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GENERATION AND USE OF A 3D RADON IMAGE

TECHNICAL FIELD
[0001] The systems and methods disclosed herein are directed to image data,

and, more particularly, to capture of and rendering from plenoptic data.

BACKGROUND

[0002] The ficld of photography continues to develop, offering more options
to a photographer. With analog photography, developed film revealed the final result of
the exposure, color balance, focus, and other image capture factors as they had occurred
at the time of image capture. Until recently, digital photography has been about digitizing
what used to be an analog process. Digital photography affords more options to
photographers than analog photography after an image is captured, as processing
applications can be used to enhance and clean up the image respecting certain qualities
like exposure, color balance, saturation, and others. However, if the focus of the captured
digital image is off, or if the photographer wishes to shift to a different viewpoint,
existing processing applications cannot correct for these factors.

[0003] Plenoptic photography comes closer to rendering the full variety of
view angles and multiple focal points offered by the direct observation of objects by
capturing the light field, also referred to as radiance, of a target image scene. To capture
a plenoptic image, a microlens array can be mounted in front of an image sensor,
effectively capturing many images of a target scene, with each image capturing a portion
of the target scene from a slightly different viewpoint. As such, multiple light rays are
captured from varying viewpoints for each pixel of a synthesized final image of the scene.
This provides raw sensor data containing four-dimensional radiance data about each pixel
point in a potential final image of the target scene: two dimensions of the spatial position
of a light ray and two dimensions of the orientation of a light ray at the pixel. With
software, this data can be synthesized into a final 2D or 3D image from any of the
vantage points or focus points represented by the radiance data, extending the capabilities
of digital photography and affording greater flexibility for photographers to alter vantage
point or focus after image capture.

[0004] Plenoptic camera technology offers several imaging capabilities that

may be desirable in mobile devices, including but not limited to full 3D imaging,
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refocusabilty, and High Dynamic Range (HDR) imaging. However, processing the
plenoptic sensor data is computationally expensive, typically requiring parallel processing
on central processing units (CPUs) or intensive processing on a graphics processing unit
(GPU). Accordingly, plenoptic photography requires prohibitively large amounts of data
storage and processing for implementation in mobile photography, given the relatively

limited GPU memory of conventional mobile devices.

SUMMARY

[0005] Aspects of the invention relate to techniques for efficiently recording
appropriately transformed captured plenoptic image data (for example in a plenoptic
camera) and a technique for rendering images from such transformed captured plenoptic
data, referred to herein as “Radon photography.” For example, the structure of captured
plenoptic data can be changed by using a Radon transform so that the dimensionality is
reduced from four dimensions to three dimensions, thereby generating image data
(referred to herein as a “Radon image”) having a smaller size than traditional plenoptic
images. A final image can be rendered from the Radon image using inverse Radon
transform or other computed tomography techniques to recover the radiance or luminous
density of the plenoptic data. Compared with existing methods, this can reduce the
amount of data by about an order of magnitude, making it possible to perform rendering
using much less GPU memory than existing plenoptic rendering techniques, for example
on a mobile device.

[0006] Accordingly, one aspect relates to a system in an electronic device for
rendering a final image, the system comprising a plenoptic camera including a microlens
array and an image sensor, the plenoptic camera configured to capture plenoptic image
data of an image scene; and one or more processors in data communication with the
plenoptic camera and configured to at least receive the captured plenoptic image data, the
captured plenoptic image data including a plurality of microimages each formed by one
of a plurality of microlenses in the microlens array focusing light from the image scene
onto the image sensor, determine a plurality of lines of integration located within a plane
bisecting the microlens array, each of the plurality of lines of integration corresponding to
a plane extending through three dimensional space of the image scene, and generate a
Radon image based at least partly on a plurality of pixels of the plenoptic image data

corresponding to the plurality of lines of integration.
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[0007] Another aspect relates to a system in an electronic device for rendering
a final image, the system comprising a first module configured to at least access data
representing a Radon image, the Radon image representing, for each sampled plane of a
plurality of sampled planes of an image scene, a sum of light energy in the sampled plane;
a second module configured to at least determine a luminous density of the image scene
based at least partly on integrating the sum of light energy from each sampled plane of the
plurality of sampled planes of the Radon image; and a third module configured to at least
project the luminous density onto an image plane to produce the final image.

[0008] Another aspect relates to a method for compressing plenoptic image
data, the method comprising receiving at least a portion of data representing a plenoptic
image of a three-dimensional image space from a plenoptic camera having a microlens
array and an image sensor; identifying a plane of integration intersecting a microlens
plane, the microlens plane bisecting the microlens array; determining an image line
intersecting the plane of integration and an image plane located a first distance from the
microlens plane; determining a microlens line intersecting the plane of integration and the
microlens plane; mapping the image line to a microimage based at least partly on
intersection of microlens line and the microlens, the microimage formed on the image
sensor by a microlens of the microlens array; and summing pixel values for each of a
plurality of pixels in the microimage, the plurality of pixels located along the image line
mapped to the microimage.

[0009] Another aspect relates to a non-transitory, computer-readable medium
storing instructions that, when executed, cause one or more computing devices to perform
operations comprising receiving Radon image data of an image scene, the Radon image
data representing a luminous density of the image scene as summed values of light energy
in each of a plurality of planes of the image scene; computing an intermediate function of
the Radon image using a back-projection of the Radon image; recovering the luminous
density of the image scene based at least partly on the intermediate function of the Radon
image; and projecting the luminous density onto an image plane to produce a dynamically

refocusable rendered image of the image scene.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The disclosed aspects will hereinafter be described in conjunction with
the appended drawings and appendices, provided to illustrate and not to limit the
disclosed aspects, wherein like designations denote like elements.

[0011] FIG. 1A illustrates an embodiment of conventional plenoptic camera.

[0012] FIG. 1B illustrates an example focused plenoptic camera (Keplerian
telescopic case), according to some embodiments.

[0013] FIG. 1C illustrates an example focused plenoptic camera (Galilean
telescopic case), according to some embodiments.

[0014] FIG. 1D illustrates an example thin plenoptic camera based on
microspheres, according to some embodiments.

[0015] FIG. 2 illustrates a high-level schematic block diagram of an
embodiment of an image capture device having Radon photography capabilities.

[0016] FIG. 3 illustrates an embodiment of a Radon photography process.

[0017] FIG. 4A illustrates an embodiment of a technique of using plenoptic
camera planes for Radon image generation.

[0018] FIG. 4B illustrates an embodiment of a set of pixels or microimages
that can be used in Radon image generation.

[0019] FIG. 4C illustrates an embodiment of a density of lines of integration
that can be used in a method of 3D Radon image generation.

[0020] FIG. 5 illustrates an embodiment of a process for generating a Radon
image from input light field data.

[0021] FIG. 6 illustrates an embodiment of a process for generating plenoptic

image data from a Radon image.

