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MONOCULAR THREE-DIMENSIONAL IMAGING

BACKGROUND.

[0001] This application claims priority to the following United States patent
applications: U.S. App. No. 60/773,132 filed on February 13, 2006; U.S. App. No.
11/530,413 filed on September 8, 2006; U.S. App. No. 11/530,420 filed on September
8, 2006; and U.S. App. No. 11/530,428 filed on September 8, 2006.

1. Field of the Invention

[0002] This invention relates to the field of imaging, and more particularly to

the field of pupil sampling for multi-view three-dimensional imaging.

2. Description of the Related Art

[0003] One approach to capturing three-dimensional depth information is the
use of a pair of two-dimensional recording devices whose relative orientation is known.
Much like human or animal optical systems, obtaining depth information from stereo
optical systems is a triangulation technique that relies on the difference or disparity
between the recorded positions of one or more target points on two imaging sensors.
For each target feature, the magnitude of the disparity 1s directlj/ related to that
feature’s distance from the imaging system. However, in machine vision sysiiems this
approach has shortcomings, such as the high cost of multiple camera/lens systems and
the high computational cost of processing large target feature disparities between one
sensor and another.

[0004] A closely related technology to stereo imaging is triplet imaging, where
three separate images are used, rather than two. Triplet imaging is generally used to
eliminate processing ambiguity and to provide imaging redundancy, thereby improving
accuracy and robustness with minimal addition to computational cost. Most triplet
imaging systems consist of three cameras placed equidistant from each other in the
form of an equilateral triangle. Stereo systems usually take advantage of rectified
camera position that results in disparity only in one direction. In this respect other
triplet arrangements (such as an “L” configuration) may yield favorable results. Like

sterco-based systems, objects appear displaced in each of the images acquired by these
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systems, with a displacement between cameras proportional to depth. However, unlike
stereo systems, the object is displaced in both the horizontal and vertical directions
among the three cameras. Once relative camera positions are known, image
rectification can reduce the two-dimensional disparities into one-dimensional
disparities. To resolve three-dimensional information, the disparity of object features
appearing in the three images is determined through triangulation in much the same
way as in stereo-based imaging. The three views define all points and edges (lines)
within the imaged space. Using more than two sensors assists with working around the
so-called “aperture effect” in imaging system, wherein local image disparity can only
be determined perpendicular to the texture features providing the signal. This
determination requires non-collinear sensors. Having more sensors also assists with
occlusion of target surfaces, where one sensor is blocked, but the others can still
provide sufficient information, the benefit of which is greater with non-collinear
Sensors.

[0005] In triangulation-based three-dimensional imaging systems (including
stereo and triplet imaging systems), a need exists to accurately determine the
displacement of object features between acquired images. The processing required to
determine this displacement (and thereby allow distinct images to be reéolved toa
common coordinate system) is commonly referred to as image registration. Many types
of image registration processing have been developed, including optical flow (based on
the gradients of recorded image intensities), correlation (based on the Spatial
uniqueness of imaged object feature orientation and intensity), and graph cut (based on
minimization of a user defined energy function relating image characteristics).

[0006] Thus, a number of mathematical and algorithmic techniques have been
developed for resolving optical data into three-dimensional representations of imaged
subject matter. However, there remains a need for improved optical trains to acquire

data for three-dimensional imaging.

SUMMARY
[0007] A three-dimensional imaging system uses a single primary optical lens

along with various configurations of apertures, refocusing facilities, and the like to
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obtain three offset optical channels each of which can be separately captured with an
optical sensor,

[0008] In one aspect, a camera disclosed herein includes a primary optical
facility having an optical path with a center axis; an aperture element including a
plurality of apertures for selectively transmitting portions of the optical path to provide
a plurality of optical channels; a refocusing facility including a plurality of refocusing
lenses, each one of the refocusing lenses at a conjugate position in the optical path to
one of the plurality of apertures; and a sampling facility that directs one or more of the
plurality of optical channels toward an optical sensor.

[0009] The optical sensor may include a sensor for each one of the plurality of
optical channels. The center axis may intersect one of the plurality of apertures. The
center axis may intersect one of the refocusing lenses. The sampling facility may
include at least one prism. The at least one prism may include a prism having a hole
positioned on the center axis, the hole passing a center one of the plurality of optical
channels. The sampling facility may include at least one mirror. The at least one
mirror may include two mirrors separated by a space that passes a center one of the
plurality of optical channels. At least one of the aperture element and the refocusing
facility may be adapted to rotate. The aperture element may be adapted to rotate while
the refocusing facility remains stationary. The aperture element may include three
apertures. The camera may include an image processor that processes data acquired by
the optical sensor.

[0010] A three dimensional optical imaging system described herein includes a
single primary optical facility in a primary optical path of the imaging system; a
splitting facility that samples ray bundles in the primary optical path to provide a
plurality of sampled ray bundles; at least one sensor that receives one of the plurality of
sampled ray bundles; and an image processing facility that processes an output of the at
least one sensor.

[0011] The plurality of sampled ray bundles may include three ray bundles,
each one of the three ray bundles providing an optical channel. The at least one sensor
may include three sensors, each one of the three sensors acquiring data from one of the

plurality of ray bundles.
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[0012] In another aspect, a three -dimensional optical imaging system
described herein includes a single primary optical facility; a pupil sampling facility at a
first pupil of an optical path in the imaging system; and a pupil splitting facility at a
second pupil of the optical path.

[0013] The pupil sampling facility may include three optical channels: The
three optical channels may include at least one center channel sharing an axis with a
center axis of the single primary optical facility.

[0014] In another aspect, a three-dimensional optical imaging system
described herein includes a primary optical facility; an aperture element that samples a
portion of a wavefront of the primary optical facility to provide a sampled wavefront,
the aperture element including a plurality of apertures, at least one of the apertures
including a bandpass filter; a sensor that receives a portion of the sampled wavefront;
and an image processing facility that processes an output of the sensor.

[0015] The plurality of apertures may include three apertures. A center axis of
the primary optical facility may intersect one of the three apertures.

[0016}] A three-dimensional imaging system uses a single primary optical lens
along with three collinear apertures to obtain three offset optical channels each of
which can be separately captured with an optical sensor.

[0017] In one aspect, a device disclosed herein includes an aperture element
positioned within a primary optical facility having a center axis, the aperture element
including three apertures positioned collinearly, each one of the apertures selectively
transmitting a portion of an optical wavefront of the primary optical facility, thereby
providing three optical channels, and a center one of the apertures positioned on the
center axis.

{0018] The three apertures may be substantially equally spaced apart. The
aperture clement may include one or more of a moving plate, an electronic aperture, a
shutter, a shuttering aperture, an oscillating aperture, a flipping mirror, a rotating
mirror, and a digital light processor. The aperture element may be adapted to rotate on
the center axis. The device may include a refocusing facility having three refocusing
elements located at conjugate positions to the three apertures within the primary optical
facility. The refocusing facility may be adapted to rotate on the center axis. The

aperture element may be adapted to rotate on the center axis. The refocusing facility
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may be adapted to rotate in an opposite direction from the aperture element. The

device may include three optical sensors positioned to capture data from each of the
three optical channels. Each one of the three optical sensors may include a collection of
sensors to acquire RGB data. The device may include a sampling facility that redirects
the three optical channels to the three optical sensors. The sampling facility may
include two mirrors separated by a space that passes a center one of the optical

channels corresponding to the center one of the apertures. The sampling facility may
include three mirrors. The sampling facility may include at least one prism. The at
least one prism may include a prism having a hole that passes a center one of the

optical channels corresponding to the center one of the apertures.

