1,340
Average people per home 4.5 2.2

Average dwelling size (sq. ft.) 223 1,742
Dwelling density (persons/1,000 sq. ft.)  20.1 1.3
Rooms per home 1.5 5.8

homes, and in India, recordings were made primarily outside of
the home, within the home’s urban surroundings. The recordings
from both sites were dominated by man-made elements.

We compared the orientation distributions collected from
American infants (n = 50) and Indian infants (n = 25) and
found no significant differences (Fig. 3). To examine the effects
of age and geographic location on the ratios, we performed a
two-way ANOVA. Results showed no significant interaction
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between age and location (P = 0.70), and no main effect of
location (P = 0.15) or age (P = 0.09).

In Fig. 3C, there is one outlying curve with peaks near the
intercardinal orientations. This curve shows data for the youngest
age group from Tamil Nadu, which had only five video segments.
Four of the five segments were recorded by one 11-week-old
infant. Visual inspection of that infant’s data reveals that a large
section of the recording consisted primarily of a ceiling view with
well-defined ~45° lines. That uniform segment of data resulted
in the atypical pattern that can be seen in the outlying curve.

Discussion

In this study, we sought to determine whether the overrepresen-
tation of horizontal and vertical structures in the world results in
a biased distribution of orientation structure in the early visual
experience. To measure the structure of infants’ visual diet, we
analyzed egocentric videos recorded from 75 infants ranging in
age from 3 to 52 wk, living in either the United States or India.
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Fig. 2. Histograms of orientation show the predominance of cardinal orientations throughout early development. Results are shown for the spatial frequency
band centered at 0.5 cycles/degree. Results for the other bands we analyzed are similar (S/ Appendix, Fig. S1). (A) Average orientation histograms. Peaks occur at
the cardinal orientations, even in the youngest age group. (Data are binned by age, with each color indicating 12-wk age bin.) (B) Ratio in prevalence of cardinal

(H+V) to oblique orientations (O45 + Oq35). The ratio of each video segment is

plotted as a function of the infant's age, and the logarithmic line of best fit is

plotted in red. Nearly all ratios (90%) are greater than 1, indicating cardinal orientations are more prevalent. (C) Proportion of ratios greater than 1. Plotted for
each age group, with vertical lines indicating bootstrapped 95% Cls. The percentage greater than one is well above chance (50%) for all age groups, with a rising
trend in the dominance of cardinal orientations as infants develop from 3wk to 6 mo of age. (D) Median ratios. Plotted for each age group, with vertical lines
indicating bootstrapped 95% Cls. The median ratios were all above 1 and follow a similar pattern to (C).
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Fig. 3. Orientation histograms and cardinal/oblique ratios by site. (A and B) show data from infants living in Indiana, USA, while (C and D) show data from
infants living in Tamil Nadu, India. (A or C) Average orientation histograms. Data are binned by age, with color indicating age by 12-wk bin. (B or D) Ratio in
prevalence of cardinal (H+V) to ordinal orientations (O45 + O435). Plotted per video segment as a function of infant age.

One limitation of this work was the different sample sizes between
the two communities where the data was collected. Of the 328 h
of video frames analyzed, 238 h came from Indiana (73%, 50
infants), and 90 h (27%, 25 infants) came from Tamil Nadu.

We found an overrepresentation of cardinal orientations in the
captured visual scenes at all ages and in both locations. As the
cardinal bias in the world’s structure is relative to gravity, this
finding suggests that even the youngest infants’ head positions
tend to be aligned with gravity. Furthermore, we found that
the strength of the cardinal orientation bias increased from 3 to
12 wk, consistent with the development of a basic ability to orient
the head to gravity during the first 12 wk of life (45). Because
this bias was present in the data from both sites despite notable
differences between recorded scenes, we expect the distribution
of edge orientations to be biased from birth in infants from most
countries and cultures.

