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1
ATTACHABLE DEPTH AND ORIENTATION
TRACKER DEVICE AND METHOD OF
DEPTH AND ORIENTATION TRACKING
USING FOCAL PLANE POLARIZATION AND
COLOR CAMERA

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 62/405,676, entitled “DEPTH AND ORI-
ENTATION TRACKER USING DIVISION OF FOCAL
PLANE POLARIZATION AND COLOR CAMERA,” filed
Oct. 7, 2016, which is incorporated by reference herein in its
entirety.

BACKGROUND

For many applications, such as remote sensing, surveil-
lance, three-dimensional (3D) scanning/imaging, industrial
inspection, metrology, medical imaging, biometrics authen-
tication, object tracking, virtual reality and augmented real-
ity, it may be desirable to have a compact, high resolution,
portable, and fast tracker to accurately measure, in real time,
the movement and location of an object. Such an imager
should consume low power and be insensitive to vibration.

Devices using a rotating color wheel are generally sensi-
tive to vibration. Other systems employ scanning polarizers
and suffer from motion blur. Other systems utilize a micro-
lens array and coded apertures. Such complex systems
reduce the amount of light available for image detection, and
therefore reduce the signal-to-noise ratio (SNR). The final
image resolution can also be reduced considerably. Thus, the
measurement of additional information using this apparatus,
such as light direction of the light field, is made at the
expense of reduced SNR and image resolution. Complex
systems also have increased computational burden for image
processing.

SUMMARY

Methods and apparatus are disclosed for tracking objects
using a division of focal plane camera having varying
polarization sensitive elements and optionally varying
wavelength sensitive elements.

In certain examples, the disclosed technology is in the
form of a system having one or more attachable devices, one
or more light sensors, and one or more computers. Each
attachable device can incorporate one or more polarization-
controlled components, which can be light-emitting ele-
ments. Each light sensor can incorporate a focal plane array
which is polarization sensitive and wavelength sensitive.
The computers can be connected to the light sensor(s).

In some examples where the polarization-controlled com-
ponents incorporate light-emissive components, one or more
of' the light-emissive elements can have uniform polarization
for all angles of emission, while in other examples, light-
emissive components can have polarization that varies over
angles of emission. In further examples, the light-emitting
components can incorporate a spatially varying optical filter.
The light-emitting components can emit light at one or more
wavelengths, including a wavelength that is in the infrared
or ultraviolet portions of the electromagnetic spectrum.

In additional examples, the system can include a wearable
item to which one or more attachable devices are affixed. As
non-limiting examples, such wearable items can include one
or more of: goggles, a helmet, a visor, a headband, a glove,
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a vest, a jacket, a wristband, an armband, an anklet, a
legging, footwear, or an adhesive tag. The system can
generate and store a record of the orientation of attachable
devices based on based on light received by the light sensors
from the attachable devices.

In varying examples, the disclosed system can be config-
ured for a wide range of applications. Particularly, the
system can be configured to provide one or more of: a virtual
reality or augmented reality display, user input in a gaming
environment, remote control of a machine or instrument,
navigation of an autonomous vehicle, control of directional
movement of an object, surveillance information, telesur-
gery visualization, an interactive leisure or social activity,
interactive sports or athletics, or interactive training.

In further examples, the disclosed technology is in the
form of an apparatus for providing virtual interactivity. First
and second systems at respective locations can generate
position and/or orientation of one or more objects at their
respective locations (each location can have a finite extent,
such as a room, a building, a campus, a vehicle, a road, a
playing field, an arena, or an open space), wherein each
detected object is attached to one or more of the attachable
devices. The apparatus can further include first and second
displays at the locations of the first and second systems, each
configured to display objects at the other location.

In examples, this apparatus can include one, two, several,
or many additional instances of the disclosed system con-
figured to generate position and/or orientation information
of objects attached to attachable devices at the respective
locations of the additional systems; the first display can
further display the objects at these additional system loca-
tions.

In certain examples, the disclosed technology is in the
form of a method. A system as described above or elsewhere
in this disclosure is provided, comprising one or more light
sensors. At the light sensors, polarization-controlled light
propagating from one or more attachable devices is detected.
At one or more computers, an analysis procedure is per-
formed on the detected light to determine one or more
properties of the attachable devices. In varying examples,
the determined properties can include one or more of:
position, orientation, direction of a surface normal, speed,
velocity, color, reflectance, refractive index, or bidirectional
reflectance distribution.

In some examples, the analysis procedure can include a
physics-based procedure, using e.g. Fresnel equations or a
Mueller matrix formalism. The method can further include
generating a virtual reality or augmented reality display
based on determined position and orientation of attachable
devices.

In certain examples, the disclosed technology is in the
form of a system having one or more attachable devices, one
or more structured illumination sources, one or more light
sensors, and one or more computers. Each attachable device
can incorporate one or more polarization-controlled compo-
nents, which can be reflective elements. The structured
illumination sources can be configured, singly or collec-
tively, to illuminate the one or more attachable devices with
light having polarization structure and color structure. Each
light sensor can incorporate a focal plane array which is
polarization sensitive and wavelength sensitive. The com-
puters can be connected to the light sensor(s). In some
examples, the system can include computers connected to
and controlling the structured illumination sources.

In additional examples, the disclosed technology is in the
form of a light sensor having a polarization sensitive focal
plane array of repeating pixels, each pixel having a block of
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subpixels with at least a first subpixel and a second subpixel.
The first subpixel includes a first polarization filter config-
ured to transmit light of a first state of polarization and to
substantially block light of a second state of polarization
orthogonal to the first state. The second subpixel includes a
second polarization filter configured to transmit light of a
third state of polarization (different from the first state of
polarization) and to substantially block light of a fourth state
of polarization orthogonal to the third state. The light sensor
can include second repeating pixels, each second pixel
having a cluster of subpixels. Two of the cluster subpixels
have respective wavelength filters configured to selectively
transmit different first and second wavelengths respectively;
accordingly, these subpixels transmit the first and second
wavelengths respectively.

In some examples, one or more of the block subpixels can
incorporate a liquid crystal polymer retarder. Some polar-
ization filters can include a wire grid polarizer, a liquid
crystal polymer polarizer, or a dichroic material.

In additional examples, the disclosed technology is in the
form of a camera incorporating one or more of the disclosed
light sensors. In further examples, the disclosed technology
is in the form of a system incorporating one or more
disclosed cameras, one or more structured illumination
sources, and one or more computers connected to the
cameras. At least one computer can be configured to apply
an analysis procedure to data obtained from the one or more
cameras to determine one or more properties of one or more
test objects illuminated by the structured illumination. In
certain examples, at least one of the the structured illumi-
nation sources provides illumination having both polariza-
tion structure and color structure.

In further examples, the disclosed technology includes an
imager that utilizes a division of focal plane polarization and
color camera to measure motion, depth and orientation of
objects in a scene in real-time with frame rate limited by the
acquisition speed of the focal plane array and image pro-
cessing time. In some examples of the disclosed technology,
a system includes (1) a polarization and color structured
illuminator, (2) a polarization and color camera, (3) a
computer controller connecting to the illuminator and the
camera, either by wire or by wireless connection, and (4) a
set of reflectors or light emitters placed on objects that are
being tracked. The system or subsystem may contain its own
power supply, such as a battery. The usage of reflectors or
emitters can improve the accuracy of the measurement. In
some examples, there may be more than one structured
illuminator to illuminate the scene at different perspectives
and distances. In other examples, there can be more than one
polarization and color camera to detect the scene at different
perspectives and distances. Multiple cameras and illumina-
tors can provide stereoscopic views of the scenes, which can
facilitate the 3D reconstruction. The system design can be
modified to suit the requirements of a particular application.