DETAILED DESCRIPTION

Introduction

[0022] Embodiments of the disclosure relate to systems and techniques for
capturing plenoptic image data, processing the plenoptic image data to increase
efficiency, and rendering from the processed plenoptic image data. The Radon
photography techniques described herein can change the structure of captured plenoptic
data to define the radiance of a target image scene in terms of energy contained within
two-dimensional planes rather than within one-dimensional rays, which can effectively

reduce the amount of image data by about an order of magnitude. For example, this can
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be accomplished in some implementations by applying a Radon transform to the
plenoptic image data, generating a Radon image. A dynamically refocusable image can
be rendered from the Radon image by applying the inverse Radon transform to recover
the radiance of the image scene from the Radon image. In one example, a Radon image
can be approximately 1 megabyte (MB) of data while a typical plenoptic image can be
approximately 50 MB of data. This can enable plenoptic imaging on mobile devices with
limited GPU capacity, for example smart phones and tablet computers.

[0023] The Radon photography technique described herein can record
captured plenoptic data using a transform related to the Radon transform to reduce the
quantity of captured plenoptic data. The information captured by plenoptic cameras may
be referred to as the light field, the plenoptic function, or radiance. In computational
photography, a light field (which may also be referred to as radiance, luminous density, or
the plenoptic function) is a four-dimensional record of all one-dimensional light rays in
the three-dimensional space of the target image scene. Radiance describes both spatial
and angular information, and is defined as density of energy per unit of arca per unit of
stereo angle (in radians). A plenoptic camera captures radiance in plenoptic images (also
referred to as flat images, or flats). When processed, plenoptic images may be digitally
refocused, noise may be reduced, viewpoints may be changed, and other plenoptic effects
may be achieved. Note that, in the literature, plenoptic cameras may also be referred to as
light field cameras, and plenoptic images may also be referred to as light field images.

[0024] Using the Radon transform, the four-dimensional radiance data of the
image scene can be represented as an alternative plenoptic function depending on only
three variables, which is the Radon image of the density of virtual light sources. Radon
photography techniques can capture or represent the energy density of a three-
dimensional body in the image scene by cutting it with multiple thin virtual planes and
integrating over each plane. The energy in each plane can be measured to construct the
Radon image. Accordingly, the resulting Radon image can represent the summed values
of energy over each plane between the image plane and the sensor plane rather than
traditional plenoptic image data which represents the values of energy of each light ray
between the image plan and the sensor plane. The Radon image, being a three-
dimensional representation of the four-dimensional radiance of the image scene, is
therefore much more economical in terms of memory and thus faster to render as

compared to previous plenoptic imaging methods.
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[0025] The original three-dimensional luminous density of the scene can be
recovered, for example, by performing an inverse Radon transform, and images from
different views and/or having different depths of focus can be rendered from the luminous
density. In one implementation, the Radon photography technique can effectively
integrate rays that fall within a plane and can evaluate the Radon transform over all
planes passing through a point to perform back projection. Back projection can be the
first step done in order to derive the inverse Radon transform at that point. Specific lines
of integration can be chosen to sample each microlens in the array with a sufficient step
size between adjacent lines of integration to avoid sampling the same set of pixels, which
would lead to redundant information. Through back-projection, application of the
Laplacian of Gaussian operator, and denoising, the Radon photography technique can
determine the luminous density in the scene from the Radon image. Projecting the
luminous density onto an image plane can produce a final image, wherein the final image
can be adjusted to have different views or different depths of focus of the captured image

scene.

Overview of Example Plenoptic Cameras

[0026] FIGS. 1A-1D illustrate various embodiments of plenoptic cameras that
can be used to capture Radon image data according to the Radon photography technique.
The plenoptic imaging systems of FIGS. 1A-1D can be implemented in a variety of
imaging applications, for example still photography, videography, stereoscopic
photography, stercoscopic videography, multispectral photography, and multispectral
videography. Devices such as handheld cameras, tablet computers, mobile phones,
gaming consoles, laptops, personal computers, augmented reality devices such as heads-
up display systems, security cameras, and the like can incorporate the plenoptic imaging
systems of FIGS. 1A-1D.

[0027] FIG. 1A illustrates a conventional plenoptic camera 100a. The
components shown in this Figure are not necessarily to scale relative to each other. A
conventional plenoptic camera can include a main lens 105 and a microlens array 110
placed at distance f in front of a photo sensor 115. In some implementations, a charge-
coupled device (CCD) can be used as the photo sensor 115. In other implementations, a
CMOS imaging sensor can be used as the photo sensor 115. The microlenses 110 can
have aperture d and focal length £, and are assumed to be equally spaced at interval d. The

main lens 105 can be focused at the plane formed by the center of the microlens array 110

-6-
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(“microlens plane”), and the microlenses 110 can be focused at optical infinity
(equivalently, at the main lens 105).

[0028] Considering that the focal length of the main camera lens 105 is much
greater than the focal length of the microlenses 110, each “micro camera” can be focused
at the main camera lens aperture, and not on the object being photographed. Each
microlens image can thus be completely defocused relative to that object, and represents
only the angular distribution of the radiance. As such, these microimages can look blurry
and do not represent a human-recognizable image. Since each microlens image can
sample a given location depending on its position and spans the same angular range as the
other microlens images, rendering an output image from a conventional plenoptic camera
radiance image can be accomplished by integrating all of the pixels under each microlens.
Integrating a fixed portion of the pixels under each microlens can generate an image of
one certain view. In some embodiments, each microlens contributes to a single pixel in
the final generated image.

[0029] FIGS. 1B and 1C illustrate example focused plenoptic cameras 100b
and 100c, respectively, according to some embodiments. The components shown in
FIGS. 1B and 1C are not necessarily to scale relative to each other, nor are the distances
between the components necessarily to scale, nor are the sizes of the components
necessarily to scale. The focused plenoptic cameras 100b, 100c may include at least a
main lens 105, a microlens array 110, and a photo sensor 115. In contrast to the
conventional plenoptic camera system 100a of FIG. 1A, the microlens array 110 of a
focused plenoptic camera 100b, 100c can be focused on an image plane 120 of the main
camera lens instead of at infinity. With a focused plenoptic camera 100b, 100c, each
microlens can reimage the main lens image onto the photo sensor 115. The microlenses
110 can form an array of true images of the main lens image as a relay system, thereby
each forming a microimage on the photo sensor 115.

[0030] An array of micro cameras (formed by the projection of the
microlenses 110 onto the photo sensor 115) observe the “object” in front of them. This
“object” is the aerial 3D image of the scene, formed behind the main camera lens 105,
represented as a shaded ovoid in FIGS. 1B and 1C. Accordingly, the ovoid shaded area
125 in FIGS. 1B and 1C represent the three-dimensional (3D) image formed inside the
camera by the main camera lens. As illustrated, this 3D image 125 may extend behind

the microlenses 110.
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[0031] FIG. 1B illustrates an example of a Keplerian telescopic system 100b
wherein the image plane 120 being imaged is in front of the microlenses 110. If the main
lens 105 forms an image behind the microlenses 110, it is still possible to focus the
microlenses 110 onto that virtual image so that they form a real image on the photo sensor
115, such as in the example Galilean telescopic camera 100c of FIG. 1C. In both the
Keplerian telescopic camera 100b and the Galilean telescopic camera 100c, the microlens

imaging can be described by the lens equation:

1,11 o
a b f
with, respectively, positive a (Keplerian telescopic system 100b) or negative a (Galilean
telescopic system 100c). When remapped onto the photo sensor, the image of the main

lens can be reduced in size. This reduction may be denoted as:

a
m= - )

[0032] As a result of this scaling, the spatial resolution of the radiance
captured by the plenoptic camera is a function of the resolution of the microlens images
and the amount of overlap in rendering, and not of the number of microlenses. This
decoupling of resolution and number of microlenses distinguishes the focused plenoptic
camera 100b, 100c from the conventional plenoptic camera 100a.