The Changing Infant Experience. World scene statistics exhibit
a cardinal bias relative to gravity, such that the orientations
parallel and perpendicular to the direction of gravity (vertical
and horizontal, respectively) are the most common (5, 7, 16).
While this cardinal bias in the world results in a cardinal bias
in adult visual input, infants have limited mobility and thus a
limited ability to align their body with gravity. Because of this
difficulty aligning to gravity, the cardinal bias could be absent
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from early infant visual experience. Such a lack of visual input bias
would imply that the oblique effect observed in infant perceptual
experiments must be more innate than learned. However, we
found that infant visual experience does show a cardinal bias,
even in young infants with limited motor control. Thus, infants
are sufficiently aligned with gravity to experience the cardinal bias.
Due to their lack of postural control, that alignment is likely due
to caregiver placement. This notion is supported by evidence that
infants’ posture and resulting visual experience depend both on
their developing motor skills and on caregiver placement (46—48).
Furthermore, there is evidence that caregivers align infants with
gravity, as caregiver hand placement on an infant’s trunk is cor-
related with the infant’s current trunk control capabilities (49).
Interestingly, we also found that the strength of the cardinal
bias increases over the same period that motor control for head
stability rapidly improves (45). This hints ata possible tie between
visual and motor development. Studies show that early visual
input calibrates proprioceptive and vestibular systems (50) and
even that infants learning to stand use visual proprioceptive
information more than nonvisual information (51). As such, the
statistics of the infant visual experience may be influencing both
the development of neural circuitry for low-level visual processing
and providing cues that infants learn to use for postural stability.
While our findings suggest that the infant visual experience
is somewhat similar to the adult visual experience in terms of
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the presence of a cardinal bias, we would like to emphasize that
infants’ view of the world is markedly different than that of adults
in other ways. Studies have shown that infants’ experiences of ob-
jects, faces, and hands are quite different from their caretakers’ ex-
periences and that they change markedly throughout the first 2y
of life (52, 53). For example, the relative frequency of faces com-
pared to hands decreases over the first two years of life, with the
youngest infants experiencing faces at much higher rates than the
oldest infants (53). Additionally, there is evidence that the percep-
tual bias for cardinal orientations is retinally aligned in infants up
to 7 mo of age (54) but gravitationally aligned in adults (55). In
other words, an infant’s perceptual performance depends on the
orientation projected onto their retina, whereas an adult’s percep-
tual performance depends more on the orientation in the world’s
reference frame, regardless of the orientation of their eyes or head.

Consistency of Statistics Across Scenes. In addition to finding
that the cardinal bias is present for infants across the first
year of life, we also found that the cardinal bias is present
for infants in two distinct communities. This result is perhaps
unsurprising given that the existence of a cardinal bias in the
world’s structure is very well-established. Previous studies have
noted an overrepresentation of cardinal orientations in indoor,
outdoor, and fully natural scenes (i.e., scenes containing no man-
made components) (5, 7, 16). Though one may expect scenes
with man-made components to have more horizontal and vertical
structure than natural scenes, existing work suggests that the
cardinal bias is present at similar or even greater levels in typical
“pastoral” natural scenes, compared to both indoor and outdoor
“carpentered” scenes with man-made components (5). Thus it is
reasonable to expect that the cardinal orientation bias is present
for most infants (and adults) in most communities.

However, there is perceptual evidence that the cardinal bias
is not universal. Studies have shown that individuals from
some cultures do not exhibit a strong oblique effect (56, 57).
Typically, the “oblique effect” results in better performance on
perceptual tasks (e.g., detection, discrimination) at horizontal and
vertical orientations than at oblique orientations (6). However,
these performance asymmetries are thought to be related to the
existence of a cardinal bias in visual input, and individuals in some
cultures do not experience a notable cardinal bias in their visual
experience. As an example, individuals from an indigenous Cree
community in Quebec, Canada, lacked a statistically significant
oblique effect (56). Interestingly, the man-made structures in
this community have contours at varied orientations, potentially
resulting in a more uniform orientation distribution than would
be found in carpentered scenes in other communities. Thus, one
possibility is that the man-made elements of their environment
have resulted in less biased visual input statistics and thereby less
biased performance. An interesting avenue for future work could
be the exploration of when and how the cardinal bias in visual
input is eliminated in such communities.