In some examples, a tracking system utilizes a polariza-
tion and color sensitive camera or sensor to track the motion
of an object that has an attachable device. The attachable
device either emits or reflects light of specific and different
colors and/or polarizations. In some examples, the object
can be illuminated with structural illuminations of varying
color and polarization. Real time measurement of the polar-
izations and colors received from the object and the attach-
able device provides information on the motions, orienta-
tions, and locations of the object and subzones of the object,
or of multiple objects. For example, if the object is a person
that is playing basketball, one type of polarized device could
be attached to the person’s elbow and another type of device
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with a different polarization could be attached to the per-
son’s hand. The camera would thus be able to distinguish the
motion of the elbow from the motion of the hand and track
both simultaneously.

In some applications, such an imager may be mounted in
a self-driving car or in a drone.

Innovative methods can be implemented as part of one or
more computing systems adapted to perform an innovative
method, or as part of non-transitory computer-readable
media storing computer-executable instructions for causing
a computing system to perform the innovative method(s).
The various innovations can be used in combination or
separately. The foregoing and other objects, features, and
advantages of the invention will become more apparent from
the following detailed description, which proceeds with
reference to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a depth imager 100
according to the disclosed technologies.

FIG. 2 is a schematic diagram of a depth imager 200
according to the disclosed technologies.

FIG. 3A depicts a periodic fringe pattern with varying
intensity.

FIG. 3B depicts a plot of intensity of light as a function
of position.

FIG. 3C depicts a pattern with uniform intensity.

FIG. 3D depicts a plot of polarization angle of light as a
function of position.

FIG. 4A is a schematic diagram of a focal plane array 400
made up of an array of pixels.

FIG. 4B depicts a set of four optical filters 410 for four
subpixels.

FIG. 4C depicts a set of four optical filters 420 for four
subpixels.

FIG. 4D depicts a set of four optical filters 430 for four
pixels or four subpixels.

FIG. 4E depicts a set of four optical filters 440.

FIG. 4F depicts a set of four optical filters 450.

FIG. 5A depicts a set of sixteen optical filters 510 for
tiling on top of an array of pixels.

FIG. 5B depicts a set of eight optical filters 520 for tiling
on top of an array of pixels.

FIG. 5C depicts a set of twenty optical filters 530 for tiling
on top of an array of pixels.

FIG. 6 is a schematic diagram of an imaging system and
an object.

FIG. 7A depicts a goggle with reflectors and/or light
sources, in use by a person.

FIG. 7B depicts one facet of the goggle of FIG. 7A.

FIG. 8A depicts a light source emitting light over a
steradians.

FIG. 8B depicts the polarization state of an exemplary
light source at different angular positions.

FIG. 8C depicts the wavelength of an exemplary light
source at different angular positions.

FIG. 8D depicts the polarization state and wavelength of
an exemplary light source at different angular positions.

FIG. 8E is a map of light directions have different
polarization eccentricity and angle over a steradians.

FIG. 8F is a map of light directions have different
wavelength and polarization angle covering 27 steradians.

FIG. 9 depicts a user wearing a goggle and being imaged
by a camera. Measurement of light sources on the goggle
determines the location and surface normal of the goggle.
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FIG. 10 depicts a spatially varying optical filter used to
implement an exemplary light source emitting light of
different polarization and/or different color in different
directions.

FIG. 11 is a flowchart depicting reconstruction according
to an example.

FIG. 12 is a flowchart depicting reconstruction according
to an example.

FIG. 13 is a flowchart depicting another example method.

FIG. 14 illustrates a generalized example of a suitable
computing environment in which described embodiments,
techniques, and technologies, including image processing,
3-D reconstruction, and control of structured illumination
can be implemented.

DETAILED DESCRIPTION

This disclosure is set forth in the context of representative
embodiments that are not intended to be limiting in any way.

1. Structured Illuminator Combining Polarization and
Color

A structured light source can be constructed using a
projector or a laser scanner. A predetermined set of patterns,
such as random or pseudorandom codifications, binary
structured codifications, or grey scale n-ary codifications,
can be projected onto a scene and the reflection and/or
scattered light from the projection of the scenes is measured.
A computer can be used to control the projector or laser
scanner to display different patterns as a function of time. In
various examples, the intensity, color, polarization, coher-
ence, and/or spatial/temporal profile of the structured light
source can be controlled to maximize signal-to-noise ratio in
the image acquisition.

FIG. 1 is a schematic diagram of an exemplary depth
imager 100, consisting of a color and polarization camera
101, a structured illuminator 102, and controlling electronics
103. Light rays 105 are emitted from the illuminator 102 and
are reflected from an object 104 and are detected by the
camera 101. In some examples, camera 101 comprises a
focusing lens or lens group, a focal plane imaging sensor
array (such as a polarization sensitive focal plane array), a
housing, and control electronics. In other embodiments,
such as those described in context of FIGS. 7-10 and 12,
object 104 can be a light-emitter; in such embodiments
illuminator 102 can be omitted. In some embodiments the
control electronics of camera 101 can comprise a computer,
or camera 101 can be coupled to a computer (not shown).

FIG. 2 is a schematic diagram of a depth imager 200
according to the disclosed technologies, consisting of two
color and polarization cameras 201 and 203, a structured
illuminator 202 and controlling electronics 204. Light rays
205 are emitted from the illuminator 202 and are reflected
from an object 206 and are detected by the two camera 201
and 203 at different perspectives.

The information of the patterns can be coded in colors,
such as a set of sinusoidal fringes in white, red, green or blue
intensity (FIG. 3A and FIG. 3B), or in polarization states,
such as a set of uniform illumination of a single color with
each pixel at a different polarization (FIG. 3C and FIG. 3D),
or in a combination of colors and polarization states. FIG.
3 A depicts a periodic fringe pattern with varying intensity.
FIG. 3B depicts a plot of intensity of light as a function of
position corresponding to the fringe pattern of FIG. 3A. FIG.
3C depicts a pattern with uniform intensity (the stipple
shading represents uniform gray in the drawing), which
shows no apparent fringes. FIG. 3D depicts a plot of
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polarization angle of light as a function of position, for an
example in which the intensity pattern is shown in FIG. 3C.

Examples of polarization state include linear, circular, and
elliptical polarization. The wavelength of the projection is
not limited to visible light and can be ultraviolet or infrared
light. For some applications, it may be desirable to use light
that is not visible to the human eye. A polarization hyper-
spectral image projector has been developed by Boulder
Nonlinear Systems, Inc. (Colorado, USA) and can be uti-
lized as a structured light source in examples of the disclosed
technologies. In such a projector, a spatial light modulator
can be utilized to control the intensity of light for each color,
and two variable retarders are utilized to control the polar-
ization state of light for each color. For example, a three
color polarization image projector will need three spatial
light modulators and six variable retarders to control the
color and polarization states. In general, increasing the
number of colors in the structured illumination increases the
SNR and accuracy of the measurement.

As used in this disclosure, the term “color” refers to an
electromagnetic spectral profile. The profile can be an emis-
sion profile, for example from a structured light source, a
discrete light source, or another light source. The profile can
be a transmission profile, for example through an optical
filter, a color filter, or another optical component. The profile
can be a detection profile, for example from a light detecting
component with or without a color filter. Two colors are
considered different if they can be distinguished by a color-
sensitive camera used in certain examples of the disclosed
technology. In certain examples, a color-sensitive camera
can distinguish two colors that cannot be distinguished by an
average human observer. In certain examples, a color-
sensitive camera cannot distinguish two colors that can be
distinguished by an average human observer. Suitable colors
can include visible light colors, and include merely as
examples such common colors as red, green, blue, magenta,
cyan, yellow, and white. Colors need not be visible, how-
ever, and can include one or more colors in the infrared or
ultraviolet portions of the electromagnetic spectrum. In
analogous fashion, the term “light” refers to electromagnetic
radiation at wavelengths (in air or vacuum) between about
100 nm and 10 pm, and sometimes between about 350 nm
and 2.2 pum. Examples based on available laser diode sources
can be associated with wavelengths of between about 800
nm and 1700 nm. Particularly, light need not be at visible
wavelengths, and can be infrared light or ultraviolet light.