[0033] Another difference between the conventional plenoptic camera 100a
and the focused plenoptic camera 100b, 100c is in the nature of the information that is
captured by each microlens. In the conventional plenoptic camera 100a, each microlens
images one position in the scene, capturing all of the angular information there. In the
focused plenoptic camera 100b, 100c, different microlenses capture the same position;
angular information is spread across microlenses. Accordingly, to render flats captured
with the focused plenoptic camera 100b, 100c, the rendering algorithm can integrate
across microlens images, rather than within a single microlens image. That is, assuming
that the task is “imaging the image” that is in focus, the rendering algorithm integrates the
points in the microlenses that correspond to the same position in the image by
overlapping them at a fixed pitch.

[0034] FIG. 1D illustrates an example thin plenoptic camera system 100d
based on microspheres, according to some embodiments. This example thin plenoptic
camera 100d may be similar to the focused plenoptic camera 100c illustrated in FIG. 1C;

however, the microlens array is replaced by microspheres 130. The microspheres 130
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may be attached or fixed to the surface of the photo sensor 115 by any of several
techniques; for example a thin layer (e.g., a few nanometers thick) of a transparent
adhesive material may deposited on the pixel surface of the photo sensor 115, a layer of
molten glass or a similar substance may be deposited on the pixel surface of the photo
sensor 115, or the microspheres 130 may be embedded in a substance that is very flat on
top, while covering the microspheres 130. With appropriately selected and arranged
components, a thin plenoptic camera as illustrated in FIG. 1D may be approximately 5
mm (millimeters) thin, or even thinner, and thus suitable for use in thin mobile devices.
[0035] FIGS. 1A-1D are intended to illustrate example plenoptic camera
systems 110a-110d that can carry out the Radon photography techniques described
herein. However, it will be appreciated that any plenoptic or light field camera capable of
capturing the radiance of an image scene can implement Radon photography techniques
in order to reduce the amount of captured image data. In some embodiments, a camera
can directly capture a 3D Radon image instead of capturing 4D radiance data and

generating the 3D Radon image from the 4D radiance data.

Overview of Example System

[0036] FIG. 2 illustrates a high-level schematic block diagram of an
embodiment of an image capture device 200 having Radon photography capabilities, the
device 200 having a set of components including an image processor 220 linked to a
camera assembly 201. The image processor 220 is also in communication with a working
memory 265, memory 230, and device processor 255, which in turn is in communication
with storage 270 and an optional electronic display 260.

[0037] Device 200 may be a cell phone, digital camera, tablet computer,
personal digital assistant, or the like. There are many portable computing devices in
which rendering from a reduced quantity of plenoptic image data such as is described
herein would provide advantages. Device 200 may also be a stationary computing device
or any device in which the Radon photography technique would be advantageous. A
plurality of applications may be available to the user on device 200. These applications
may include traditional photographic and video applications, high dynamic range
imaging, panoramic photo and video, multispectral photo and video, stereoscopic imaging
such as 3D images or 3D video, and plenoptic photo and video.

[0038] The image capture device 200 includes plenoptic camera assembly 201

for capturing external images. The camera 201 can be any of the plenoptic camera
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configurations 100a-100d described above with respect to FIGS. 1A-1D, in some
embodiments. Although depicted with a main lens 205, microlens A 210a through
microlens N 210n, and a single image sensor 215, embodiments of camera 201 other than
the example illustration can have any combination of some or all of the main lens 205,
microlens array 210a-210n, and sensor 215 capable of capturing the radiance data of a
target image scene. In general, N microlenses can be used, where N 2 2. Some
embodiments of the plenoptic camera assembly 201 can have additional components, for
example additional lens assemblies and corresponding additional image sensors for
capture of stereoscopic or multispectral plenoptic image data. In some embodiments,
device 200 can include additional camera assemblies, for example a traditional (non-
plenoptic) camera assembly in addition to the plenoptic camera assembly 201. The
plenoptic camera assembly 201 can be coupled to the image processor 220 to transmit
captured image to the image processor 220.

[0039] The image processor 220 may be configured to perform various
processing operations on received image data comprising N microimages corresponding
to the N microlenses in order to execute the Radon photography technique. Processor
220 may be a general purpose processing unit or a processor specially designed for
imaging applications. Examples of image processing operations include cropping, scaling
(e.g., to a different resolution), image stitching, image format conversion, color
interpolation, color processing, image filtering (e.g., spatial image filtering), lens artifact
or defect correction, etc. Processor 220 may, in some embodiments, comprise a plurality
of processors. Processor 220 may be one or more dedicated image signal processors
(ISPs) or a software implementation of a processor.

[0040] As shown, the image processor 220 is connected to a memory 230 and
a working memory 265. In the illustrated embodiment, the memory 230 stores capture
control module 235, Radon photography module 240, and operating system 250. The
Radon photography module240 includes sub-modules: Radon image generator 242,
luminous density calculator 244, and flat rendering module 246. The modules of the
memory 230 include instructions that configure the image processor 220 of device
processor 255 to perform various image processing and device management tasks.
Working memory 265 may be used by image processor 220 to store a working set of
processor instructions contained in the modules of memory 230. Alternatively, working
memory 255 may also be used by image processor 220 to store dynamic data created

during the operation of device 200.

-10-
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[0041] As mentioned above, the image processor 220 is configured by several
modules stored in the memories. The capture control module 235 may include
instructions that configure the image processor 220 to adjust the focus position of
plenoptic camera assembly 201. Capture control module 235 may further include
instructions that control the overall image capture functions of the device 200. For
example, capture control module 235 may include instructions that call subroutines to
configure the image processor 220 to capture raw plenoptic image data of a target image
scene using the plenoptic camera assembly 201. In one embodiment, capture control
module 235 may then call the Radon photography module 240 to reduce the size of the
captured plenoptic image data and output the reduced size image data to the imaging
processor 220. In another embodiment capture control module 235 may then call the
Radon photography module 240 to perform a rendering operation on the raw plenoptic
data in order to output a flat, refocusable image to imaging processor 220. Capture
control module 235 may also call the Radon photography module 240 to perform a
rendering operation on raw plenoptic image data in order to output a preview image of a
scene to be captured, and to update the preview image at certain time intervals, when the
scene in the raw image data changes, or when a user changes the focus of the preview
image.