[0019] In another aspect, a device disclosed herein includes a refocusing facility
positioned within a primary optical facility having a center axis, the refocusing facility
including three refocusing elements positioned collinearly and substantially equally
spaced, each one of the three refocusing elements refocusing a portion of an optical
wavefront of the primary optical facility, and a center one of the refocusing elements
positioned on the center axis.

[0020] The refocusing facility may be adapted to rotate on the center axis. The
refocusing elements may include at least one mirror. The refocusing elements may
include at least one lens. The refocusing elements may include at least one meso-
optical element. The device may include three optical sensors positioned to capture
data from each of the three optical channels. Each one of the three optical sensors may
include a collection of sensors to acquire RGB data.

[0021] In another aspect, a method of processing images from sensors disclosed
herein includes receiving the output of three optical sensors of an imaging system, the
three optical sensors including a center sensor that captures data from a center channel
of an optical path and two side sensors, each side sensor having an equal displacement
with respect to image motion within the optical path; changing a sign of displacement
direction of a registration between two of the sensors; and combining a registration
between the center sensor and the two side sensors.

[0022] A three-dimensional imaging system uses a single primary optical lens
along with three non-collinear apertures to obtain three offset optical channels each of

which can be separately captured with an optical sensor.
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[0023] In one aspect, a device disclosed herein includes an aperture element
positioned within a primary optical facility having a center axis, the aperture element
including three apertures positioned non-collinearly, each one of the apertures
selectively transmitting a portion of an optical wave front of the primary optical
facility, thereby providing three optical channels.

[0024] One of the three apertures may be a center aperture positioned on the
center axis. The device may include a fourth aperture, the fourth aperture positioned on
the center axis. The three apertures may be substantially equally spaced apart. The
three apertures may form a right angle. Two of the three apertures may be one-hundred
and eighty degrees apart with respect to the center axis of the primary optical facility.
The aperture element may include one or more of a moving plate, an electronic
aperture, a shutter, a shuttering aperture, an oscillating aperture, a flipping mirror, a
rotating mirror, and a digital light processor. The aperture element may be adapted to
rotate on the center axis. The device may include a refocusing facility having three
refocusing elements located at conjugate positions to.the three apertures within the
primary optical facility. The refocusing facility may be adapted to rotate on the center
axis. The aperture element may be adapted to rotate on the center axis. The refocusing
facility may be adapted to rotate in an opposite direction from the aperture element.
The device may include three optical sensors positioned to capture data from each of
the three optical channels. Each one of the three optical sensors may include a
collection of sensors to acquire RGB data. The device may include sampling facility
that redirects the three optical channels to the three optical sensors. The sampling
facility may include two mirrors separated by a space that passes a center one of the
optical channels corresponding to a center one of the apertures. The sampling facility
may include three mirrors. The sampling facility may include at least one prism. The
at least one prism may include a prism having a hole that passes a center one of the
optical channels corresponding to a center one of the apertures.

[0025] In another aspect, a device disclosed herein includes a refocusing facility
positioned within a primary optical facility having a center axis, the refocusing facility
including three refocusing elements positioned collinearly and substantially equally

spaced, each one of the three refocusing elements refocusing a portion of an optical
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wave front of the primary optical facility, and a center one of the refocusing elements
positioned on the center axis.

[0026] The refocusing facility may be adapted to rotate on the center axis. The
refocusing elements may include at least one mirror. The refocusing elements may
include at least one lens. The refocusing elements may include at least one meso-
optical element. The device may include three optical sensors positioned to capture
data from each of the three optical channels. Each one of the three optical sensors may
include a collection of sensors to acquire RGB data.

[0027] In one aspect, a device disclosed herein includes a single primary optical
facility; a refocusing facility in a primary optical path of the optical imaging system to
sample one or more portions of an optical wavefront that pass through the single -
primary optical facility, and to focus the optical wavefront onto an image plane; a
moving aperture element at a conjugate position to the refocusing facility; a splitting
facility that splits the one or more portions of the optical wavefront; at least one sensor
that receives at least one of the one or more portions of the optical wavefront; an image
processing facility that processes an output of the at least one sensor; and a feedback
facility that controls at least one of the moving aperture element and the refocusing
facility based on the output of the at least one sensor.

[0028] The device may further include one or more relay lenses that relay ray
bundles. The single primary optical facility may include a lens. The single primary
optical facility may include a set of mirrors. The single primary optical facility may be
an electronic optical facility. The electronic optical facility may include a liquid crystal
display. The electronic optical facility may include a flipping mirror.

[0029] The refocusing facility may include three refocusing elements. The
three refocusing elements may be disposed collinearly off the axis of the primary
optical path. The three refocusing elements may be disposed in a triangle. The triangle
may be a right triangle.

[0030] The refocusing facility may include two refocusing lenses. The
refocusing facility may be a rotating refocusing facility. The refocusing facility may be
adapted to rotate in synchronization with a rotation of the moving aperture element.
The refocusing facility may be a mirror-based refocusing facility. The refocusing

facility may be disposed behind the single primary optical facility. The refocusing
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facility may be disposed in front of the single primary optical facility. The refocusing
facility may be within the primary optical facility. The moving aperture element may
be adapted to rotate.

[0031] The moving aperture element may include three apertures that
correspond to three refocusing lenses of the refocusing facility. The three apertures
may be disposed collinearly off the axis of the primary optical path. The three
apertures may be disposed in a triangle. The triangle may be a right triangle.

[0032] The moving aperture element may be adapted to rotate in
synchronization with a rotation of the refocusing facility. The moving aperture element
may be adapted to rotate in a direction of the rotation of the refocusing facility. The
moving aperture element may be adapted to rotate in an opposite direction of the
rotation of the refocusing facility. The moving aperture element may be in front of the
single primary optical facility in the primary optical path. The moving aperture
element may be behind the single primary optical facility in the primary optical path.
The moving aperture element may be located at a pupil of the system. At least one
aperture of the moving aperture element may be located on an axis of the primary
optical path. The moving aperture element may be a rotating aperture element, and
wherein at least one aperture of the moving aperture element does not move relative to
an axis of the primary optical path during a rotation of the moving aperture element.
An image passing through at least one aperture of the moving aperture element may
provide a fixed reference.

[0033] The splitting facility may include a pupil splitting facility. The splitting
facility may include a pupil sampling facility. The splitting facility may include a
polarizing splitter. The splitting facility may include a prism. The splitting facility
may include a pair of mirrors. The pair of mirrors may be separated by a space that
allows a central channel of an image to pass directly to a sensor. The splitting facility
may include a mirror with a transmissive portion that permits a portion of an image to
pass through a portion of the mirror.

[0034] The device may further include three sensors disposed in conjunction
with three ray bundles that correspond to three apertures of the moving aperture

element.
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[0035] The device may further comprising two sensors including a first sensor
disposed as a rear channel along a central axis of the primary optical path and a second
sensor disposed off-axis relative to the central axis of the primary optical path. The at
least one sensor may consist of one sensor. The one sensor may be an RGB sensor.
The one sensor may include a plurality of sensor elements, each one of the plurality of
sensor elements being selectively responsive to particular wavelengths of light.