II. Color and Polarization Camera

A division of focal plane camera utilizes different micro-
optical filter on each pixel or subpixel of a focal plane array
to detect light of different color and polarization, as shown
in FIG. 4. Focal plane polarization color cameras can be
divided into several classes, for example: broadband vs.
narrowband, and linear polarization vs. full Stokes polar-
ization.

For a broadband camera, the detector is sensitive to light
from ultraviolet, through visible, to near infrared spectrum,
with ranges determined by the absorption sensitivity of the
focal plane array. In certain examples, individual subpixel
photosites of a camera sensor array can be silicon-based
(e.g., a charge-coupled device (CCD) or complementary
oxide metal semiconductor (CMOS) sensor integrated cir-
cuit). The image acquired by a broadband camera is mono-
chrome. For a narrowband camera, such as a camera with a
Bayer color filter array, the camera’s sensor photosites are
sensitive to particular or respective ranges of wavelengths.
In certain examples, the sensed wavelength ranges may
correspond to common colors such as red, green, or blue.
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The image acquired by a camera with Bayer color filter is
colorful and mimics the view seen by the human visual
system.

For a linear polarization camera, the detector is sensitive
to light of linear polarization states. In certain examples, this
is accomplished by using a pixelated linear micro-polarizer,
in which each pixel or subpixel can have sensitivity to a
corresponding linear polarization state. For a camera with
only one orientation micropolarizer, the camera is only
sensitive to that linear polarization. For a camera with a
micropolarizer having pixels or subpixels of two different
orientations, the camera is sensitive to both the two linear
polarization states. In a common example of a linear polar-
ization camera, there can be linear micropolarizers of four
orientations at 0, 45, 90 or 135 degree, which allows the
measurement of the first three components of the Stokes
vector, S0, S1 and S2. The image acquired by such a camera
describes the linear polarization states of a scene. The linear
micropolarizer can be a wire grid polarizer, a liquid crystal
polymer polarizer using dichroic dyes, or other technologies,
and combinations thereof.

As will be readily apparent to one of ordinary skill in the
art, a polarization filter that transmits a particular polariza-
tion state is understood to substantially block light of an
orthogonal polarization state. For example, a linear polar-
ization filter that transmits O°-oriented linearly polarized
light can substantially block light of 90°-oriented linear
polarization. A polarization filter that transmits right-circu-
larly polarized light can substantially block left circularly
polarized light. Because light of one polarization state can be
resolved into components of light of two or more different
polarization states, a polarization filter for, say, 45°-oriented
light can detect linearly polarized light having 0°- or 90°-
oriented linear polarization, or even right-circular polariza-
tion, albeit with reduced sensitivity, but will substantially
block 135°-oriented linearly polarized light, which is
orthogonal to 45°. An optical component such as a polar-
ization filter or a color filter is said to “transmit” a certain
kind of light when the certain kind of light entering one
surface of the optical component results in substantially the
same kind of light exiting another surface of the optical
component. Light that is not transmitted is said to be
blocked, and may be reflected or absorbed. If two parallel
electromagnetic waves of substantially the same frequency
and having respective polarization states and respective
electric field vectors are such that the vector dot product of
the electric field vectors, averaged over one period, is
substantially zero for any temporal phase shift between the
two waves, then the two polarization states are said to be
“orthogonal”. In some examples, the blocked polarization
state may have transmission through the filter that is less
than 0.01%, or 0.1%, or 1%, or 2%, or 5%, or 10%, or 20%,
or even 30%.

For a full Stokes polarization camera, the detector is
sensitive to light of linear, circular, and elliptical polariza-
tion states. This can be accomplished by using a pixelated
linear, circular, and/or elliptical polarizer. A set of four
elliptical polarizers can be utilized to measure the complete
Stokes vector, S0, S1, S2 and S3.

The Stokes vector can be estimated by a minimum of four
intensity measurements of light passing through different
polarizers. Higher accuracy can be achieved by additional
measurements. In one example of a division of focal plane
polarimeter, a pixelated retarder and a linear polarizer are
placed in front of the sensor array. A minimum of four types
of micro-retarder are used, oriented at four different angles,
to measure the Stokes vector locally. The Stokes vector at
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each pixel is calculated by using interpolated values of
intensity measurement taken at adjacent pixels. The fast-axis
orientation angles of the retarder are optimized for the
number of measurements used.

The image acquired by such a camera describes the full
polarization states of a scene. The elliptical micropolarizer
can be made of a layer of linear polarizer and a layer of
retarder. In some examples, the linear polarizer can be a wire
grid polarizer, a liquid crystal polymer polarizer using
dichroic dyes, or other technologies, or combinations thereof
In some examples, the retarder can incorporate a liquid
crystal polymer.

FIG. 4A is a schematic of a polarization sensitive focal
plane array 400 made up of an array of pixels and subpixels.
Each block or cluster of four subpixels in 400 is covered by
a set of four optical filters. FIG. 4B depicts an exemplary set
of four optical filters 410 for four subpixels. These optical
filters can be a linear polarizer at 0° 411, a right circular
polarizer 412, a linear polarizer at 90° 413, and a linear
polarizer at 45° 414. FI1G. 4C depicts another exemplary set
of four optical filters 420, which can be a linear polarizer at
0° 421, a linear polarizer at 135° 422, a linear polarizer at
90°423, and a linear polarizer at 45° 424. FIG. 4D depicts a
set of four optical filters 430, which can be a red color filter
431, a green color filter 432, a blue color filter 433, and a
green color filter 434. In various examples, the relative
angles of linear polarizer angles can vary from the nominal
values of 45°, 90°, or 135° by as much as 0.1°, as much as
0.2°, as much as 0.5°, as much as 1.0°, as much as 2.0°, as
much as 5.0°, or as much as 10°. FIG. 4E depicts a set of four
optical filters 440, which can be achromatic elliptical polar-
izers. Bach elliptical polarizer is made of a vertical polarizer
and a retarder of retardance of 132°. Retarder 441 has a fast
angle at +15.1°, retarder 442 has a fast angle at +51.7°,
retarder 443 has a fast angle at —51.7°, and retarder 444 has
a fast angle at —15.1°. FIG. 4F depicts a set of four optical
filters 450, which can be a red color filter 451, a green color
filter 452, a blue color filter 453, and a clear (sometimes
dubbed white) color filter 454. In various examples, the
retarder angles can vary from the nominal values of £15.1°,
+51.7°, or £132° by as much as 0.1°, as much as 0.2°, as
much as 0.5°, as much as 1.0°, as much as 2.0°, as much as
5.0°, or as much as 10°.