[0042] Radon photography module 240 can call sub-modules Radon image
generator 242, luminous density calculator 244, and flat rendering module 246 to perform
different portions of the plenoptic data processing and image rendering operations. The
Radon image generator 242 can include instructions that configure the image processor
220 to generate a Radon image, the Radon image being a relatively smaller quantity of
data compared to the raw plenoptic image data. For example, Radon image generator 242
can include instructions that configure the image processor 220 to apply a Radon
transform to plenoptic image data. Some embodiments of the Radon image generator 242
can operate on stored plenoptic image data, while other embodiments of the Radon image
generator 242 can change the structure of plenoptic image data as it is captured prior to
storage. For example, the pixels or microimages of a photo sensor can be scanned in
rows or lines corresponding to intersection lines with a plane of integration, and the
values of the light rays incident on those pixels or microimages can be integrated, as will
be discussed in more detail below. In some embodiments, the Radon photography

module 240 can transmit the Radon image to the image processor 220 for storage in the
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storage module 270. In some embodiments, the Radon photography module 240 can
transmit the Radon image to the luminous density calculator 244.

[0043] The luminous density calculator 244 can include instructions that
configure the processor 220 to perform processing operations on the Radon image to
generate plenoptic image data from the Radon image. For example, the luminous density
calculator 244 can include instructions that configure the processor 220 to apply an
inverse Radon transform to the Radon image to recover the original luminous density
captured by the plenoptic camera assembly 201, or to recover an approximation of the
original luminous density.

[0044] The flat rendering module 246 can include instructions that configure
the image processor 220 to perform a rendering operation on the output of the luminous
density calculator 244. For example, the flat rendering module 246 can include
instructions that configure the image processor 220 to output an image (sometimes
referred to as a “flat” in plenoptic photography) by projecting the luminous density onto
an image plane, which can produce a flat at different viewpoints or different depths of
focus. The processor 220 can store the image or output the image for display to a user,
wherein the user can dynamically refocus the image through a range of focus depths
captured by the plenoptic image data, and can dynamically adjust a viewpoint of the
image through a range of viewpoints captured by the plenoptic image data. As the user
inputs commands to adjust the focus and/or viewpoint of the image, the flat rendering
module 246 can include instructions that cause the image processor 220 to respond to the
user commands and render an updated image. In some embodiments, the flat rendering
module 246 can include instructions that configure the image processor 220 to output a
three-dimensional or stercoscopic image and to update the image based on user input.

[0045] Operating system module 250 configures the image processor 220 to
manage the working memory 265 and the processing resources of device 200. For
example, operating system module 250 may include device drivers to manage hardware
resources such as the camera assembly 201. Therefore, in some embodiments,
instructions contained in the image processing modules discussed above may not interact
with these hardware resources directly, but instead interact through standard subroutines
or APIs located in operating system component 250. Instructions within operating system
250 may then interact directly with these hardware components. Operating system
module 250 may further configure the image processor 220 to share information with

device processor 255.
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[0046] Device processor 255 may be configured to control the display 260 to
display the captured image, or a preview of the captured image, to a user. The display
260 may be external to the imaging device 200 or may be part of the imaging device 200.
The display 260 may also be configured to provide a view finder displaying a preview
image for a use prior to capturing an image, or may be configured to display a captured
image stored in memory or recently captured by the user. The display 260 may comprise
an LCD or LED screen, and may implement touch sensitive technologies.

[0047] Device processor 255 may write data to storage module 270, for
example data representing captured images. While storage module 270 is represented
graphically as a traditional disk device, those with skill in the art would understand that
the storage module 270 may be configured as any storage media device. For example, the
storage module 270 may include a disk drive, such as a floppy disk drive, hard disk drive,
optical disk drive or magneto-optical disk drive, or a solid state memory such as a
FLASH memory, RAM, ROM, and/or EEPROM. The storage module 270 can also
include multiple memory units, and any one of the memory units may be configured to be
within the image capture device 200, or may be external to the image capture device 200.
For example, the storage module 270 may include a ROM memory containing system
program instructions stored within the image capture device 200. The storage module
270 may also include memory cards or high speed memories configured to store captured
images which may be removable from the camera. The storage module 270 can also be
external to device 200, and in one example device 200 may wirelessly transmit data to the
storage module 270, for example over a network connection.

[0048] Although Figure 2 depicts a device having separate components to
include a processor, imaging sensor, and memory, one skilled in the art would recognize
that these separate components may be combined in a variety of ways to achieve
particular design objectives. For example, in an alternative embodiment, the memory
components may be combined with processor components, for example to save cost
and/or to improve performance.

[0049] Additionally, although Figure 2 illustrates two memory components,
including memory component 230 comprising several modules and a separate memory
265 comprising a working memory, one with skill in the art would recognize several
embodiments utilizing different memory architectures. For example, a design may utilize
ROM or static RAM memory for the storage of processor instructions implementing the

modules contained in memory 230. The processor instructions may be loaded into RAM
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to facilitate execution by the image processor 220. For example, working memory 265
may comprise RAM memory, with instructions loaded into working memory 265 before

execution by the processor 220.

Overview of Example Radon Photography Process

[0050] FIG. 3 illustrates an embodiment of a Radon photography process 300.
The process 300 is described as being executed by the Radon photography module 240
and its subcomponents, described above with respect to FIG. 2. However, this is for
illustrative purposes and is not meant to limit the process 300, which can be executed by
any device or system having Radon photography capabilities.

[0051] At block 305, the Radon photography module 240 can receive
plenoptic image data, for example from the plenoptic camera assembly 201, which can be
any of the plenoptic cameras 100a-100d represented by FIGS. 1A-1D or any other camera
capable of capturing plenoptic or light field image data. The Radon photography module
240 may receive a complete set of plenoptic image data after image capture in some
embodiments. In other embodiments, the Radon photography module 240 may receive
plenoptic image data during image capture. For example, the Radon photography module
240 may receive the plenoptic image data in portions corresponding to predetermined
planes of integration in one example.

[0052] At block 310, the Radon image generator 242 of the Radon
photography module 240 can generate a Radon image from the input plenoptic image
data. For example, the Radon image generator 242 can apply the Radon transform to
calculate the integral of the value of light rays in one or more planes of integration.

[0053] Given a luminous density f(x,y,z), the Radon image f@,(p (r) can be
computed by integrating the function value over all possible planes in one embodiment.
In another embodiment, a subset of all possible planes can be identified for computing the
Radon image ngj(p (r). The plane(s) of integration can be planes normal to and
intersecting the sensor plane of the plenoptic camera, and the position and location of the
plane(s) of integration can determined based on the configuration of the sensor such that
each distinct pixel of the sensor (or each distinct microimage formed on the sensor by the
microlens array) is sampled by at least one plane of integration.

[0054] The Radon transform in three dimensions can be expressed as:
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fa,b,c(r)=f_ f f f(x,y,2)8(az + by — r)dxdydz 3

[0055] A parameterization of a plane, given by the parameters ¢, 8,7 can be
beneficial in some embodiments for computing the inverse Radon transform used to
render images from the Radon image. Accordingly, the Radon transform for a plane

defined in polar coordinates can be expressed as Equation (4), below:

400 400 400
fa_b_c(r) = f f f f(x,y,2)8(xcos@sinf +ysingsing +zcosf —r)dxdydz (4)

[0056] An example of the Radon photography technique can effectively
integrate all rays that fall within the plane then apply the inverse Radon transform (i.e.,
the inverse of Equations (3) or (4), as will be explained in more detail with respect to
block 315.