[0036] The image processing facility may include a camera. The image
processing facility may include a machine vision system. The image processing facility
may include a motion detection system. The image processing facility may include a
three dimensional imaging facility. The image processing facility may include a
medical imaging facility. The image processing facility may include a dental imaging
facility. The image processing facility may perform triplet image processing based on
spatio-temporal processing. The image processing facility may perform correlation-
based image processing. The image processing facility may perform disparity-based
image processing. The image processing facility may be capable of performing
velocimetry. The refocusing facility may be disposed in front of the single primary
optical facility in the primary optical path.

[0037] The device may further include a masking element adapted to move in
synchronization with the moving aperture element.

[0038] The device may be used to correct aberrations in optical image data.

[0039] In one aspect, a device disclosed herein includes a single primary optical
facility; a splitting facility that samples portions of a pupil of the imaging system to
provide a plurality of sampled portions of an optical wavefront; a set of three or more
sensors that receives respective ones of the plurality of sampled portions; and an image
processing facility that processes an output of the sensors. )

{0040} In one aspect, a device disclosed herein may include a single primary
optical facility in a primary optical path of the imaging system; and a refocusing facility
in the primary optical path, the refocusing facility adapted to sample a portion of a
wavefront that passes through the primary optical facility.

[0041] In one aspect, a device disclosed herein may include a single primary
optical facility in a primary optical path of the imaging system; a refocusing facility in

the primary optical path, the refocusing facility adapted to sample a portion of a
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wavefront that passes through the primary optical facility; a moving aperture element
that samples the portion of the wavefront to provide a sampled wavefront; at least one
sensor that receives the sampled wavefront; and an image processing facility that
processes an output of the at least one sensor.

[0042] In one aspect, a device disclosed herein includes a moving aperture
element that samples a portion of a wavefront to provide a sampled wavefront; at least
one sensor that receives the sampled wavefront; and an image processing facility that
processes an output of the at leést one Sensor.

[0043] In one aspect, a device disclosed herein includes a moving aperture
element that samples a portion of a wavefront, the moving aperture element located at a
pupil of a primary optical path of the imaging system, the moving aperture element
including at least one aperture located on an axis of the primary optical path; at least
one sensor that receives a sampled portion of the wavefront; and an image processing
facility that processes the output of the one or more sensors.

[0044] In one aspect, a device disclosed herein includes an aperture element
that samples a portion of a wavefront in the imaging system, the aperture element
located in a primary optical path of the imaging system at a pupil of the primary optical
path, the aperture element including a plurality of apertures that are disposed linearly
with respect to each other.

[0045] In one aspect, a device disclosed herein includes a single primary optical
facility; a rotating aperture element that samples a portion of a wavefront in the
imaging system to provide a sampled wavefront, the rotating aperture element being
located in a primary optical path of the imaging system at a pupil of the primary optical
path; at least one sensor that senses a portion of the sampled wavefront; and an image
processing system that processes an output of the at least one sensor.

10046] In one aspect, a device disclosed herein includes a single primary optical
facility within a primary optical path of an imaging system; a refocusing facility in the
primary optical path to sample a portion of a wavefront in the primary optical path; a
moving aperture element that samples a portion of the wavefront in the primary optical
path; a splitting facility that splits portions of a pupil within the primary optical path; a

sensor that receives the wavefront after the refocusing facility, the moving aperture, and
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the splitting facility; and an image processing facility that processes an output of the
Sensor.

[0047] In one aspect, a device disclosed herein includes a single primary optical
facility in a primary optical path of the imaging system; a refocusing facility in the
primary optical path to sample a portion of a wavefront in the primary optical path; a
multi-aperture element adapted to receive the wavefront from the refocusing facility
and to sample the received wavefront, the multi-aperture element including a plurality
of apertures; a splitting facility that splits portions of a pupil in the primary optical path
to provide a plurality of sampled wavefronts; a sensor that receives one or more of the
plurality of sampled wavefronts, wherein the sensor is adapted to receive sampled
wavefronts from at least two of the plurality of apertures simultaneously; and an image
processing facility that processes the output of the one or more sensors.

[0048] In one aspect, a device disclosed herein includes receiving the output of
three optical sensors of an imaging system, the three optical sensors including a center
sensor that captures data from a center channel of an optical path and two side sensors,
each side sensor having an equal displacement with respect to image motion within the
optical path; changing a sign of displacement direction of a registration between two of
the sensors; and combining a registration between the center sensor and the two side
Sensors.

[0049] All documents identified herein are incorporated by reference in their

entirety.

BRIEF DESCRIPTION OF THE FIGURES

[0050] The invention and the following detailed description of certain
embodiments thereof may be understood by reference to the following figures.

[0051] Fig. 1 shows an embodiment of an imaging system with a moving
aperture component, a set of refocusing lenses, and a pupil splitting facility.

[0052] Fig. 2 shows an embodiment of refocusing facility.

{0053] Fig. 3 shows an embodiment of a rotating aperture element.

[0054] Fig. 4 shows an embodiment of an imaging system with two sensors.

[0055] Figs. SA-5D show embodiments of a refocusing facility and moving

aperture with refocusing lenses and apertures in a triangular configuration.
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[0056] Fig. 6 shdws a single-sensor embodiment of an imaging system.

[0057] Fig. 7 shows an embodiment with a prism as a pupil splitting facility.

[0058] Fig. 8 shows an embodiment of an imaging system with two side-
channel sensors.

[0059] Figs. 9A-9B show embodiments of a refocusing facility and a moving
aperture with a pair of refocusing lenses and a pair of apertures.

[0060] Fig. 10 shows an embodiment of an imaging system with a refocusing
facility and a moving aperture element disposed in front of a primary optical lens.

[0061] Fig. 11 shows an embodiment of an imaging system with a refocusing
facility in front of a primary optical lens and a moving aperture component behind the
primary optical lens.

[0062] Fig. 12 shows an embodiment of an imaging system with a set of
mirrors serving as a primary optical facility.

[0063] Fig. 13 shows an embodiment of an imaging system with an electronic
optical component.

[0064] Fig. 14 shows an imaging system with an associated image processing
facility and including a feedback facility for providing feedback control to components
of the imaging system.

[0065] Fig. 15 shows a technique for viewing narrow areas with an imaging
system.

[0066]) Fig. 16 is a schematic diagram reflecting a set of images taken by

cameras in an image triplet processing technique.

DETAILED DESCRIPTION

[0067] It will be understood that the ray traces and lenses depicted in the
following figures are for purposes of illustration only, and depict optical paths
generally in the disclosed systems. The ray traces and lens shapes should not be
understood 1o limit the scope of the invention in any sense including the magnitude,
direction, or focus of light rays or bundles passing through various optical components,
notwithstanding any variations in number, direction, shape, position or size thereof,

except as expressly indicated in the following detailed description.
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[0068] Referring to Fig. 1, a schematic diagram of an imaging system 100 in
accordance with one preferred embodiment of the present disclosure is depicted,
including various optional components. The imaging system 100 may include a
primary optical facility 102, which may be employed in any kind of image processing
system. In general, a primary optical facility refers herein to an optical system having
one optical channel. Typically, this optical channel shares at least one lens, and has a
shared image plane within the optical system, although in the following description,
variations to this may be explicitly described or otherwise clear from the context. The
imaging system 100 may include a single primary lens, a group of lenses, an object
lens, mirror systems (including traditional mirrors, digital mirror systems, digital light
processors, or the like), confocal mirrors, and any other optical facilities suitable for use
with the systems described herein. The imaging system 100 may be used, for example
in a stereoscopic or other multiple image camera system. Other optical facilities may
include holographic optical elements or the like. In various configurations, the
primary optical facility 102 may include one or more lenses, such as an object lens (or
group of lenses) 102b, a field lens 102d, a relay lens 102f, and so forth. The object lens
102b may be located at or near an entrance pupil of the imaging system 100. The field
lens 102d may be located at or near a first image plane 102¢ of the system 100. The
relay lens 102f may relay bundles of light rays within the system 100. It will be
understood that, while one embodiment is depicted in Fig. 1, numerous variations are
possible. Inaddition, while some of the lenses (e.g., 102d and 102f) are depicted as
doublets, these may also be single lenses.