The Egocentric Viewpoint. Studies of the cardinal bias in natural
scene statistics have typically analyzed still photographs taken
with the intention of representing a fixed adult viewpoint
(5,7, 16, 58), whereas we analyzed frames from egocentric video
streams representing an infant viewpoint. Since egocentric videos
capture an individual’s view over time, the frames better sample
an individual’s everyday visual experience. Therefore, we are able
to obtain more accurate estimates of the statistics of visual input.

Though, to be precise, we measured the orientation distribu-
tion for the head-centered view, as this dataset did not include

PNAS 2025 Vol.122 No. 16 e2421277122

gaze measurements. Obtaining a more direct measurement of the
visual input would require that one account for eye movements.
However, studies have shown that the head-centered view should
be a relatively good approximation of the eye-centered view across
the lifespan because 80% of the distribution of gaze in freely
moving infants, toddlers, children, and adults falls within 20°0f
the center of the head’s field of view (59). Thus, with sufficient
sample size, the statistics of head camera images can reasonably
estimate the statistics of visual input. This is particularly true for
very young infants as we know that young infants rarely direct
gaze to the periphery (60) and that infants as young as 2 wk
postbirth turn their heads to look with eyes and head pointed in
the same direction (60—62).

Learning Biases in the Visual Input. While existing evidence
suggests that the neural and perceptual bias in favor of cardinal
orientations is more learned than innate, a crucial missing piece
of that puzzle has been whether or not early visual experience
exhibits a cardinal orientation bias. Our findings provide evidence
that infants do see cardinal orientations most frequently. Thus,
the neural and perceptual cardinal bias may indeed be more
learned than innate.

Results about the establishment of cardinal biases in neural
activity and perceptual responses have a variety of potential
applications. In particular, such results could be used to improve
the training of artificial agents. Implementing a systematic change
in visual experience over training, like the one we observe here,
may allow for the development of artificial intelligence systems
that require less training or learn to process visual input more
efficiently.

Materials and Methods

Egocentric Video Data. In total, 328 h of video data (i.e., 35 million video
frames) were collected by 75 infants, living in two distinct communities. We
used a lightweight, battery-powered Looxcie2 camera that was secured to the
infant's head using a snug fitting hat (Fig. 14). The camera recorded video at 30
frames per second, with a pixel resolution of 480p (480 x 640 pixels) and a
diagonal field of view of 62° (39°x 51°; analysis is performed on the central 256
x 256 pixels, the central 20 degrees). Parents were instructed on how to use
the camera, given two hat-camera systems to take home, and asked to record 4
to 6 h of video during the infants’ waking hours. We used the same equipment
and gave parents the same instructions in both geographical locations.

These datawere collected according to principles of the Declaration of Helsinki
under IRB-approved protocols. The procedures for recruiting, consenting, data
collection, and data management for both the US and Indian populations were
reviewed and approved by the Institutional Review Board at Indiana University,
and conducted under Protocol no. 1505862312 for the US data collection and
Protocol no. 0909000021 for the India data collection. The U.S. families were
recruited from an opt-in data base of families interested in participating in
research and from outreach events in the community for families of young
children. Parents were contacted through mail or email about the methods and
goal of this study. If they were interested in participating, an appointment was
arranged for training in the use of the head camera and consent was obtained. In
India, the families were recruited with the assistance of the Pudiyador Community
Organization, an education-driven private and family organization with programs
for parents, children, and teens. Families were informed about the methods and
goals of the project and if interested were visited by a member of the staff
and experimenter (an Indian native and speaker of the local language) and
were trained in the use of the head camera, and consent was obtained at that
meeting.