The disclosed technologies can be implemented with all
combinations of color and polarization camera. FIG. 5A
depicts an exemplary set of sixteen optical filters 510 that
can be tiled on top of an array of pixels or subpixels. The
optical filters are color polarizers. Reference numeral 511
denotes a green right circular polarizer. Reference numeral
512 denotes a blue right circular polarizer. Reference
numeral 513 denotes a red linear polarizer at 0°. Reference
numeral 514 denotes a clear linear polarizer at 45°. This
example can be viewed as a cluster of four blocks or pixels
(respectively red, green, clear, and blue), each block or pixel
being made up of four subpixels having respectively three
linear polarization filters and one circular polarization filter.
FIG. 5B depicts an exemplary set of eight optical filters 520
which can be tiled on top of an array of pixels or subpixels.
The optical filters can be broadband or color polarizers.
Reference numeral 521 denotes a green linear polarizer at
90°. Reference numeral 522 denotes a red linear polarizer at
90°. 523 denotes a red linear polarizer at 0°. Reference
numeral 524 denotes an infrared linear polarizer at 90°. This
example can be viewed as two blocks of 2x2 subpixels each.
The polarization filter pattern is the same for each block,
while the color filter pattern is rotated clockwise 90° going
from the top block to the bottom block. FIG. 5C depicts a set
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of twenty optical filters 530 which can be tiled on top of an
array of pixels or subpixels. The optical filters can be
broadband or color polarizers. Reference numeral 531
denotes a red elliptical polarizer. Reference numeral 532
denotes an infrared elliptical polarizer. Reference numeral
533 denotes a green elliptical polarizer. Reference numeral
534 denotes a blue elliptical polarizer. This example can be
viewed as a cluster of five blocks or pixels (respectively
green, ultraviolet, red, blue, and infrared), each of which
contains four subpixels having a repeating pattern of elliptic
polarization filters. In this example, the blocks or pixels on
the top row are offset by one subpixel horizontally from the
blocks or pixels on the bottom row.

Some examples of division of focal plane color and
polarization camera are (a) a broadband linear polarization
camera, (b) a narrowband red and green full Stokes polar-
ization camera, and (c) an infrared full Stokes polarization
camera. Other suitable cameras can be used. Some applica-
tions may measure only linear polarization state in one color,
while other applications may measure arbitrary polarization
state in three or more colors.

In an example, camera 101 may incorporate a light sensor
comprising polarization sensitive division of focal plane
array 400. Each small square in FIG. 4A can be understood
to be a subpixel. In the example, a repeating block of four
subpixels can be covered with a corresponding of 2x2 array
410 of polarization filters 411-414 as shown in FIG. 4B.
Reference numeral 411 denotes a linear polarization filter for
covering one subpixel and transmitting linearly polarized
light oriented at 0° (for example, with electric field aligned
with the arrow of polarization filter 411) and substantially
blocking linearly polarized light oriented at 90° (for
example, with electric field aligned perpendicular to the
arrow of polarization filter 411). Reference numeral 412
denotes a linear polarization filter transmitting left-circularly
polarized light and substantially blocking right-circularly
polarized light, which is orthogonal to left-circularly polar-
ized light.

In other examples, a 2x2 array of subpixels can be
covered with corresponding arrays of polarization filters
according to FIG. 4C or 4E; many other combinations and
arrangements or polarization filters can also be used. Fur-
thermore, repeating blocks of subpixels can be of different
shapes and sizes, and can include two subpixels, three
subpixels, four subpixels, five subpixels, six subpixels,
seven subpixels, eight subpixels, or even more subpixels.
Additionally, repeating blocks of subpixels having one pat-
tern of polarization filters can be interspersed with other
blocks of subpixels having another pattern or patterns of
polarization filters, or blocks of subpixels having no polar-
ization filters.

In some examples, the focal plane array can further
comprise repeating arrays of color filters covering clusters of
subpixels. FIG. 5B shows a cluster of eight subpixels 520
having red (R), green (G), blue (B), and infrared (IR) filters
over two blocks of four subpixels having linearly polarized
polarization filters as indicated by respective arrows in the
subpixels. In this example, the subpixels of the cluster
coincide with the subpixels of the blocks, but this is not a
requirement. FIGS. 5A and 5C show example configurations
where the color filter subpixels each correspond to four
polarization filter subpixels. For example, the red (R) color
filter shown in FIG. 5A comprises a block of four polariza-
tion filter subpixels. FIG. 5C shows a different configuration
in which a repeating cluster of five color filter subpixels
(green, ultraviolet, and red in the top row; blue and infrared
in the bottom row) overlays an array of twenty polarization
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filter subpixels. In other examples, the polarization filter
subpixels can be larger than the color filter subpixels.

III. Computer Control of Illumination and Camera

In certain examples, a computer controls the illuminator.
In certain examples, a computer (which can be the same or
a different computer) controls the camera.

IV. 3D Reconstruction Algorithms

A computer can be used to calculate the structure of a
scene using one or more 3D reconstruction algorithms. The
color and polarization camera measures the color and polar-
ized light scattered from a scene illuminated by structured
illumination. Depending on the complexity of the scene, the
illumination can be uniform or non-uniform. In FIG. 6, an
imager 610 is utilized to measure the location and surface
normal 604 of a plane 603, representing part of an object in
a scene. The location of the imager is described by Cartesian
coordinate system 601. The orientation of the surface normal
604 of the object is described by coordinate system 602. A
light ray 605 of a specific color and polarization state is
emitted from an illuminator 611 to illuminate the object and
plane 603. The ray 606 represents light reflected and/or
scattered from the plane 603, and can have a different
intensity and polarization state and is measured by a color
and polarization camera 612, as compared to ray 605. The
information regarding the change in intensity and polariza-
tion state can be determined from the light measured at
camera 612 and can be utilized to calculate the location and
surface normal of objects in the scene. A 3D representation
of the scene can be constructed once the depth and surface
normal of the objects are determined.

Various computer-implemented algorithms can be used to
process data received from a light sensor comprising dis-
closed polarization sensitive focal plane arrays. One type of
algorithm calculates depth information with a fringe analysis
method to unwrap the phase of the projected fringe. Another
type of algorithm utilizes a physics based model, such as
Fresnel equations and Mueller matrix formalism, to deter-
mine the material properties, such as refractive index and
bidirectional reflectance distribution function, and surface
normal. For certain exemplary wavelength ranges, such as
far infrared, it is also possible to calculate the surface shape
by measuring the Stokes parameters and degree of linear
polarization (DOLP) of a black body.

In examples where more than one camera is used, stereo
vision techniques can recover the 3D shape by a method of
triangulation. In some examples, time-of-flight measure-
ment can be used, with temporally modulated illumination
and detection of the phase changes of the received light. In
such examples, a high frame rate can be used to achieve high
spatial resolution.

As will be readily understood by one of ordinary skill in
the art the particular algorithms to implement can be adapted
for a particular application, and can be selected based on one
or more of a variety of factors, including but not limited to:
computing power of the available hardware, speed of image
acquisition, number of cameras used, desired precision in
the 3D reconstruction, latency requirements of the applica-
tion, the particular filtered optical signals detected, details of
the structured light, types of objects in the scene, or any prior
knowledge of these objects. In some examples, a simple
algorithm with low computation overhead can be used for
applications requiring fast reconstruction with medium to
high accuracy.

FIG. 11 is a flowchart depicting an imaging and recon-
struction procedure for an example similar to those
described above in context of FIGS. 1, 2, and 6. At process
block 1110, structured illumination is provided by a light
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source similar to light sources 102, 202, or 611. At process
block 1120, light reflected or scattered from objects in a
scene is detected by a camera similar to cameras 101, 201,
203, or 612. At process block 1130, optical parameters of the
light (for example, Degree of Linear Polarization, or Stokes
parameters) are calculated by a computer similar to that
described in a computing environment 1400, described
further below. At process block 1140, the geometric param-
eters are calculated by a computer similar to that described
in the computing environment 1400. In various examples,
process blocks 1130 and 1140 may be performed on the
same or a different computer. These computers can be
integrated with controllers similar to controllers 103, or 204,
or can be integrated with an imager similar to imager 610.

V. Discrete or Point-source Emitters and Reflectors

A set of one or more reflectors or emitters can drastically
improve the accuracy of the measurement. In some
examples, measurement of reflected light from the objects in
the scene, excluding the reflectors, can be used to provide
starting estimates of the location, motion, and/or orientation
of the objects, as described above. Measurements from
reflectors or emitters can be used to provide additional
information to refine the initial estimates. Depending on the
shape and size of an object, the number of reflectors or
emitters can be increased to improve the measurement
accuracy.