[0069] The imaging system 100 may be designed for active wavefront
sampling, which should be understood to encompass any technique used to sample a
series or collection of optical data from an object or objects, such as the object 120 of
Fig. 1, including optical data used to help detect two- or three-dimensional
characteristics of an object, using optical data to detect motion, using optical data for
velocimetry or object tracking, or the like. The object 120 may be located on a nominal
object plane that is scanned by the imaging system 100, such as a system included in an
imaging wand, camera or the like.

[0070] The imaging system 100 may include an aperture element 108, which

may include any element or elements for selectively transmitting a portion of the
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optical signal transmitted through the primary optical facility 102. While depicted in a
position between a field lens 102d and a relay lens 102f, it will be understood that the
aperture element 108 may suitably be positioned in-a variety of locations within or
outside of the primary optical facility 102, such as in front of, inside or behind one of
the lenses that serves as the primary optical facility 102. The aperture element 108 may
include one or more apertures 112. In embodiments, the aperture element 108 may
comprise any kind of aperture element, including a dynamic aperture, a moving plate, a
moving aperture, an electronically controlled aperture, an electronic aperture, a shutter,
a shuttering aperture, a variable aperture, an oscillating aperture, a controllable
aperture, a rotating aperture, a flipping mirror, a rotating mirror, a digital light
processor (DLP), or other similar component. The apertures 112 may be located in
various positions, such as collinear/on-axis with the primary optical path of the imaging
system, or in a paraxial location/off-axis. In embodiments the apertures 112 of the
aperture element 108 may include multiple apertures 108 disposed in various
configurations, such as a line of three apertures 112, an equilateral triangle of apertures
112, a pair of apertures 112, apertures 112 disposed in an “L” configuration, or the like.
In embodiments, one of the apertures 112 may be located on a central axis of the
imaging system 100. In one embodiment, a rotating aperture element 108 may rotate
about a central axis of the imaging system 100, with three co-linear apertures 112
disposed therein, one of which is located on the central axis of the imaging system 100.
It will be understood that any rotating element described herein may be adapted to
rotate using any electro-mechanical or other means known in the art and suitable for
use with the optical systems described herein. The other two apertures 112 of the
aperture element 108 may be located in a line with the centrally located aperture 112,
with the two side apertures each being spaced an equal distance from the center
aperture 112. In other embodiments the apertures 112 may be arranged in various other
configurations, such as triangles, “L” shapes, or the like. The three apertures 112 on
the rotating aperture element 108 allow sampling of three distinct portions of the ray
bundles passing through the primary optical facility 102. The aperture element 108
may allow active subsampling of a portion of the wavefront from the primary optical
facility 102, such as a primary lens of an imaging system 100. One or more of the

apertures 112 of the aperture element 108 may be located at a fixed position, either on
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the central axis of the imaging system 100 or at another position that is fixed or
invariant relative to the imaging system 100. In embodiments the use of holographic
optical elements may increase the offset of the side apertures, which may
advantageously increase depth resolution or sensitivity of the imaging system 100.

[0071] One or more of the apertures 112 may serve as a fixed reference image
for imaging processing. Thus, in one aspect, there is disclosed herein a three-
dimensional imaging system that employs a multi-aperture element 108 in the primary
optical path, having at least one invariant aperture location that establishes a reference
image. The system may include a moving or active multi-aperture element 108. The
system may include a splitting facility that supports three or more optical channels.
The non-moving aperture may be located at a paraxial location or may be located on
the center axis.

[0072] In another aspect, there is disclosed herein a three-dimensional imaging
system having a three-aperture element 108 wherein the apertures 112 are collinear,
i.e., linearly disposed with respect to one another. The three-aperture element 108 may
be a moving component in which one or more of the apertures 112 move within the
optical path. In alternative embodiments the aperture element 108 may include
apertures disposed in a triangular (e.g., equilateral triangle) configuration or may
include a pair of apertures disposed in a line, apertures disposed in an “L” shape (e.g., a
right triangle), or the like.

[0073] The imaging system 100 may include one or more refocusing facilities
110, which should be understood to include any facilities for refocusing ray bundles, or
an image or portion of an image, altering focus, adjusting focus or the like.
Embodiments may include refocusing lenses, relay lenses, mirror systems or other
optical facilities capable of relaying, coding, or refocusing light, including, as
appropriate for a particular context, any of the optical facilities described in connection
with the primary optical facility 102 above. In some embodiments, the refocusing
facility 110 may include one or more meso-optical elements to expand depth of field
for an optical path, such as glass cones or Wavefront Coding™ devices commercially
available from CDM Optics, Inc. Meso-optical elements suitable for using with the
systems disclosed herein are described, for example, in Meso-Optics Foundations and

Applications by L.M. Soroko (Nov. 1996), the entire contents of which are
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incorporated herein by reference. While these elements can expand the in-focus range
for the associated optical path(s) and may permit capture of images at a distance that is
different from the in-focus plane of the primary optical facility, it will be appreciated
that the corresponding image obtained by a sensor may be encoded in a manner that
requires a decoding algorithm or process to recover a sharp image from a ray bundle.
Suitable decoding algorithms are known, and may be deployed in any image processing
system(s) associated with a camera embodying the primary optical facility.

[0074] A refocusing facility 110 may support one or more refocusing elements
104 that consist of a plurality of refocusing lenses. The refocusing facility 110 and the
aperture element 108 may be located at conjugate positions in the optical system 100
and in certain embodiments may be considered to be at substantially the same position
within the system 100. For example, and not by way of limitation, the aperture element
108 and the refocusing facility 110 may be coplanar, such as by having each aperture
surround a refocusing lens at a shared pupil of the optical facility. The refocusing
facility 110 and aperture element 108 may rotate, so that they focus an image on one or
more sensors when in the appropriate position. The refocusing facility 110 may rotate
in the same direction as the rotating aperture element 108, in the opposite direétion, at
the same speed, and/or at a different speed. In embodiments, the rotation of the
elements 110, 108 is controlled by a processor (not shown).

[0075] The imaging system 100 may include a sampling facility 118. The
sampling facility 118 may include any type of facility that samples or redirecting a
portion of the optical signal passing through the imaging system 100, such as a splitting
facility, pupil splitter, pupil splitting facility, prism, splitter, mirror, pupil sampling
facility, plurality of mirrors, partial mirror, filter, mirror with transparent element, a
pair of mirrors with a space between them, or other such facility. In addition to
sampling at the exit pupil (i.e., located outside the primary optical facility 102), it is
possible to sample at an internal pupil of the primary optical facility 102. Referring
still to Fig. 1, a sampling facility 118 may include a pair of mirrors for reflecting light

.in the imaging system 100 in different directions. The sampling facility‘l 18 may
include a number of mirrors position to reflect different ray bundles toward different
sensors 114a, 114b and 114c¢. As depicted, a first sampling fability 118 may direct light

toward a first side sensor 114a and a second sampling facility 118 may direct light
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toward a second side sensor 114c. A space may be provided between the two sampling
facilities 118 that permits a coaxial (or paraxial) ray bundle to travel along the central
axis of the imaging system 100 to a rear sensor 114b. It will be noted that, in the
system of Fig. 1, each sampling facility 118 is positioned to receive a portion of the
primary ray bundle selected by one of the apertures 112 of the aperture element 108.
Each aperture 112 may also have a refocusing element 110 associated therewith at a
conjugate location. In turn, each sensor 114a, 114b or 114¢ may receive a
corresponding portion of the ray bundles from the primary optical facility 102, allowing
separate processing of the different ray bundies.