Indiana, USA. In the United States, we collected approximately 238h of
egocentric video from 50 infants during their first year of life. The infants
belonged to predominantly working- and middle-class families living in or near
Monroe County. Monroe County contains the city of Bloomington, which is a
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mid-size college town. The families typically lived in homes with multiple large
rooms, and they spent much of their daily life inside the house (i.e., within
man-made environments). These data are included in the analysis published in
ref. 53.

Tamil Nadu, India. In India, we collected approximately 90 h of egocentric
video from 25 infants during their first year of life. The infants belonged to
predominantly working-class families living in an urban fishing village in Tamil
Nadu, near the city of Chennai in southeastern India. Families were recruited
by the Pudiyador Association for Community Empowerment. They typically lived
in densely clustered single-room homes. Most of their activities (including
cooking, eating, and cleaning) occurred in outdoor urban environments (i.e.,
scenes included many man-made elements).

Initial Video Processing. From each 640 x 480 video frame, we extracted the
central 256 x 256 pixel region. We then converted to gray-scale using the ITU-R
601-2 luma transform via the OpenCV Python library (63) and normalized the
pixel intensities to values between zero and one.

Filtering frames based on motion. Blur from motion affects the low-level
statistics of an image, introducing false apparent edges. Because rapid head
movements can create these motion artifacts, we excluded video frames recorded
during head movements from our analysis. To detect infants' head movements,
we computed the camera movement between each sequential pair of frames
(64). If the camera moved 10°/s or faster, we excluded the frame.

Measuring Orientation Histograms. To measure orientation histograms for
each image, we used the method outlined in ref. 7. This analysis, which we will
refertoasthe Girshickmethod, extracts the edgesina givenimage and measures
the orientations of those edges. In this section, we describe the implementation
of this method. Briefly, the Girshick method creates multiple versions of an
image, each with a different spatial scale; quantifies the local structure at each
point in each image version; identifies all points with sufficient contrast and
orientation strength; computes the dominant orientation atthose locations; and
outputs a list of edges and their orientations per spatial scale. That information
is then used to compute orientation histograms, which represent the relative
frequency of each orientation in an image at a particular spatial scale.
Multiscale image analysis. The Girshick method creates a Gaussian pyramid,
which is a multiscale representation of the image. The pyramid's layers
are produced by repeatedly applying Gaussian blurring, followed by down-
sampling. As a result, each layer contains progressively lower spatial frequency
details, allowing for the analysis of the image at different levels of spatial detail.
The remaining analyses are performed on each of the spatial scales in the
pyramid.
Quantifying local structure. To compute the orientation structure in the
neighborhood surrounding each point in an image, the Girshick method
computes a structure tensor per point. A structure tensor (also called a second-
moment-matrix) is a 2 x 2 matrix that summarizes the orientation structure of
a neighborhood around a specified point.

For each pixel location (i, j) in animage /, the structure tensor, S, is given by

SN SXX(i/j) Sx (i'j)
S0 = [5xy(f«j) SJ("ID}’

where syy, sy, and sy are smoothed products of the image gradients VI, and
Viy.
y

sw(iif) = Z Zlel+mj+n) B(m+1,n+1)
m=—1n=-1

sy(if) = Z Zvly1+m1+n) B(m+1,n+1)
m=—1n=-1
1

sy(ef)= > > Vik(i+mj+n)-Vi(i+mj+n)-
m=—1n=-1

B(m+1,n+1),
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where Vy is the image gradient in the x-direction, VI is the image gradientin
the y-direction, and B is a smoothing kernel. The matrix B is defined as

(o2
B=— |2 4 2
611 2

The two image gradients, Vi and V/, quantify the rate of intensity change at
each pixel location (i, j) in the image I:

2 2

Vix(i,j) = Z Z (i+mj+n)-G(m+2n+2)
m=-2n=-2
2 2

VIGjy= > Y i+mj+n)-Gy(m+2,n+2),

m=-2n=-2

where Gy and Gy are direction-specific derivative filters. The filters G are the
tensor product of two component 5-point kernels: derivative kernel, g4, and
smoothing kernel, gs:

Gx =04 Qs
Gy = g5 ® gy-
For the Girshick method, these kernels are defined as

gs = [0.0375659,0.249153, 0.426375, 0.249153,0.0375659]
g4 = [—0.109604, —0.276691, 0.0, 0.276691, 0.109604].