The disclosed technologies can be applied to tracking of
moving objects in real time, such as a person. The person can
be wearing a goggle, an article of clothing or a glove for
tracking of the head, the body, or a hand respectively. FIG.
7A depicts a goggle with reflectors and/or light sources, in
use by a person. Also shown are three axes about which the
goggles can rotate, leading to changes in orientation, which
can be determined using the disclosed technologies. FIG. 7B
depicts one facet 711 of the goggle 710, which has point
reflectors or light sources, 712 and 713, mounted at different
locations thereon.

In some examples, point reflectors can be placed at
different locations of the goggle, clothing item, or glove. In
some examples, the reflector can be small, having a size in
a range of about 1 to 10 percent, about 0.1 to 1 percent, or
even about 0.01 to 0.1% compared with the size of the
goggle, clothing item, or glove to which it is attached.
Motion can be determined by measurement of the locations
of the reflectors. The point reflectors can reflect light of one
color or polarization state, as determined by the illumination
sources.

In some examples, the reflector can be illuminated by near
infrared unpolarized light. The reflector can be a linear
polarized reflector along a predefined direction. In such
examples, the reflected infrared light is polarized along this
direction. Measurement of the polarized light direction and
location of different reflectors allows the determination of
the surface normal of the plane or other surface on which the
reflector is located. In other examples, each reflector may be
replaced by a light source, such as a light emitting diode,
with predefined color and polarization state(s). FIG. 8A
depicts a light source 800 emitting light 801 over 2z a
steradians. In some examples, each light source emits light
of'same color and polarization state in all directions. In other
examples, the light source 800 can emit light of different
colors and/or different polarization states in different direc-
tions 801. FIG. 8B depicts the polarization state of an
exemplary light source having different polarization states
for different angular positions. The light source can emit
light of one color and nine different polarization states in
nine different directions. 811 and 812 are two directions of
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different polarization. FIG. 8C depicts the wavelength of an
exemplary light source having different colors for different
angular positions. In such an example, the light source can
emit light of one polarization state and nine different colors
in nine different directions. 821 and 822 are two directions
of different color. FIG. 8D depicts the polarization state and
wavelength of an exemplary light source having different
combinations of color and wavelength at different angular
positions. In such an example, the light source can emit light
of nine different combinations of colors and polarization
states in nine different directions. One of ordinary skill in the
art will readily appreciate that the number nine has been
chosen in these examples purely for the purpose of illustra-
tion. In varying examples, the number of distinguished
directions can be 10, 100, 1,000, 10,000, or even larger, or
the number of distinguished directions can be as small as
one. In these examples, there is a one-to-one map between
the direction of the emitted light and the color and polar-
ization state of the light. FIG. 8E depicts a map of light
directions having different polarization eccentricity and
angle over 2w a steradians. Each grid square represents a
direction; the coordinates of the grid square indicate the
ellipse eccentricity and angle of polarization for light emit-
ted in that direction. Thus, knowing the ellipse eccentricity
and angle of polarization allows unique determination of the
direction of light emission in a reference frame of the light
emitter. FIG. 8F depicts a map of light directions having
different wavelength and polarization angle covering 2w
steradians.

Each grid square represents a direction; the coordinates of
the grid square indicate the wavelength and angle of polar-
ization for light emitted in that direction. Thus, knowing the
wavelength and angle of polarization allows unique deter-
mination of the direction of light emission in a reference
frame of the light emitter.

Such a light source can be placed on a goggle. FIG. 9
depicts a user 910 wearing a goggle 940 and being imaged
by a camera 920. The measurement of the color and polar-
ization state of the light 931 can determine the direction of
the detected light in the reference frame of the light emitter
or goggle 940, which is related to the surface normal 932 of
the plane of the goggle where the light source is located.
Measurement of light source(s) on the goggle determines the
location and surface normal 932 of the goggle. As shown in
this example, the disclosed technologies allow such deter-
minations to be made using a single camera, unlike stereo-
scopic systems requiring two or more cameras.

FIG. 10 depicts a spatially varying optical filter 1003 used
to implement a light source 1000 emitting light 1004 of
different polarization states and/or different colors in differ-
ent directions. Such a light source 1000 can be implemented
by using a light emitting diode 1001, a lens 1002, and a
spatially varying optical filter 1003. Light rays 1004 passing
through optical filter 1003 have different color and/or polar-
ization states, predetermined by the optical filter 1003 and
the direction of emission. Light emitted by such a light
source is a form of structured light.

FIG. 12 is a flowchart showing an imaging and recon-
struction procedure for an example utilizing light emitters.
At process block 1210 structured light is emitted by a light
emitter similar to those described above in context of FIG.
8 or 10. At process block 1220, light from the light emitter
is detected by a camera similar to camera 920. At process
block 1230, optical parameters of the light (for example,
Degree of Linear

Polarization, or Stokes parameters) are calculated by a
computer similar to computing environment 1400, described
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further below. At process block 1240, the geometric param-
eters are calculated by a computer similar to computing
environment 1400. In various examples, process blocks
1230 and 1240 may be performed on the same or a different
computer.

FIG. 13 is a flowchart depicting another example method.
At process block 1310, one or more light sensors are
provided having respective polarization sensitive and wave-
length sensitive focal plane arrays. At process block 1320,
polarization-controlled light propagated from one or more
attachable devices is detected at the light sensor(s). At
process block 1330, an analysis procedure is performed at
one or more computers to determine properties of the
attachable devices. The properties can include one or more
of: position, orientation, direction of a surface normal,
speed, velocity, color, reflectance, refractive index, or bidi-
rectional reflectance distribution.

V1. Example Applications

Imagers and systems according to the disclosed technolo-
gies can be used in a wide variety of applications, including
virtual reality, augmented reality, gaming, industrial auto-
mation, navigation of autonomous vehicles and robots, and
tele-surgery. Applications also include directing remote
operation of a machine or instrument, for example by
sensing a user’s glove at a first location to operate a machine
or instrument by matching hand motions at a second loca-
tion. Applications also include controlling a directional flow
of energy to, from, or to avoid a sensed object. Applications
also include controlling directional movement of the sensed
object in response to its position and orientation, and con-
trolling directional movement of a second object in relation
(for example: toward, or to avoid) the sensed object.

Imagers and systems according to the disclosed technolo-
gies can by paired so that objects sensed at a first location
can be reproduced on a display at a second location and vice
versa, thereby enabling a wide range of remote interactive
applications. Such applications include gaming, healthcare,
social activities, sports or athletics, and training. Multiple
imagers and systems according to the disclosed technolo-
gies, up to five, ten, 100, 1,000 or even more can be similarly
combined to create large-scale virtual worlds.

VII. Additional Examples of the Disclosed Technology

The following example features can be used individually
or in any combination or subcombination with any of the
examples described herein.

An example system includes one or more attachable
devices having one or more discrete polarization-controlled
components, each component including one or more of a
light-emitting component or a reflective component. The
example system further includes zero or more illumination
sources configured to illuminate the one or more attachable
devices, at least one light sensor incorporating a polarization
sensitive focal plane array, and one or more computers
connected to the light sensor.

An attachable device can be attached to one or more of:
goggles, a helmet, a visor, a wearable device, a glove, a
jacket, footwear, or a tag. An attachable device can be
attached to one or more of: a vehicle, an autonomous
vehicle, a civil structure, a light pole, a utility pole, a curb,
a sidewalk, a building, a container, or a person. The number
of discrete polarization-controlled components on at least
one of the attachable devices can be one or more of: exactly
one, exactly two, three to four, five to eight, nine to sixteen,
seventeen to thirty-two, or thirty-three to one hundred.