[0076] It should be understood that various other arrangements may be
provided for directing different ray bundles to different sensors 114. For example, a
single mirror may be provided with a transmissive central element, e.g., a hole, to allow
a portion of light to pass through to the rear sensor 114b. More generally, a variety of
optical techniques including filters, splitters, mirrors, refractive and/or reflective
elements, and the like, as well as various combinations of mechanical, electro-
mechanical, and/or electrical shuttering may be usefully employed in the systems
described herein.

[0077] The sensors 114 may include any sensors suitable for sensing a
condition of optical energy, e.g., visible light, infrared energy, X-rays, ultraviolet light
or other energy from any portion of the electromagnetic spectrum that might be
transmitted through the primary optical facility 102. Sensors should be understood to
include sensors capable of measuring the intensity of light, sensors for sensing a color
of light, collections of sensors, e.g., RGB sensors, and the like. Sensors may include
collections of sensors, such as one-, two-, or three-sensor collections, or larger
collections of sensors, which may be arranged to receive different ray bundles or the
same ray bundle. The imaging system 100 may direct different sampled ray bundles to
different parts of the same sensor, thus forming a number of virtual sensors from a
single sensor or pixel array. In one embodiment, three sensors 114a, 114b and 114¢
may be positioned as two side channels and one rear channel to receive different ray
bundles from the primary optical facility 102, as selectively delivered through, e.g., the
aperture element 108.
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[0078] The imaging system 100 may include one or more image processing
facilities (not shown), which should be understood to include any hardware, software,
or other processing systems for processing image data. The image processing facility
may include one or more individual sensors, as described herein, as well as a camera
(still, motion picture, digital, video, or other camera), a computer, a machine vision
system, an optical system, a reader, an object tracking device, a scope, or the like. An
image processing facility may include one or more additional components, such as a
processor, microprocessor, application specific integrated circuit, circuit, microchip,
microcontroller, controller, hardware element, software, firmware, or other component
for processing data, including image data. Image processing facilities should be
understood to include and to enable various techniques for processing images,
including techniques described herein and in the documents incorporated by reference
herein for active wavefront sampling of optical images, techniques based on correlation
of image data from different images, or other image processing techniques, e.g.,
decoding wavefront coded images, known to those of skill in the art. In one
embodiment, data from the sensors 114a, 114b and 114c of Fig. 1 may be relayed to an
image processing facility that is capable of processing the image data, such as to
process images of the object 120, and resolve resulting image data into three-
dimensional data. In embodiments, such an image processing facility may register
different images from the imaging system 100, such as images from the apertures 112
of the aperture element 108, taking into account the location of the apertures 112 and
the motion of the aperture element 108. For example, the image processing facility
may take into account the fixed location of the central aperture 112 of a rotating
aperture element 108, using image data from that aperture 112 as a fixed reference to
assist with efficient image registration. Similarly, the relative positions of the side
apertures 112 on the rotating aperture element 108 and their known relative positions,
may allow efficient registration of the portions of the pupil of the imaging system 100
that are relayed through the respective side apertures 112 to the sensors 114a and 114e.

[0079] The imaging system may include one or more feedback facilities,
which may encompass any components of an image processing facility for providing
feedback to controllable elements associated with the image processing facility. In

embodiments, a feedback facility may provide feedback to control, for exan'iple, the
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refocusing facility 110 (e.g., to control the rotation of a rotating refocusing facility
110), the aperture element 108 (e.g., to control rotation of a rotating aperture, such as in
conjunction with a rotating refocusing facility 110), the location of the object 120
relative to the primary optical facility, the operation of electronic optical components,
or any other controllable aspect of the imaging system 100.

[0080] The imaging system may include one or more relay optical facilities,
such as the relay lens 102f of Fig. 1, which may encompass any component or element
for maintaining the optical path of light between operative optical facilities.
Embodiments may include various lenses for relaying an image, or a portion thereof,
within an optical facility 102 or between a primary optical facility 102, refocusing
lenses 104, an aperture 112, a pupil splitting facility 118 and/or one or more sensors
114.

[0081] The imaging system may include an electronic optical facility, which
encompasses any electronic component that accomplishes one or more functions
performed by any of the optical components or facilities described herein, such as
transmitting, focusing, reflecting, diffracting, refracting or relaying light. Embodiments
may include spinning or flipping mirrors, liquid crystal elements, digital light
processors, or the like.

[0082] In one aspect, the disclosed system includes a three-dimensional
imaging system having a single primary optical facility 102. The system may employ
pupil splitting or pupil sampling in combination with multiple sensors, as shown and
described with reference to Fig. 1. The system may employ a pair of splitting facilities
118, such as mirrors, in the primary optical path of the imaging system. Ray bundles
may be split between a center path and at least one side path.

{0083] In general, it will be appreciated that numerous variations are possible
to the system 100 depicted in Fig. 1. That is, certain components may be omitted,
others may be added, and various components may be repositioned within the optical
train. By way of example and not of limitation, a variety of aperture arrangements may
be usefully employed with the systems described herein. For example, a camera using
the system 100 may include an aperture element 108, but no refocusing facility 110, or
may include an aperture element 108 and a refocusing facility 110 that includes one or

more refocusing lenses but no optical wavefront coding elements, or may include an
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aperture element 108 and a refocusing facility 110 that includes one or-more optical
wavefront coding elements but no refocusing lenses. Different refocusing facilities 110
may also be used in combination. For example, the system 100 may include a first
refocusing facility having refocusing lenses and a second refocusing facility having
meso-optical elements, which may be in conjugate locations within the primary optical
facility.  All such variations that would be clear to one of ordinary skill in the art are
intended to fall within the scope of this disclosure.

[0084] Fig. 2 shows a view of an embodiment of the refocusing facility 110 as
seen looking along the central axis of the imaging system 100, with refocusing lenses
104 disposed in a linear configuration, with a central refocusing lens 104 located at a
central axis of the refocusing facility 110, so that it remains in a fixed, non-moving
position during rotation of the refocusing facility 110. In embodiments one may create
a rotating disk with a hole in the center where the non-moving center aperture is
disposed.

[0085] Fig. 3 shows a view of the rotating aperture element 108 as seen along
a central axis of the imaging system 100, with apertures 112 positioned in a linear
configuration on the rotating aperture element 108, one of which is disposed at a central
axis of the aperture element 108, so that the central aperture does not move when the
aperture element 108 rotates. While the apertures 112 are shown as circular, it should
be understood that in other embodiments non-circular apertures could be used, and an
image processing facility may take advantage of irregular aperture shapes where
possible in order to resolve image data for images that pass through such an irregular
aperture. The linear arrangement of three refocusing lenses and three apertures as
depicted in Figs. 2 and 3 provide certain advantages. For example, the image
transmitted through the center aperture 112 and center refocusing lens 104 can be used
as a reference image in image processing, because it is located in the same position
regardless of the motion of the rotating aperture 108. The side apertures 112 also move
a fixed (and equal) distance when the aperture element 108 rotates, with the two side
apertures moving equal distances in the same rotational direction. This known extent
of rotation may simplify image processing of image data for data from the two side
apertures. While in some embodiments the aperture plate 108 and the refocusing

facility 110 may be separate facilities, it should be understood that in other
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embodiments the two may be combined into a single optical facility, such as with
refocusing lenslets 104 located in or in close proximity to the apertures 112.