[0057] At block 315, the luminous density calculator 244 of the Radon
photography module 240 can sum over all of the planes of the Radon image passing
through a point. This can calculate a back-projection of the Radon image. For example,
the luminous density calculator 244 can apply an inverse Radon transform to the Radon
image as described below in Equation (5). Luminous density calculator 244 can take the
input Radon image fgj(p (r) and reproduce the luminous density f(x,y,z). By applying
the inverse Fourier transform and Fourier Slice Theorem, the expression for determining

the inverse Radon transform can be:

2n om
f@nD) = byl | [ foglrrsing dodo) )
»=076=0
where 7 is given by:
r=2xCcoS@sing +ysingsind +zcosb (6)
Notably, Equation (5) has the same form as the Poisson equation. Accordingly, the back-

projection of the Radon image can be expressed as:

21 T
fix,y,2) = szoz:e:ofg_(p (r)sin @ (7)

where 7 is given by Equation (6) and f' represents the backprojected Radon image. In some
embodiments, f! can look like a burred version of the actual function

[0058] At block 320, the luminous density calculator 244 can apply a three-
dimensional Laplacian of Gaussian to the back-projection f! in order to recover the
original luminous density of the image scene, or an approximation thereof. In some
embodiments this can produce a noisy version of the original function f(x,y, z), which

after denoising can provide the density of the virtual light sources. Accordingly, in some
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embodiments the luminous density calculator 244 can perform denoising on the back-
projection f1! after applying the three-dimensional Laplacian of Gaussian.

[0059] At block 325, the Radon photography module 240 can output the
luminous density of the plenoptic data, for example in one embodiment for rendering an
image with dynamic focus and vantage point. Projecting the luminous density onto an
image plane can produce images of the target image scene at different depths of focus or
different vantage points. In one embodiment, the flat rendering module 246 can perform
rendering of images from the luminous density. In another embodiment, the Radon
photography module 240 can output the luminous density for storage.

[0060] At block 330, the flat rendering module 246 can project the luminous
density onto an image plane to produce a dynamically refocusable rendered image of the
image scene. The rendered image is referred to as “dynamically refocusable” due to the
fact that, based on the luminous density, images from different viewpoints and/or having
different depths of focus can be rendered of the same image scene.

[0061] At optional block 335, the flat rendering module 246 can adjust the
focus and/or vantage point of the rendered image based on user input. For example, flat
rendering module 246 can receive an indication of user input from device processor 255
indicating that the user has selected an option to adjust one or both of the vantage point
from which the rendered image appears to have been taken or the depth of focus of the

rendered image.

Overview of Example Radon Image Generation Process

[0062] FIG. 4A illustrates an embodiment of plenoptic camera planes 400 that
can be used in Radon image generation. The planes 400 can include an image plane 405,
a microlens plane 430, a plane of integration 415, and a sensor plane 435. The image
plane 405 can represent a plane formed by the image plane, for example a plane passing
through the point of focus of a main lens of a plenoptic camera. The microlens plane 430
can represent a plane formed through a microlens array of a plenoptic camera, for
example a plane bisecting each of the lenses of the microarray. The plane of integration
415 can represent a plane intersecting both the image plane 405 and the microlens plane
430. Although the plane of integration 415 is depicted in a certain location relative to the
other planes, in some embodiments the location of the plane of integration 415 can vary
based on the parameters of the photo sensor, and in addition multiple planes of integration

can be used to generate a Radon image, as will be discussed in more detail below. The
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sensor plane 435 can represent a plane formed by the surface of a photo sensor of a
plenoptic camera, and can include a plurality of regions 440 corresponding to
microimages formed by the microlenses within the microlens array.

[0063] Correct parameterization of the objects involved can aid in efficient
computing of the Radon image. In one embodiment, 2-plane parameterization can be
used for representing light fields where the first two parameters (a first coordinate) denote
the location of the start point of the ray 420 under consideration on the image plane 405
and the last two parameters (a second coordinate) denote the location of the end point of
the ray 420 on the microlens plane 430, where the image plane 405 and the microlens
plane 430 can be separated by a distance A.

[0064] To compute the integral over light rays 420 lying in the plane of
integration 415, the Radon photography technique can determine the pixels onto which
image line 410 is mapped in the corresponding microimages 440 of the microlenses lying
along the microlens line 425. In one embodiment, each microlens can correspond to one
microimage, and each microimage can correspond to one pixel of the image sensor. In
another embodiment, each microimage can correspond to a plurality of pixels of the
image sensor. The image line 410 can represent a vector passing through the intersection
of the image plane 405 and the plane of integration 415. The microlens line 425 can
represent a vector passing through the intersection of the plane of integration 415 and the
microlens plane 430.

[0065] In order to locate the pixels/microimages lying along the microlens line
425, the Radon photography technique can compute the focal length of a microlens and
compute the magnification of the microlens using Equation (1) above. This can be
computed, in some embodiments, for each microlens in the array that intersects with the
microlens line, allowing the Radon photography technique to locate the pixels
corresponding to the rays 420 lying in the plane of integration.

[0066] An example of a simple model for the plenoptic camera is illustrated in
FIG. 4A where the light rays, after entering the camera through the main lens, form a real
image at plane P1 405. This image is re-imaged by each of the microlenses located at
plane P2 430 onto the sensor plane 435. The Radon photography technique can
determine the sum over all rays 420 that lie in an arbitrary plane P 415.

[0067] To compute the integral of rays lying in plane P 415, one needs to
determine the corresponding pixels on the sensor plane 435 where the rays are mapped by

each of the microlenses. For this purpose, the Radon photography technique can
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determine the image of line [; 410 as produced by an arbitrary microlens, placed at
(x0,¥0)- The equation of line /; can be given by:
ax+by=r (8)
[0068] Similarly, the equation of line [, can be given by:
ax+by=r=cA 9)
[0069] The image of a point (x, y) by the microlens placed at (x,, yo) can be
given by:
x1 = —M(x—xp), y1=—-MQy —yo) (10)
where M is the magnification of the microlens. Substituting the values of x and y from
the above equations into the equation of line [; 410 written in the form of y = mx + d,
we get:
y1 = mx; —M(mxo +d —yo) (11)
[0070] Note that for Equation (11), the origin is fixed at the intersection of the
optical axis of the microlens plane 430 and the sensor plane 430, M is the microlens

magnification, m equals the slope of the microlens line 425, and
—a

m=7=cot9 (12)
d_r_ r
b singsiné (13)

The Radon image fgw (r) can be obtained by summation over all pixels that lie on the
line represented by Equation (11), for each microlens intersected by plane P 415. These
pixels are represented in FIG. 4A by line of intersection 445.

[0071] FIG. 4B illustrates an embodiment of a set of pixels or microimages
440 that can be used in Radon image generation. FIG. 4B illustrates one example of how
a set of microimages or pixels 440 can be selected from the plurality of microimages or
pixels 440 of the plenoptic camera photo sensor once an intersection line 445 is
determined according to Equations (8) through (11) above. In the illustrated example,
cach microimage/pixel 440 that the line 445 passes through(depicted using the orange
color) can be selected for computing the Radon transform of the corresponding plane of
integration 415, as represented by the shaded microimages 450. The Radon transform
can be calculated using pixel values of the selected microimages 450. FIG. 4B illustrates
one example of integrating over the pixels 450 in a given microimage, which can be done
by adding up pixel intensity values. In order to compute the Radon image f, multiple

planes of integration are used, as discussed above with respect to block 315 of FIG. 3.
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[0072] FIG. 4C illustrates an embodiment of lines of integration 460 that can
be used in Radon image generation. The lines of integration 460 can correspond to a
plurality of intersection lines- that is, the mapping of image lines/microlens lines onto the
sensor plane 435- and therefore represent edges of a plurality of planes of integration used
to generate a Radon image f.