In embodiments with light-emitting components, the
light-emitting components can emit light having one or more
of the following characteristics: polarization that is uniform
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for all angles of emission; polarization that varies across
angles of emission in one angular direction; or polarization
that varies across angles of emission in two angular direc-
tions. The variation in polarization can be variation in angle
of polarization, or variation in ellipse eccentricity; the varia-
tion in polarization can be discretely stepped in one or more
direction and/or can be continuously varied in one or more
direction. The light-emitting components can emit light
having color that is uniform for all angles of emission; color
that varies across angles of emission in one angular direc-
tion; or color that varies across angles of emission in two
angular directions. The color variation can be discretely
stepped in one or more directions and/or can be continuously
varied in one or more directions. A light-emitting component
can incorporate a spatially varying optical filter.

In embodiments with reflective components, at least one
attachable device incorporates a reflective component, and
at least one reflective component can have one or more of:
preferential reflectivity of one color; preferential reflectivity
of one polarization state; reflectivity having controlled varia-
tion in one angular direction; or reflectivity having con-
trolled variation in two angular directions. The system can
further include one or more illumination sources. An illu-
mination source can generate light which after reflection by
a polarization-controlled reflective component, can be
detected by a polarization sensitive focal plane array. The
illumination source can be a structured illumination source
and can be controlled by one or more computers.

In some embodiments, the number of light sensors is
exactly one. A light sensor can be part of a camera. A
light-sensor can be color-sensitive. An attachable device can
incorporate a color-controlled component, which can be
same as or different from a polarization-controlled compo-
nent.

At least one of a system’s computers can be configured to
apply an analysis procedure to data obtained from the one or
more light sensors to determine one or more properties of the
one or more attachable devices. In various embodiments, the
system can be configured to perform one or more of the
following operations: generate a virtual reality display based
on position and/or orientation of one or more of the attach-
able devices; generate position and/or orientation informa-
tion of a first one of the light sensors based on observed
position and/or orientation of one or more of the attachable
devices as seen by the first light sensor; generate and store
a record of the position and/or orientation of one or more of
the attachable devices; or generate and store a record of the
position and/or orientation of one or more of the computers.

Further, the system can be used to perform any one or
more of the following acts: generating a virtual reality or
augmented reality display; providing user input in a gaming
environment; directing remote operation of a machine or
instrument; navigating an autonomous vehicle; controlling a
directional movement of an object; controlling a directional
flow of energy; surveillance; or tele-surgery.

An analysis procedure can be applied to data obtained
from the one or more light sensors of a disclosed system, to
determine one or more properties of the one or more
attachable devices. The analysis procedure can incorporate
one or more of: fringe analysis, a physics-based model using
Fresnel equations, a physics-based model using Mueller
matrix formalism, analysis of degree of linear polarization
using a black-body model, or stereoscopic analysis. The
determined properties can include one or more of: position,
orientation, direction of a surface normal, speed, velocity,
color, reflectance, refractive index, or bidirectional reflec-
tance distribution.



US 10,466,036 B2

15

An example light sensor incorporates a polarization sen-
sitive focal plane array having first pixels of a first repeating
type, each of the first pixels comprising a block of subpixels.
A first subpixel of the block includes a first polarization filter
configured to transmit light of a first state of polarization and
to substantially block light of a second state of polarization
orthogonal to the first state, while a second subpixel of the
block includes a second polarization filter configured to
transmit light of a third state of polarization and to substan-
tially block light of a fourth state of polarization orthogonal
to the third state, the first and third states of polarization
being different.

The block can include a third subpixel having a third
polarization filter configured to transmit light of a fifth state
of polarization and to block light of a sixth state of polar-
ization orthogonal to the fifth state, the fifth state of polar-
ization being different from both the first and third states.
The block can include a fourth subpixel of having a fourth
polarization filter configured to transmit light of a seventh
state of polarization and to block light of a eighth state of
polarization orthogonal to the seventh state, the seventh state
of polarization being different from all of the first, third, and
fifth states. The four polarization filters of a block with four
subpixels can be organized in a variety of patterns, including
those depicted in FIG. 4B, 4C, or 4E.

The first and third states of polarization can be linear. The
fourth state can be the same as the first state. The second
state can be the same as the third state. Similarly, the fifth
and seventh states of polarization can be linear, and can be
oriented at 45° to the first state of polarization. The eighth
state can be the same as the fifth state. The sixth state can be
the same as the seventh state.

The block can also include one or more of fifth, sixth,
seventh, or eighth subpixels, each having a respective polar-
ization filter configured to transmit light of a respective
polarization state. These respective polarization states are all
different from each other and also different from the first,
third, fifth, and seventh polarization states. Each polarization
filter can also substantially block light of a polarization state
orthogonal to its respective (transmitted) polarization state.

Two among the transmitted states of polarization of a
block’s subpixels can be circular and opposite to each other.
Two or four among the polarization filters can be elliptical
polarizers each incorporating a vertical polarizer and a
retarder having a retardance of about 132° and different fast
axes angles selected from the group consisting of about
-51.7°, about -15.1°, about +15.1°, and about +51.7°. At
least one retarder can include a liquid crystal polymer. At
least one polarization filter can include one or more of: a
wire grid polarizer, a liquid crystal polymer polarizer, or a
dichroic material.

The block can be organized as a 2xN, array of subpixels
or as a IxN, array of subpixels, and the blocks can be
arranged so that their respective first subpixels form stripes.

A light sensor can also include second pixels of a second
repeating type each pixel having a cluster of subpixels,
wherein a first subpixel of the cluster transmits a first color
and (a) can include a color filter configured to selectively
transmit the first color, or (b) the first color is white and the
first subpixel is a clear subpixel, and a second subpixel of the
cluster can include a color filter configured to selectively
transmit a second color, the first and second colors being
different.

The cluster can include a third subpixel incorporating a
color filter configured to selectively transmit a third color,
different from both the first and second colors. The cluster
can include a fourth subpixel having a color filter configured
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to selectively transmit a fourth color, different from all of the
first, second, and third colors. The color filters of a cluster
and the polarization filters of a block can be arranged in
various patterns, such as those shown in FIG. 5A, 5B, or 5C.

The block can be organized as a 2xN,, array of subpixels
or as a 1xN, array of subpixels, and the clusters can be
arranged so that their respective first subpixels form stripes.
A cluster subpixel can incorporate can incorporate a block,
that is, a subpixel of the second type of pixel can incorporate
a pixel of the first type. Alternatively, a block subpixel can
incorporate a cluster, that is, a subpixel of the first type of
pixel can incorporate a pixel of the second type.

Further a first subpixel of the block can transmit the first
color and (a) can include a color filter configured to selec-
tively transmit the first color, or (b) the first color is white
and the first subpixel is a clear subpixel, and a second
subpixel of the cluster can include a color filter configured
to selectively transmit the second color, the first and second
colors being different. A third subpixel of the block can
incorporate a color filter configured to selectively transmit
the third color, different from both the first and second
colors. A fourth subpixel of the block can have a color filter
configured to selectively transmit the fourth color, different
from all of the first, second, and third colors. Any one of the
transmitted colors can be selected from red, green, blue,
white, yellow, magenta, cyan, infrared, and ultraviolet.

The light sensor can incorporate a charge-coupled device
(CCD) light sensor or a complementary metal oxide semi-
conductor (CMOS) light sensor.

An example system can include a structured illumination
source, one or more cameras incorporating a disclosed light
sensor, and one or more computers connected to the
camera(s). The system can include exactly one camera. The
structured illumination source can be coupled to one or more
of the computers.

One or more of the computers can be configured to
perform an analysis procedure on data obtained from the one
or more cameras of a disclosed system, to determine one or
more properties of one or more test objects illuminated by
the structured illumination. The analysis procedure can
incorporate one or more of: fringe analysis, a physics-based
model using Fresnel equations, a physics-based model using
Mueller matrix formalism, analysis of degree of linear
polarization using a black-body model, or stereoscopic
analysis. The determined properties can include one or more
of: position, orientation, direction of a surface normal,
speed, velocity, color, reflectance, refractive index, or bidi-
rectional reflectance distribution.