[0086] Fig. 4 shows an image processing system 400 similar to the image
processing system 100 of Fig. 1, except that the image processing system 100 has two
sensors 114a and 114b, in contrast to the three-sensor system of Fig. 1. The two
sensors are configured to receive image portions from apertures 112 of the rotating
aperture element 108, the image portions having been focused on the apertures by
refocusing facility 110 in a manner similar to that described in connection with Fig. 1.
In this case a single mirror 118 directs a ray bundle from a side aperture to the sensor
114, while the ray bundle from the central aperture 112 is allowed to pass directly to
the rear sensor 114b. Optionally, the ray bundle from the central aperture 112 may be
directed to a side aperture and the ray bundle from the side aperture may pass to a rear
sensor. In such a system 400, an image processing facility would be configured to
process data from the two sensors, optionally using data from the center aperture as a
fixed reference image, facilitating efficient registration of images from the side aperture
112, since the motion of the side aperture relative to the center aperture is known.

[0087] Figs. 5SA-5D show a number of alternate configurations for the
refocusing facility 110, with refocusing lenses 104 disposed in a triangle (depicted here
as an equilateral triangle, but optionally any form of triangle or other geometric
configuration, such as a right angle (or “L” shape) 502 or a triangle combined with an
additional central aperture 504 that is invariant in position upon rotation of the aperture
plate 108). A corresponding rotating aperture element 108 includes apertures 112
disposed in a triangle, configured to correspond to the refocusing lenses 104. In
embodiments, an imaging system similar to the system 100 would be used with these
alternative embodiments of the refocusing facility 110 and the aperture element 108,
but the splitting facility and sensors would be positioned to handle ray bundles from the
triangular configuration of apertures 112, rather than being positioned to receive ray
bundles along a line as depicted in Fig. 1. The known geometry of the apertures 112
would allow an image processing facility to process the relative motion of ray bundles
based on the known relative motion of the apertures upon movement of the aperture
element 108. In another embodiment, two apertures may be collinear with a center of

the aperture element (relative to, e.g., a center axis of a primary optical facility), or
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spaced one-hundred and eighty degrees apart with respect to the center, while a third
aperture is at a different angle with respect to the center and/or at a different distance
from the center. The collinear apertures may be equally spaced or differently spaced
from the center.

[0088] Fig. 6 shows an imaging system 600 similar to the imaging system 100
of Fig. 1, except that the different ray bundles are relayed through the apertures of the
aperture element 108 to a single sensor 602. In embodiments, the single sensor 602
may include different portions that are capable of responding differently to distinct ray
bundles delivered thereto from each aperture 112, such as different pixels, e.g., with
different color sensors on them. In other embodiments the light sensitive elements of
the single sensor 602 may respond differently to' different light spectra. For example,
there may be a color filter array on the pixels. The filters can be tailored to the specific
spectral bands filtered at, for example, each of the apertures 112. The single sensor can
be a multi-spectral sensor (e.g., with R, G, B and IR pixels), or there can be multiple
sensors among which one or more are RGB or multi-spectral. A sensor 602 can have
different layers that capture light in different spectral bands, so that essentially every
pixel location captures in all selecied bands. Thus, in embodiments, the refocusing
lenses 104 or the apertures 112 may be equipped with a set of filters 116, such as color
or spectral bandpass filters, each of which filters light outside a particular color or
frequency, so that different color images of the object 120 are delivered through the
respective apertures 112 to the sensor 602, effectively rendering the single sensor 602
as the equivalent of three distinct sensors. In other embodiments, various regions of the
sensor may be allocated to different ray bundles. Thus, a vision processing system can
process data from the single sensor 602 in such an embodiment in a manner similar to
the processing of image triplets as described in connection with Fig. 1. Thus in one
aspect, the three-dimensional imaging system may include a multi-aperture component
and bandpass filters 116 on one or more of the apertures.

[0089] It should also be understood that methods and systems are provided
herein for three-dimensional imaging with a single primary optical facility 102, a multi-
aperture element 108, and a single sensor. Embodiments include methods and systems
for channeling rays through different apertures to different sections of the same sensor,

€.g., particular pixels of the sensor. Embodiments include providing filters on the
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different apertures and using a single sensor to detect different wavelengths from the
differently filtered apertures.

[0090] Fig. 7 shows an imaging system 700 similar to the imaging system 100
of Fig. 1, except that a prism 702 serves as a splitting facility 118, serving a similar
function to the pair of mirrors depicted in connection with Fig. 1. The prism 702
reflects different ray bundles from the primary optical facility 102 to different sensors
114a, 114b and 114c, the ray bundles having been separated by a refocusing facility
110 and an aperture element 108 in conjugate positions similar to those described in
connection with Fig. 1. If the components 110 and 108 are at conjugate locations (e.g.
the aperture element 108 is at the entrance pupil plane), they may be synchronized such
that if the refocusing facility 110 rotates, the aperture element 108 rotates accordingly.
In addition, the refocusing lens 104 may have multiple lenslets (e.g., one at the center,
and, for example, sixteen off axis) in which case a rotating aperture element 108 at any
pupil position (102a, 102e, and somewhere between 102f and 118 / 702) may select
which lenslets actually let light through. In another optional embodiment, the
refocusing facility 110 may be replaced with a rotating radial slit, and the aperture
element 108 may be replaced with an annular mask at a pupil (e.g., at 102a, 102¢, and
somewhere between 102f and 118/702). The intersection of these two would define an
aperture shape and location. More generally, it should be understood that while the
prism 702 and the pair of mirrors of Fig. 1 represent two possible embodiments, any
other kind of optical facility described herein may be configured to deliver different
portions of the pupil of the image to the respective sensors, and all such embodiments
are encompassed herein. As one example, the prism 702 may be replaced with two
mirrors or prisms leaving an open center channel for the center ray bundle.

[0091] Fig. 8 shows an imaging system 800 with two sensors 114a and 114c,
in this case receiving ray bundles from a pair of mirrors 118 that in turn receive ray
bundles from a pair of apertures 112 located on an aperture element 108. Various other
two-sensor embodiments are possible and are encompassed herein.

[0092] Figs. 9A-9B shows a refocusing facility 110 with a pair of refocusing
lenses 104, as well as an aperture element 108 with a corresponding pair of apertures

112, suitable for a two-sensor embodiment such as the imaging system 800 of Fig. 8.
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[0093] Fig. 10 shows an imaging system 1000 similar to the imaging system
100 of Fig. 1, but in the embodiment depicted in Fig. 10 the rotating aperture element
108 and the refocusing facility 110 with the refocusing lenses 104 are integrated as a
single facility and are disposed at or in close proximity to the entrance pupil 102a
between the object 120 and the primary optical facility 102, which in this case only
shows a primary lens 102b (but could have various relay lenses or the like), so that ray
bundles are sampled before entering the primary optical facility 102. It should be thus
understood that various configurations of the primary optical facility 102, the rotating
aperture element 108 and the refocusing facility 110 are intended to be encompassed
herein.