Notably, the application of these derivative kernels is what limits the mea-
surements of orientation to specific spatial frequency bands. The blurring/down-
sampling process creates "spatial scale images,” progressively removing high
frequency content. The size of the “spatial scale image” determines the upper
bound of the spatial frequency band and the size of the 5 x 5 derivative kernel
(5 pixels) determines the lower bound of the spatial frequency band. The highest
and lowest spatial frequency information available across all spatial frequency
bands is determined by the field of view and pixel resolution of the camera.

These computations produce a structure tensor S for each layer of the

multiscale representation (i.e., Gaussian pyramid) of each video frame. Each
layer'stensoriscomposed of 2 x 2 matrices S(j, j) thatsummarize the orientation
structure for the neighborhood around every point in that layer.
Finding edges. A structure tensor can be characterized by computing its
eigenvalues. Generally, an eigenvalue A (also known as a characteristic value
or characteristic root) of a linear transformation matrix T represents the scaling
of eigenvector v that occurs when the linear transformation is applied to that
vector: Tv. = Av. The exact significance of a matrix's eigenvalues depends
on the context. In the context of a structure tensor, the eigenvalues represent
the strength of the image gradients at the image location in question. If one
eigenvalue is significantly larger than the other, that would indicate a strong
intensity gradient, signifying the presence of a high-contrast oriented line.

The two eigenvalues, A and Ay, of structure tensor S are

M j) = alij) + B(i))
Ao (i) = a(i,j) — B(ij),
where a and g are intermediary terms that depend on matrices sy, Sy, and syy.
Specifically:
o) = 0D 590
Biij) = \Jali )2

With the eigenvalues of a tensor, we can calculate both contrast energy, ¢,
and orientedness, r. Those values describe image properties near a particular
point (i, j) that we use to determine whether an oriented edge is present at that
location. The contrast energy, ¢, is the sum of the eigenvalues:

c(irf) = A j) + A2(i.j)

= (sx(if) - syy (i) — sy (i.)?)).-
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The orientedness (i.e., the strength of the most prominent orientation), r,
can be calculated as the relative difference squared between Aq(j,j) and

A (i ):
MG = Aali) 2
r(’/.l)_ (/11([/1)—’-/12(’/])—’_8) /

where € is a small constant that prevents division by zero (e = 2.2204 e-16).
A point (i, j) is said to contain an oriented edge if both its contrast energy
c(i,j) and orientedness r(j, j) are above the thresholds t and t, respectively.
The orientedness threshold, ty, is an absolute threshold of 0.8. Meanwhile, the
contrast threshold, tc, is a relative threshold set to the 68th percentile of all
the values c in a layer of the multiscale image representation, with a minimum
threshold of 1.0 e -4.
Computing orientation. To determine the orientation, o, at each location, we
use the equation:

o(i,j) = arctan (SXX(iliiyE,f)2(ilj)> _ %

Because there may not be a dominant orientation or sufficient contrast to
perceive an edge at every location, the next step is to apply the contrast
and orientedness thresholds, tc and t;. Only orientations at locations where
there is both sufficient contrast (c(i,j) > t) and a sufficiently dominant
orientation (r(i,j) > t;) are included in further analyses; other values are
removed from o.

Finally, to remove any bias that could be introduced by artifacts produced
at image boundaries, the method applies a circular mask to the orientation
matrix 0. The mask’s radius was 90% of the cropped image’s height and width.
Orientationvalues, o(i, j), were excluded from furtheranalyses if they fell outside
that circular mask.

Computing the orientation histogram. The orientation histogram is calculated
by binning by every 5° from —87.5° to 87.5° and then creating an additional
5° bin for orientation values between +87.5°. We then normalize the
histogram by dividing each bin’s count by the total number of pixel locations
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