[0073] As shown in FIG. 4C, a plurality of lines of integration 460 sample
distinct microimages 440 corresponding to the microlenses of the plenoptic camera when
the steps by which ¢ 455 is varied are high enough. One way to ensure that each
microimage 440 is sampled by at least one line of integration 460 is to generate lines from
a starting point on the sensor plane 435 (here illustrated as a corner of the sensor plane
435) to each the microimages 440 along at least one border of the sensor plane 435 (here
illustrated as ending approximately in the center of the outer edge of each microimage
440, the outer edge being a border of the sensor plane 435). The angles formed by each
pair of adjacent lines can be measured, and the smallest angle can be selected as the step
size ¢ 455. This represents one example of determining a step size for ¢.

[0074] The choices for the start and end values and the step size for the
parameters ¢, 8, and r in the equations above can determine the sampling of the light
field space. The parameter ¢ can represent the step size between lines of integration over
a plenoptic sensor. One embodiment for determining the step size for ¢ is described
above with respect to FIG. 4C. In another embodiment, ¢ can be varied in steps of size
one degree from zero 360. This sampling can be sufficient in one example for images
captured using a plenoptic sensor having a 75x75 area. Denser sampling (e.g., smaller
step size for ¢) may not provide additional information due to adjacent lines sampling the
same set of pixels, leading to redundant information, larger data size for the Radon image,
greater processor usage, and longer run times.

[0075] The choice of location for the origin, which is the center of the sphere
used for parameterizing planes, can also have an impact on the computing required for the
Radon transform. Locating the origin at the center of the point cloud of the scene as
imaged by the main lens may provide for marginally better quality sampling, however
computing the center accurately can be costly and is not required. Accordingly, some
embodiments can compute the center, while other embodiments can approximate the

center by using the following formula:
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1 1

B +
( Mfarthest) (14)

Mclosest

center =
2

where Mijosest and Mygyipese are the minimum and maximum values of magnification for
the scene under consideration with respect to the microlens array and B represents the
distance between the microlens plane 430 and the sensor plane 435. One example of
computing the approximate magnification of a given point with respect to a microlens
array is given by the ratio between the number of times the point is repeated in a row and
the number of horizontal pixels in a microimage.

[0076] The parameter r can represent a vector passing through the origin
which is also perpendicular to the plane of integration. The maximum value that r can
have in one embodiment (73,4, ) 1S the length of the diagonal of an image formed on the
sensor, determined from the number of pixels in the vertical and horizontal directions. In
one embodiment, 7 can be varied in steps of one between 1 and 7;,,,, as a smaller step
size may not significantly improve reconstruction of the plenoptic function from the
Radon image due the sensor tolerance of one pixel. Smaller step size may, however,
contribute to a significant increase in run time due to denser sampling.

[0077] The parameter 6 can represent an angle between the vector r and the z-
axis in an (x,y,z) coordinate system mapped to the three-dimensional image scene. In the
above equations, the interval over which 6 is varied substantially contributes to
refocusing due to its association with depth values along the z-axis in the data
representing three-dimensional target image scene. In one embodiment, 8 can be varied
between 80 and 100 with a step size of one.

[0078] FIG. 5 illustrates an embodiment of a process 500 for generating a
Radon image from input light field data. The process 500 is described as being executed
by the Radon photography module 240 and its subcomponents, described above with
respect to FIG. 2. However, this is for illustrative purposes and is not meant to limit the
process 500, which can be executed by any device or system having Radon photography
capabilities.

[0079] At block 505, the Radon photography module 240 can receive
plenoptic image data, for example from the plenoptic camera assembly 201, which can be
any of the plenoptic cameras 100a-100d represented by FIGS. 1A-1D or any other camera
capable of capturing plenoptic or light field image data. The Radon photography module

240 may receive a complete set of plenoptic image data after image capture in some
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embodiments. In other embodiments, the Radon photography module 240 may receive
plenoptic image data during image capture. For example, the Radon photography module
240 may receive the plenoptic image data in portions corresponding to predetermined
planes of integration in one example.

[0080] At block 510, the Radon image generator 242 can identify a plane of
integration. In some embodiments, the Radon image generator 242 can receive data
indicating sensor parameters such as pixel size, and can determine one or more planes of
integration that collectively operate to sample each distinct pixel of, or microimage
formed on, the sensor as is described above with respect to FIG. 4C. In other
embodiments, the Radon image generator 242 can receive data indicating the number and
location of the planes of integration, for example from image processor 220 retrieving
such information from data store 270. For example, the plane or planes of integration
needed for generating a Radon image can be predetermined for a sensor. In some
embodiments, block 510 may be optional. Predetermined planes of integration can be
used to scan only pixels, or a plurality of pixels corresponding to microimages, for pixels
or microimages predetermined to intersect with the plane of integration, and this partial
plenoptic image data can be sent to the Radon photography module 240 for application of
the Radon transform.

[0081] At block 515, the Radon image generator 242 can determine a
microlens line representing the intersection of the determined plane of integration and the
microlens array of the plenoptic camera. For example, a microlens line 425 is illustrated
above with respect to FIG. 4A. At block 520, the Radon image generator 242 can map
the microlens line to specific pixels and/or microimages on the sensor. This can be
accomplished, in one example, by Equation (11) described above. In some embodiments,
planes of integration and their corresponding microlens lines and pixels/microimages
mapped to the microlens lines can be computed in advance of image capture, and this data
can be retrieved by the Radon image generator 242 during application of the Radon
transform to input plenoptic image data. In further embodiments, the pre-computed data
indicating pixels mapped to predetermined microlens lines can be used to segment data as
it is captured by the sensor, sending only pixel values relevant to the current plane of
integration to the Radon image generator, and blocks 515 and 520 can be optional.

[0082] At block 525, the Radon image generator 242 can calculate the sum of
pixel values that are mapped to the microlens line. This can be done individually by

microimage for each pixel within the microimage that is mapped to the microlens line in
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one embodiment. In one example, the Radon image generator 242 can calculate the sum
of the pixel values using either of Equations (3) and (4) above.

[0083] The process 500 as detailed above can be repeated, in some
embodiments, for each plane of integration determined to be needed for computing the
Radon image.