[0094] Fig. 11 shows an imaging system 1100 similar to the imaging system
100 of Fig. 1 and the imaging system 1000 of Fig. 10, but in the embodiment depicted
in Fig. 11 the rotating aperture element 108 and the refocusing facility 110 are disposed
on opposite sides of a relay lens 102b within the primary optical facility 102, so that ray
bundles are refocused before entering the lens 102f, then sampled by different apertures
of the rotating aperture element 108 after exiting the primary optical facility. Again, it
should be understood that various configurations of the primary optical facility 102, the
rotating aperture element 108 and the refocusing facility 110 are encompassed herein.

[0095]) Fig. 12 shows an imaging system 1200 similar to the imaging system
100 of Fig. 1, except that the primary optical facility 102 may include a mirror system
1202, which may include a set of mirrors that are configured to reflect light from the
object 120 to the refocusing facility 110 and in turn through the apertures 112 of the
rotating aperture element 108. Various alternative embodiments may be envisioned for
the primary optical facility 102, encompassing any type of optical facility contemplated
herein, or components or combinations thereof. More generally, while depicted as a
mirror system 1202 that reflects and redirect light prior to entering an aperture element
108 and the like, it ‘will be understood that one or more mirrors may be positioned in
numerous locations within the optical train depicted in, e.g., Fig. 1, and all such
variations are intended to fall within the scope of this disclosure. For example, various
refractive or filtering optical elements discussed above may be replaced with or

supplemented by mirrors within the systems described herein.
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[0096] Fig. 13 shows an imaging system 1300 similar to the imaging system
100 of Fig. 1, except that the primary optical facility 102 may include an electronic
optical facility 1302, shown in block diagram format, where the electronic optical
facility 1302 is configured to deliver light from the object 120 to the refocusing facility
110 and in turn through the apertures 112 of the rotating aperture element 108. In
embodiments the electronic optical facility 1302 may further encompass, or substitute
for, the refocusing facility 110 and/or the aperture element 108. Various alternative
embodiments may be envisioned for the electronic optical facility 1302, encompassing
any type of electronic optical facility contemplated herein, or components or
combinations thereof, such as spinning or flipping mirrors, digital light processors,
liquid crystal-based components, or the like. In embodiments the electronic optical
facility may be located at an entrance pupil 102a of the system 1300. More generally,
various electronic or electromechanical optical elements may be used in various
locations within the optical train depicted in, e.g., Fig. 1, and all such embodiments are
intended to fall within the scope of this disclosure.

[0097] Fig. 14 shows an imaging system 1400 similar to the imaging system
100 of Fig. 1, in this case showing an image processing facility 1402 associated with
the sensors 114a, 114b and 114c for receiving and processing image data from the ray
bundles sampled by the pupil sampling system of the imaging system 1400, which
includes the rotating aperture element 108 and the refocusing facility 110, which
deliver ray bundles to the splitting facility 118, a set of mirrors similar to those
depicted in connection with Fig. 1. In this case the image processing facility includes a
feedback facility 1404, providing feedback control of the rotating aperture element 108
and the rotating refocusing facility 110 under contro! of the image processing facility
1402, such as to control the sampling of images in order to achieve various processing
techniques, including the techniques described herein and techniques described in the
documents incorporated by reference herein.

[0098] A three-dimensional imaging system as described herein may include a
facility for separately handling distinct bundles of light rays from a single primary
optical facility 102, such as a primary optical lens or set of lenses. The facility may

include a refocusing facility 110, a moving aperture 108, a splitting facility 118, a
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combination of the foregoing, or an alternative optical arrangement that simillarly
handles distinct bundles or portions of image data.

[0099] The moving (e.g., rotating) aperture element 108 in the primary optical
path may have an off-axis aperture or an on-axis aperture with a non-standard aperture
shape, such as a slit. The aperture element 108 may also, or instead, include multiple
moving or rotating plates. In addition, the apertures 112 in each of the one or more
moving components may have various shapes. For example, to rotating disks, each
having an elongated slit passing through or near its center, may be jointly controlled to
provide an aperture at an arbitrary, programmable location within the optical path.

[00100] In certain preferred embodiments, provided herein are methods and
systems for three-dimensional imaging using a rotating, multi-aperture plate 108 in the
primary optical path, with feedback control of the rotating plate 108 through a feedback
facility 1504.

{00101] Provided herein are methods and systems for three-dimensional
imaging using a moving (e.g., rotating), multi-aperture element 108 at a pupil of the
primary optical path. In embodiments the moving aperture component may be
disposed either behind, in front of, or within a primary optical facility 102, such as a
primary lens. Embodiments may include relay lenses 1402. Other embodiments may
include intermediate optical facilities, or refocusing lenses 110, in front of the primary
obtical facility.

[00102] It should be understood that certain preferred embodiments may
include one or more masking elements (e.g., a rotating shutter) for masking a portion of
the primary bundle of light rays in the optical path of an imaging system.

[00103] In embodiments, the methods and systems described herein can be used
for other purposes, such as for correcting aberrations. Thus, methods and systems
include a three (or more) sensor system for correcting aberrations in image data.

[00104] It may noted that in various embodiments described herein, methods
and systems are provided for three-dimensional imaging in which separate ray bundles
are sampled, but the sampled portions of a primary ray bundle share at least one optical
element after the sampling. It should also be noted that in certain embodiments herein

are methods and systems are provided for three-dimensional imaging with pupil
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sampling at one pupil and relevant pupil splitting at another pupil of the imaging
system.

{00105] It may be noted that provided herein are methods and systems that use
three image sensors that record three independent perspectives through a single lens,
using pupil sampling or pupil splitting. In embodiments, three sensors and a single lens
are used. Unlike a typical triplet imaging system, which has three sensors located in a
triangular pattern (but may have various other patterns) about a center position, in
certain preferred embodiments the methods and systems disclosed herein may locate
the third sensor between the two other sensors, This allows the third sensor to record
object feature positions that are ideally an average of the positions recorded by the
sensors to the left and to the right. This third sensor records an object position to which
the other object images can be referenced. It provides a reference independent of
object depth. This greatly simplifies registration of image data taken in time with a
moving object and/or camera.

[00106] In embodiments, images from the three sensors are processed using a
unique image registration technique that takes advantage of the third imaging sensor’s
location. Because the displacement of object features imaged by the third sensor are
ideally an average of feature positions recorded by the left and right sensors, image
registration between the third (center) sensor and the left sensor indicates a feature
displacement equal in distance but opposite in direction to that of the imaged feature
displacement between the center senor and the right sensor. By changing the sign of
the displacement direction of the registration between two sensors, a more accurate
measure of image disparity can be found by combining the registration among the data
from the different sensors. Additionally, there is the capability to use spatio-temporal
processing methods, which may be more accurate.

[00107] Thus, various embodiments disclosed herein include methods and
systems for combined pupil sampling by splitting the pupil of the primary optical
system into one on-axis and multiple off-axis apertures for instantaneous capture of
multiple images in the same spectral band by a monocular camera for three-
dimensional imaging of moving objects. Thus, embodiments involve pupil sampling
by a single moving / non-moving aperture element such as to image stationary scenes.

Multiple images instantaneously captured in the same spectral band at different
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aperture locations on different sensors are made possible by combining pupil sampling
done by a moving aperture mask (e.g., three collinear apertures) with pupil splitting by
a set of stationary mirrors or prisms. Under this condition, after pupil sampling the
individual rays share the same optical elements. This allows the implementation of a
freely moving sampling aperture 112 and associated elements) with a stationary
splitting facility (e.g., mirrors, prism, or the like). One aperture at the center and one or
more at an off-axis location are used for capturing three-dimensional images of moving
objects. Rays passing through the different apertures share the optics before and after
pupil sampling and are have different optical paths before sampling.