An example apparatus for providing virtual interactivity
can include a first disclosed system in a first location, and a
second disclosed system in a second location, wherein the
first and second systems are configured to generate position
and/or orientation information of one or more objects at the
first and second locations respectively, each object attached
to at least one attachable device of the corresponding
system. The apparatus also includes a first display at the first
location configured to display objects at the second location,
and a second display at the second location configured to
display objects at the first location.

The apparatus can further include one or more additional
disclosed systems in respective locations, wherein each
additional system is configured to generate position and/or
orientation information of one or more objects at the loca-
tion of the additional system, and wherein the first display is
configured to display objects at the location of each addi-
tional system. The apparatus can further include one or more
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additional displays in respective locations, each additional
display being configured to display objects at the first
location.

The apparatus can be used to provide one or more of:
interactive gaming, interactive healthcare, interactive leisure
or social activity, interactive sports or athletics, or interac-
tive training.

VIII. Example Computing Environment

FIG. 14 illustrates a generalized example of a suitable
computing environment 1400 in which described examples,
techniques, and technologies, including enumeration of
objects in a file system or a directory structure, can be
implemented. For example, the computing environment
1400 can implement all of the functions described with
respect to FIGS. 1-4, as described herein.

The computing environment 1400 is not intended to
suggest any limitation as to scope of use or functionality of
the technology, as the technology can be implemented in
diverse general-purpose or special-purpose computing envi-
ronments. For example, the disclosed technology can be
implemented with other computer system configurations,
including hand held devices, multiprocessor systems, micro-
processor-based or programmable consumer electronics,
network PCs, minicomputers, mainframe computers, and the
like. The disclosed technology can also be practiced in
distributed computing environments where tasks are per-
formed by remote processing devices that are linked through
a communications network. In a distributed computing
environment, program modules can be located in both local
and remote memory storage devices.

With reference to FIG. 14, the computing environment
1400 includes at least one central processing unit 1410 and
memory 1420. In FIG. 14, this most basic configuration
1430 is included within a dashed line. The central processing
unit 1410 executes computer-executable instructions and
can be a real or a virtual processor. In a multi-processing
system, multiple processing units execute computer-execut-
able instructions to increase processing power and as such,
multiple processors can be running simultaneously. The
memory 1420 can be volatile memory (e.g., registers, cache,
RAM), non-volatile memory (e.g., ROM, EEPROM, flash
memory, etc.), or some combination of the two. The memory
1420 stores software 1480, images, and video that can, for
example, implement the technologies described herein. A
computing environment can have additional features. For
example, the computing environment 1400 includes storage
1440, one or more input devices 1450, one or more output
devices 1460, and one or more communication connections
1470. Measurement acquisition subsystem 1425 provides
interfaces to which cameras can be connected. Controller
1415 provides interfaces to which structured illumination
sources can be connected.

An interconnection mechanism (not shown) such as a bus,
a controller, or a network, interconnects the components of
the computing environment 1400. Typically, operating sys-
tem software (not shown) provides an operating environ-
ment for other software executing in the computing envi-
ronment 1400, and coordinates activities of the components
of the computing environment 1400.

The storage 1440 can be removable or non-removable,
and includes magnetic disks, magnetic tapes or cassettes,
CD-ROMs, CD-RWs, DVDs, or any other medium which
can be used to store information and that can be accessed
within the computing environment 1400. The storage 1440
stores instructions for the software 1480 and measurement
data, which can implement technologies described herein.
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The input device(s) 1450 can be a touch input device,
such as a keyboard, keypad, mouse, touch screen display,
pen, or trackball, a voice input device, a scanning device, or
another device, that provides input to the computing envi-
ronment 1400. The input device(s) 1450 can also include
interface hardware for connecting the computing environ-
ment to control and receive data from host and client
computers, storage systems, measurement acquisition com-
ponents, control excitation sources, or to display or output
data processed according to methods disclosed herein,
including data acquisition systems coupled to a plurality of
Sensors.

For audio, the input device(s) 1450 can be a sound card
or similar device that accepts audio input in analog or digital
form, or a CD-ROM reader that provides audio samples to
the computing environment 1400. The output device(s) 1460
can be a display, printer, speaker, CD-writer, or another
device that provides output from the computing environment
1400.

The communication connection(s) 1470 enable commu-
nication over a communication medium (e.g., a connecting
network) to another computing entity. The communication
medium conveys information such as computer-executable
instructions, compressed graphics information, video, or
other data in a modulated data signal.

Some examples of the disclosed methods can be per-
formed using computer-executable instructions implement-
ing all or a portion of the disclosed technology in a com-
puting cloud 1490. For example, collection of measurement
data can be executed in the computing environment (e.g., by
the measurement acquisition component 1425), while analy-
sis of the measurement data can be performed on remote
servers located in the computing cloud 1490.

Computer-readable media are any available media that
can be accessed within a computing environment 1400. By
way of example, and not limitation, with the computing
environment 1400, computer-readable media include
memory 1420 and/or storage 1440. As should be readily
understood, the term computer-readable storage media
includes the media for data storage such as memory 1420
and storage 1440, and not transmission media such as
modulated data signals.

IX. General Considerations

As used in this application the singular forms “a,” “an,”
and “the” include the plural forms unless the context clearly
dictates otherwise. Additionally, the term “includes” means
“comprises.” Further, the term “coupled” encompasses
mechanical, electrical, magnetic, optical, as well as other
practical ways of coupling or linking items together, and
does not exclude the presence of intermediate components
between the coupled items. Furthermore, as used herein, the
term “and/or” means any one item or combination of items
in the phrase.

The systems, methods, and apparatus described herein
should not be construed as being limiting in any way.
Instead, this disclosure is directed toward all novel and
non-obvious features and aspects of the various disclosed
embodiments, alone and in various combinations and sub-
combinations with one another. The disclosed systems,
methods, and apparatus are not limited to any specific aspect
or feature or combinations thereof, nor do the disclosed
things and methods require that any one or more specific
advantages be present or problems be solved. Furthermore,
any features or aspects of the disclosed embodiments can be
used in various combinations and subcombinations with one
another.
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Although the operations of some of the disclosed methods
are described in a particular, sequential order for convenient
presentation, it should be understood that this manner of
description encompasses rearrangement, unless a particular
ordering is required by specific language set forth below. For
example, operations described sequentially can in some
cases be rearranged or performed concurrently. Moreover,
for the sake of simplicity, the attached figures may not show
the various ways in which the disclosed things and methods
can be used in conjunction with other things and methods.
Additionally, the description sometimes uses terms like
“produce,” “generate,” “display,” “apply,” “estimate,” “ana-
lyze,” and “determine” to describe the disclosed methods.
These terms are high-level abstractions of the actual opera-
tions that are performed. The actual operations that corre-
spond to these terms will vary depending on the particular
implementation and are readily discernible by one of ordi-
nary skill in the art.

Theories of operation, scientific principles, or other theo-
retical descriptions presented herein in reference to the
apparatus or methods of this disclosure have been provided
for the purposes of better understanding and are not intended
to be limiting in scope. The apparatus and methods in the
appended claims are not limited to those apparatus and
methods that function in the manner described by such
theories of operation.

Some of the disclosed methods can be implemented using
computer-executable instructions stored on one or more
computer-readable media (e.g., non-transitory computer-
readable media, such as one or more optical media discs,
volatile memory components (such as DRAM or SRAM), or
nonvolatile memory components (such as flash drives or
hard drives)) and executed on a computer (e.g., any com-
mercially available computer, including smart phones or
other mobile devices that include computing hardware). Any
of the computer-executable instructions for implementing
the disclosed techniques, as well as any data created and
used during implementation of the disclosed embodiments,
can be stored on one or more computer-readable media (e.g.,
non-transitory computer-readable media). The computer-
executable instructions can be part of, for example, a dedi-
cated software application, or a software application that is
accessed or downloaded via a web browser or other software
application (such as a remote computing application). Such
software can be executed, for example, on a single local
computer (e.g., as a process executing on any suitable
commercially available computer) or in a network environ-
ment (e.g., via the Internet, a wide-area network, a local-area
network, a client-server network (such as a cloud computing
network), or other such network) using one or more network
computers.