[0084] Some embodiments of the process 500 can be implemented after image
capture to change the structure of existing or stored plenoptic image data. Other
embodiments of the process 500 can be implemented during image capture to change the
structure of plenoptic image data as it is captured. For example, intersection lines can be
predetermined prior to image capture such that the intersection lines sample each distinct
pixel or microimage, as illustrated by FIG. 4C. Pixels corresponding to the intersection
lines can be determined according to Equation (11) above. During image capture, the
pixels of the photo sensor can be scanned in rows or lines according to the corresponding
intersection lines. Some embodiments may scan the pixels sequentially for each
intersection line, and accordingly the integral value of each plane of integration
corresponding to the intersection lines can be sequentially calculated, for example based
at least partly on the pixel intensity values. In other embodiments the values for the
planes of integration can be computed in parallel. The values of the light rays
(represented by pixel values) incident on those pixels or microimages can be summed or
integrated according to the Radon transform of the plane expressed in Equation (4). The
resulting values, representing the sum of light rays over the planes of integration, can be
stored as a Radon image. In one embodiment, the Radon image data can be represented
as an array of values with one value for each sampled plane, wherein the values in the

array are the sum of light rays over that plane.

Overview of Example Process for Integration of a Radon Image

[0085] FIG. 6 illustrates an embodiment of a process 600 for generating
plenoptic image data from a Radon image. The process 600 is described as being
executed by the Radon photography module 240 and its subcomponents, described above
with respect to FIG. 2. However, this is for illustrative purposes and is not meant to limit
the process 600, which can be executed by any device or system having Radon
photography capabilities.

[0086] At block 605, the luminous density calculator 244 can receive Radon

image data, for example from the Radon image calculator 242 or from the image
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processor 220 retrieving a Radon image stored in the storage 270. The Radon image can
be an expression of a plenoptic function in terms of summed energy over planes
intersecting the image sensor of the capturing plenoptic camera rather than the traditional
expression of plenoptic image data in terms of summed energy of rays incident on the
image sensor.

[0087] At block 610, the luminous density calculator 244 can calculate an
intermediate function through back-projection of the Radon image. In one embodiment,
this can be accomplished through Equation (7) defined above. Back projection can take
the Radon image function, defined on each plane in the three-dimensional image space,
and projects the planes over the image space to reproduce the original luminous density.
The back-projection can be a blurry version of the original plenoptic function in some
embodiments.

[0088] At block 615, the luminous density calculator 244 can apply the
Laplacian of Gaussian operator to the blurry back-projection in order to sharpen the back-
projection and bring it closer to the original plenoptic function. However, application of
the Laplacian of Gaussian operator can add undesirable noise to the back-projection in
some embodiments.

[0089] Accordingly, at block 620, the luminous density calculator 244 can
denoise the back-projection after application of the Laplacian of Gaussian operator to
recover the original plenoptic function, or to substantially recover the original plenoptic

function.

Implementing Systems and Terminology

[0090] Implementations disclosed herein provide systems, methods and
apparatus for capturing and rendering from plenoptic image data. One skilled in the art
will recognize that these embodiments may be implemented in hardware, software,
firmware, or any combination thereof.

[0091] In some embodiments, the circuits, processes, and systems discussed
above may be utilized in a wireless communication device. The wireless communication
device may be a kind of electronic device used to wirelessly communicate with other
clectronic devices. Examples of wireless communication devices include cellular
telephones, smart phones, Personal Digital Assistants (PDAs), e-readers, gaming systems,

music players, netbooks, wireless modems, laptop computers, tablet devices, etc.
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[0092] The wireless communication device may include one or more image
sensors, two or more image signal processors, a memory including instructions or
modules for carrying out the CNR process discussed above. The device may also have
data, a processor loading instructions and/or data from memory, one or more
communication interfaces, one or more input devices, one or more output devices such as
a display device and a power source/interface. The wireless communication device may
additionally include a transmitter and a receiver. The transmitter and receiver may be
jointly referred to as a transceiver. The transceiver may be coupled to one or more
antennas for transmitting and/or receiving wireless signals.

[0093] The wireless communication device may wirelessly connect to another
electronic device (e.g., base station). A wireless communication device may alternatively
be referred to as a mobile device, a mobile station, a subscriber station, a user equipment
(UE), a remote station, an access terminal, a mobile terminal, a terminal, a user terminal,
a subscriber unit, etc. Examples of wireless communication devices include laptop or
desktop computers, cellular phones, smart phones, wircless modems, e-readers, tablet
devices, gaming systems, etc. Wireless communication devices may operate in
accordance with one or more industry standards such as the 3rd Generation Partnership
Project (3GPP). Thus, the general term “wireless communication device” may include
wireless communication devices described with varying nomenclatures according to
industry standards (e.g., access terminal, user equipment (UE), remote terminal, etc.).

[0094] The functions described herein may be stored as one or more
instructions on a processor-readable or computer-readable medium. The term “computer-
readable medium” refers to any available medium that can be accessed by a computer or
processor. By way of example, and not limitation, such a medium may comprise RAM,
ROM, EEPROM, flash memory, CD-ROM or other optical disk storage, magnetic disk
storage or other magnetic storage devices, or any other medium that can be used to store
desired program code in the form of instructions or data structures and that can be
accessed by a computer. Disk and disc, as used herein, includes compact disc (CD), laser
disc, optical disc, digital versatile disc (DVD), floppy disk and Blu-ray® disc where disks
usually reproduce data magnetically, while discs reproduce data optically with lasers. It
should be noted that a computer-readable medium may be tangible and non-transitory.
The term “computer-program product” refers to a computing device or processor in
combination with code or instructions (e.g., a “program”) that may be executed,

processed or computed by the computing device or processor. As used herein, the term
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“code” may refer to software, instructions, code or data that is/are executable by a
computing device or processor.

[0095] Software or instructions may also be transmitted over a transmission
medium. For example, if the software is transmitted from a website, server, or other
remote source using a coaxial cable, fiber optic cable, twisted pair, digital subscriber line
(DSL), or wireless technologies such as infrared, radio, and microwave, then the coaxial
cable, fiber optic cable, twisted pair, DSL, or wircless technologies such as infrared,
radio, and microwave are included in the definition of transmission medium.

[0096] The methods disclosed herein comprise one or more steps or actions
for achieving the described method. The method steps and/or actions may be
interchanged with one another without departing from the scope of the claims. In other
words, unless a specific order of steps or actions is required for proper operation of the
method that is being described, the order and/or use of specific steps and/or actions may
be modified without departing from the scope of the claims.

[0097] It should be noted that the terms “couple,” “coupling,” “coupled” or
other variations of the word couple as used herein may indicate either an indirect
connection or a direct connection. For example, if a first component is “coupled” to a
second component, the first component may be either indirectly connected to the second
component or directly connected to the second component. As used herein, the term
“plurality” denotes two or more. For example, a plurality of components indicates two or
more components.

[0098] The term “determining” encompasses a wide variety of actions and,
therefore, “determining” can include calculating, computing, processing, deriving,
investigating, looking up (e.g., looking up in a table, a database or another data structure),
ascertaining and the like. Also, “determining” can include receiving (e.g., receiving
information), accessing (e.g., accessing data in a memory) and the like. Also,
“determining” can include resolving, selecting, choosing, establishing and the like.

[0099] The phrase “based on” does not mean “based only on,” unless
expressly specified otherwise. In other words, the phrase “based on” describes both
“based only on” and “based at least on.”

[0100] In the foregoing description, specific details are given to provide a
thorough understanding of the examples. However, it will be understood by one of
ordinary skill in the art that the examples may be practiced without these specific details.