For clarity, only certain selected aspects of the software-
based implementations are described. Other details that are
well known in the art are omitted. For example, it should be
understood that the disclosed technology is not limited to
any specific computer language or program. For instance,
the disclosed technology can be implemented by software
written in C, C++, Common Lisp, Dylan, Erlang, Fortran,
Go, Haskell, Java, Julia, Python, Scheme, or any other
suitable programming language. Likewise, the disclosed
technology is not limited to any particular computer or type
of hardware. Certain details of suitable computers and
hardware are well-known and need not be set forth in detail
in this disclosure.

Furthermore, any of the software-based embodiments
(comprising, for example, computer-executable instructions
for causing a computer to perform any of the disclosed
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methods) can be uploaded, downloaded, or remotely
accessed through a suitable communication means. Such
suitable communication means include, for example, the
Internet, the World Wide Web, an intranet, software appli-
cations, cable (including fiber optic cable), magnetic com-
munications, electromagnetic communications (including
RF, microwave, and infrared communications), electronic
communications, or other such communication means.

In view of the many possible embodiments to which the
principles of the disclosed subject matter may be applied, it
should be recognized that the illustrated embodiments are
only preferred examples and should not be taken as limiting
the scope of the claims to those preferred examples. Rather,
the scope of the claimed subject matter is defined by the
following claims. I therefore claim as my invention all that
comes within the scope of these claims.

I claim:

1. A system for tracking one or more moving objects
having one or more devices attached thereto, the system
comprising:

the one or more devices, each comprising one or more
polarization-controlled components, each polarization-
controlled component comprising one or more light-
emitting components;

one or more light sensors comprising a respective polar-
ization sensitive and wavelength sensitive focal plane
array and situated to receive respective portions of light
emitted by the light-emitting components; and

one or more computers coupled to the light sensor(s) and
configured to analyze wavelength and polarization of
the portions of light received by the light sensor(s) to
determine position and orientation of the one or more
devices.

2. The system of claim 1, wherein the light-emitting
components have polarization that is uniform for all angles
of emission.

3. The system of claim 1, wherein the light-emitting
components have polarization that varies across angles of
emission.

4. The system of claim 1, wherein at least one light-
emitting component comprises a spatially varying optical
filter transmitting light of different polarization and/or dif-
ferent color in different directions.

5. The system of claim 1, further comprising the moving
objects to which the one or more devices are attached,
wherein the moving objects are one or more of: goggles, a
helmet, a visor, a headband, a glove, a vest, a jacket, a
wristband, an armband, an anklet, a legging, footwear, or an
adhesive tag.

6. The system of claim 1, wherein the system is config-
ured to provide

user input in a gaming environment.

7. The system of claim 1, wherein the system is config-
ured to generate and store a record of the orientation of the
devices.

8. The system of claim 1, wherein the light-emitting
components emit light at one or more wavelengths including
a first wavelength that is detected by the light sensors, and
wherein the first wavelength is in an infrared spectral range
or an ultraviolet spectral range.

9. An apparatus for providing virtual interactivity, com-
prising:

a first system according to claim 1 in a first location;

a second system according to claim 1 in a second location,
wherein the first and second systems are configured to
generate position and orientation information of the
respective one or more objects at the first and second



US 10,466,036 B2

21

location, based on the determined position and orien-

tation of the respective one or more devices;

a first display at the first location configured to display

objects at the second location; and

a second display at the second location configured to

display objects at the first location.

10. The apparatus of claim 9, further comprising:

one or more additional systems according to claim 1 in

respective locations;

wherein each additional system is configured to generate

position and orientation information of the respective

one or more objects at the location of the additional
system; and

wherein the first display is configured to display the

respective one or more objects at the location of each

additional system.

11. A method, comprising:

providing a system according to claim 1;

at the light sensor(s), detecting polarization-controlled

light propagated from the one or more devices; and

at one or more computers, performing an analysis proce-
dure to determine one or more additional properties of
the one or more devices;

wherein the additional properties are one or more of:

direction of a surface normal, speed, velocity, color,

reflectance, refractive index, or bidirectional reflec-
tance distribution.

12. The method of claim 11, wherein the analysis proce-
dure comprises a physics-based procedure using Fresnel
equations or a physics-based procedure using Mueller
matrix formalism.

13. The system of claim 1, wherein the polarization
sensitive and wavelength sensitive focal plane array com-
prises first pixels of a first repeating type and second pixels
of a second repeating type, wherein:

each of the first pixels comprises a block of subpixels,

wherein:

a first subpixel of the block comprises a first polariza-
tion filter configured to transmit light of a first state
of polarization and to substantially block light of a
second state of polarization orthogonal to the first
state,

a second subpixel of the block comprises a second
polarization filter configured to transmit light of a
third state of polarization and to substantially block
light of a fourth state of polarization orthogonal to
the third state, and

the first and third states of polarization are different;
and

each ofthe second pixels comprises a cluster of subpixels,

wherein:

a first subpixel of the cluster transmits a first wave-
length and comprises a wavelength filter configured
to selectively transmit the first wavelength,

a second subpixel of the cluster comprises a wave-
length filter configured to selectively transmit a
second wavelength, and

the first and second wavelengths are different.

14. The light sensor of claim 13, wherein at least one of
the subpixels of the block comprises a liquid crystal polymer
retarder.
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15. The light sensor of claim 13, wherein at least one of
the polarization filters comprises one or more of: a wire grid
polarizer, a liquid crystal polymer polarizer, or a dichroic
material.

16. The system of claim 1, wherein at least one of the
polarization-controlled components has a wavelength of
emission that varies across angles of emission.

17. The system of claim 1, wherein at least one of the
polarization-controlled components has a wavelength of
emission that is uniform for all angles of emission.

18. The system of claim 1, wherein the polarization
sensitive and wavelength sensitive focal plane array is
configured to discriminate two or more states of elliptical or
circular polarization.

19. The system of claim 1, wherein the system is config-
ured to control directional movement of a given object.

20. The system of claim 1, wherein the system is config-
ured to provide a virtual reality display.

21. The system of claim 1, wherein two or more of the
devices are attached to a same one of the moving objects.

22. The system of claim 1, wherein the light sensors
comprise at least two distinct light sensors both receiving the
respective portions of light emitted by the one or more
light-emitting components of a given one of the devices.

23. A method comprising:

emitting polarization-controlled light from one or more

movable devices;

receiving respective portions of the emitted polarization-

controlled light at one or more polarization-sensitive
and wavelength-sensitive focal plane arrays; and

at one or more computers:

analyzing wavelength and polarization of the received

light to determine position and orientation of the mov-
able devices; and

generating a virtual reality or augmented reality display

based on the determined position and orientation of the
movable devices.

24. A system for tracking one or more moving objects
having one or more devices attached thereto, the system
comprising:

the one or more devices, each comprising one or more

polarization-controlled components, each polarization-
controlled component comprising one or more light-
emitting components, at least one of the light-emitting
components transmitting light with polarization vary-
ing along a first angular coordinate and color varying
along a second angular coordinate different from the
first angular coordinate;

one or more light sensors comprising a respective polar-

ization sensitive and wavelength sensitive focal plane
array and situated to receive respective portions of light
emitted by the light-emitting components; and

one or more computers coupled to the light sensor(s) and

configured to analyze wavelength and polarization of
the portions of light received by the light sensor(s) to
determine position and orientation of the one or more
devices.