For example, electrical components/devices may be shown in block diagrams in order not
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to obscure the examples in unnecessary detail. In other instances, such components, other
structures and techniques may be shown in detail to further explain the examples.

[0101] Headings are included herein for reference and to aid in locating
various sections. These headings are not intended to limit the scope of the concepts
described with respect thereto. Such concepts may have applicability throughout the
entire specification.

[0102] It is also noted that the examples may be described as a process, which
is depicted as a flowchart, a flow diagram, a finite state diagram, a structure diagram, or a
block diagram. Although a flowchart may describe the operations as a sequential process,
many of the operations can be performed in parallel, or concurrently, and the process can
be repeated. In addition, the order of the operations may be re-arranged. A process is
terminated when its operations are completed. A process may correspond to a method, a
function, a procedure, a subroutine, a subprogram, etc. When a process corresponds to a
software function, its termination corresponds to a return of the function to the calling
function or the main function.

[0103] The previous description of the disclosed implementations is provided
to enable any person skilled in the art to make or use the present invention. Various
modifications to these implementations will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied to other implementations
without departing from the spirit or scope of the invention. Thus, the present invention is
not intended to be limited to the implementations shown herein but is to be accorded the

widest scope consistent with the principles and novel features disclosed herein.

6-
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WHAT IS CLAIMED I8S:

1. A system in an electronic device for rendering a final image, the system
comprising:

a plenoptic camera including a microlens array and an image sensor, the
plenoptic camera configured to capture plenoptic image data of an image scene;
and

one or more processors in data communication with the plenoptic camera
and configured to at least:

receive the captured plenoptic image data, the captured plenoptic

image data including a plurality of microimages each formed by one of a

plurality of microlenses in the microlens array focusing light from the

image scene onto the image sensor,

determine a plurality of lines of integration located within a plane
bisecting the microlens array, each of the plurality of lines of integration
corresponding to a plane extending through three dimensional space of the
image scene, and

generate a Radon image based at least partly on a plurality of pixels
of the plenoptic image data corresponding to the plurality of lines of

integration.

2. The system of claim 1, wherein the one or more processors are further
configured to, for each of the plurality of lines of integration, determine a corresponding
image line by mapping one line of the plurality of lines of integration to at least one

corresponding microimage of the plurality of microimages.

3. The system of claim 2, wherein the one or more processors are further
configured to identify the plurality of pixels based at least partly on intersection of the

corresponding image line with the plurality of pixels.

4. The system of claim 3, wherein the one or more processors are further
configured to generate a plurality of summed pixel values by, for each of the plurality of
lines of integration, determining a sum of pixel values associated with each of the

plurality of pixels intersecting the corresponding image line.
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5. The system of claim 4, wherein the one or more processors are further
configured to generate the Radon image as an array of the plurality of summed pixel

values.
6. The system of claim 4, wherein the pixel values are intensity values.

7. A system in an electronic device for rendering a final image, the system
comprising:

a first module configured to at least access data representing a Radon
image, the Radon image representing, for each sampled plane of a plurality of
sampled planes of an image scene, a sum of light energy in the sampled plane;

a second module configured to at least determine a luminous density of the
image scene based at least partly on integrating the sum of light energy from each
sampled plane of the plurality of sampled planes of the Radon image; and

a third module configured to at least project the luminous density onto an

image plane to produce the final image.

8. The system of claim 7, wherein the final image can be adjusted to have

different viewpoints or different depths of focus of the captured image scene.

9. The system of claim 7, wherein the Radon image is generated from captured

plenoptic image data of the image scene.

10. The system of claim 9, wherein the captured plenoptic image data expresses a
light field of the image scene in terms of intensity of a plurality of rays of light incident

on an image sensor from objects in the image scene.

11. The system of claim 10, wherein the Radon image expresses the light field in
terms of energy contained in planes located in the image scene, the planes intersecting the

image sensor.

12. The system of claim 9, wherein the first module is further configured to
receive the captured plenoptic image data and generate the Radon image from the

captured plenoptic image data.

8-
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13. The system of claim 9, further comprising a plenoptic camera configured for

capture of plenoptic image data of the image scene.

14. The system of claim 13, wherein the plenoptic camera comprises a main lens,

a microlens array including a plurality of microlenses, and an image sensor.

15. The system of claim 14, wherein the plurality of microlenses each comprise a

microsphere.

16. The system of claim 7, wherein the first module is configured to access the

data representing the Radon image by retrieving the Radon image from a data store.

17. The system of claim 7, wherein the second module is configured to determine
the luminous density of the image scene based at least partly on calculating a back-

projection of the Radon image.

18. The system of claim 17, wherein the second module is further configured to at

least apply a Laplacian of Gaussian operator to the back-projection.

19. The system of claim 18, wherein the second module is further configured to at

least denoise the back-projection after applying the Laplacian of Gaussian operator.

20. A method for compressing plenoptic image data, the method comprising:

receiving at least a portion of data representing a plenoptic image of a
three-dimensional image space from a plenoptic camera having a microlens array
and an image sensor;

identifying a plane of integration intersecting a microlens plane, the
microlens plane bisecting the microlens array;

determining an image line intersecting the plane of integration and an
image plane located a first distance from the microlens plane;

determining a microlens line intersecting the plane of integration and the
microlens plane;

mapping the image line to a microimage based at least partly on
intersection of microlens line and the microlens, the microimage formed on the

image sensor by a microlens of the microlens array; and
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summing pixel values for each of a plurality of pixels in the microimage,

the plurality of pixels located along the image line mapped to the microimage.

21. The method of claim 20, further comprising generating a Radon image based

at least partly on the summed pixel values.

22. The method of claim 20, wherein each of a plurality of microlenses of the

microlens array forms a distinct microimage on the image sensor.

23. The method of claim 20, further comprising parameterizing the three-

dimensional image space using a polar coordinate system.

24. The method of claim 20, further comprising identifying a plurality of planes of

integration intersecting the microlens plane.

25. The method of claim 24, wherein the plurality of planes of integration are
positioned such that as a group the plurality of planes of integration sample each of a

plurality of sensor pixels of the image sensor.

26. The method of claim 25, wherein a step size between adjacent lines formed by
intersection of two adjacent planes of the plurality of planes of integration is selected to

minimize redundant sampling of microimages on the image sensor.

27. A non-transitory, computer-readable medium storing instructions that, when
executed, cause one or more computing devices to perform operations comprising:

receiving Radon image data of an image scene, the Radon image data
representing a luminous density of the image scene as summed values of light
energy in each of a plurality of planes of the image scene;

computing an intermediate function of the Radon image using a back-
projection of the Radon image;

recovering the luminous density of the image scene based at least partly on
the intermediate function of the Radon image; and

projecting the luminous density onto an image plane to produce a

dynamically refocusable rendered image of the image scene.

-30-
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28. The non-transitory, computer-readable medium of claim 27, the operations
further comprising applying a Laplacian operator to the back-projection of the Radon

image to compute the intermediate function.

29. The non-transitory, computer-readable medium of claim 28, the operations
further comprising denoising the back-projection of the Radon image to compute the

intermediate function.

30. The non-transitory, computer-readable medium of claim 27, the operations
further comprising adjusting a focus depth of the dynamically refocusable rendered image

in response to user input.
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