[00108] Thus, the various methods and systems disclosed herein enable using a
moving aperture with pupil splitting. In various embodiments the optical path of a
single lens can be split into three regions and sent to separate sensors. A moving
aperture plate with three aperture openings can be used to control the parts of the lens
being used for imaging. By rotating the mask, the perspective seen by each of the
sensors changes. The advantage of this arrangement, in addition to the advantages of
using an offset rotating aperture, is that images from the three sensors can be used to
acquire three-dimensional information. Thus, multiple images taken in time are not
required to resolve the three-dimensional shape of an object. This greatly simplifies
three-dimensional processing when wavefront imaging is used to image a moving
object.

[00109] In other embodiments, methods and systems disclosed herein also
include methods and systems to support off-axis optical wavefront and defocus blur
sampling referenced to an on-axis image. In embodiments, an imaging system may
assist in capturing imaging data for images of three-dimensional surfaces by
quantitatively measuring the defocus blur size of the images. In particular, by pupil
sampling with one or more off-axis apertures (e.g., the off-axis apertures disclosed in
connection with Fig. 3), it is possible to recover data relative not only to the amount of
defocus (D) of an image, but also data relative to the center of a blur spot (x,3,). The
“blur spot” refers to the diameter of the circle an imaged object feature would make if
an aperture offset from the lens axis were rotated about the lens axis. The
aforementioned pupil sampling gives three unknowns to recover for every measured

point: x,(2), yo(?), D(i). However, the problem can be reduced to only one unknown (the
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amount of defocus, D(#)) by capturing an on axis image with the help of the aperture
112 that is centered on the optical axis of the imaging system 100. This center image
(as a reference) also facilitates fusing information together from images captured at
multiple off-axis aperture positions. Furthermore, because this center image does not
encode depth into the image location of object features, it also allows camera path
recovery and stitching together or registering images of surfaces measured at different
camera positions. Thus, a center-imaging sensor in a stereo imaging system provides a
reference image. While this concept has been disclosed in connection with the imaging
system 100 and other imaging systems disclosed herein, such as including a rotating
aperture system, it should be understood that using a center image as a reference image
and an off-axis image for optical wavefront and blur sampling in reference to that
image can be used in any multi-sensor imaging system such as in a triplet imaging or
wavefront system.

[00110] Referring to Fig. 15, a technique for orienting the pupil of an imaging
system, such as an imaging wand, relative to a narrow area of an object is provided. In
embodiments of imaging systems, the relative orientation of pupil sampling apertures in
an imaging system, such as the imaging system 100 or another imaging system, may be
adjusted to minimize occlusion when capturing interproximal surfaces. In particular,
apertures can be disposed off-axis to be aligned with the orientation of the
intérproximal surface line. For example, when imaging the gap between teeth, such as
using a dental imaging wand, the sensors can be aligned parallel to the gap such that all
three cameras are able to observe down into the gap region. If they were located
perpendicular to the gap, only one of the sensors could be located to look down into the
gap. The other sensors would observe the gap from an angle and would therefore only
see one side of the gap or the other. Thus, in order to see into narrow areas (e.g. the

interproximal gap 1502) and capture multiple (e.g., three) images without occlusion,

~ the layout of the three apertures is aligned to the most likely relative orientation of the

wand to the object. In another aspect, an additional mirror or other optical facility may
be provided to dynamically or controllably re-align the ray bundles as they enter the
imaging system 100.

[00111] Referring to Fig. 16, in other embodiments the methods and systems

provided herein enable image triplet processing based on correlation disparity. In
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particular robust, high spatial resolution, and accurate image triplet processing can be
performed by taking advantage of known (e.g. given by epipolar lines) disparity
directions, and building on how patterns in a correlation plane are preserved when
image features move across the frame. For example, referring to Fig. 16, if images from
three cameras 1602, 1604 and 1608, (such as cameras sensitive to red, green and blue
(RGB) images, or other sensors) are aligned collinearly, disparity detection (for
example by correlation) can be performed on the R-t0-G, and the 180 degree rotated R-
to-B correlation fields. In this way, the R-t0-G and the rotated R-to-B true correlation
peaks will enhance each other, allowing smaller interrogation (search area) size to be
used in the center (R) channel. This may improve robustness and/or spatial resolution.
Accuracy may also be improved by enforcing correlation peak symmetry after
identifying the signal peak, and performing the “backward” correlation (R-to-G and G-
to-R, etc.). Thus, in an embodiment such as the embodiment of Fig. 1, registering the
center image with the image from either the left or the right image takes advantage of
the fact that the registered displacement of the same object feature with the opposite
sensor is equidistant along a line parallel to the placement of the sensors but in the
opposite direction. By reversing the sign of one of the image registrations relative to
the center sensor, it can be combined with the re gistration of the center sensor to the
opposite sensor. This provides improved accuracy and robustness to the processing of
image triplets.

[00112] In embodiments, images from the three sensors are processed using a
unique correlation technique that takes advantage of the third imaging sensor’s
location. Because the displacement of object features imaged by the third sensor are an
average of feature positions recorded by the left and right sensors, image registration
between the third (center) sensor and the left sensor indicates a feature displacement
equal in distance but opposite in direction to that of the imaged feature displacement
between the center senor and the right sensor. By changing the sign of the
displacement direction of the registration between two sensors, a more accurate
measure of image disparity can be found by combining the registration between the
center sensor and either the left or right sensor and the opposite sensor (right or left

sensor).
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[00113] In embodiments, the methods and systems disclosed herein may
combine multi-view imaging with estimating the amount of defocus (blur) at the image
plane. To avoid the contaminating effect of optical aberrations in capturing depth-
related image motion, the system may be designed such that at a nominal working
distance the object is placed in between the in-focus / reference plane of the primary
optical system 102. This may result in a blurring or low pass filtering effect on the
images captured through the on-axis and off-axis apertures. In order to compensate for
this, and to increase optical resolution at the nominal working distance a set of
refocusing lenslets may be used on the apertures to move the ray bundles back to focus
without altering the path of the chief ray. Additionally, these lenses can also
compensate or correct for some aperture-location-specific optical artifacts, to improve
the resolving power of the optics (e.g. Modulation Transfer Function) for every
aperture. However, even if the images are now in-focus at the nominal distance,
narrow depth-of-field is still a problem. This can be addressed by applying other special
optical elements on the apertures, such as a meso-optical element (a diffractive optical
element that increases depth-of-field), or a wavefront coding element, Using these
requires a special preprocessing step on the images to decode the depth or focus related
data, and to construct an image that has larger depth-of-field than if it were acquired
without these elements.

[00114] While the invention has been described in connection with certain
preferred embodiments, other embodiments may be understood by those of ordinafy

skill in the art and are encompassed herein.
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CLAIMS

What is claim is:

1. A camera comprising:

a primary optical facility having an optical path with a center axis;

an aperture element including a plurality of apertures for selectively
transmitting portions of the optical path to provide a plurality of optical channels;

a refocusing facility including a plurality of refocusing lenses, each one of the
refocusing lenses at a conjugate position in the optical path to one of the plurality of
apertures; and

a sampling facility that directs one or more of the plurality of optical channels

toward an optical sensor.

2. The camera of claim 1 wherein the optical sensor includes a sensor for each one

of the plurality of optical channels.

3. The camera of claim 1 wherein the center axis intersects one of the plurality of

apertures.

4, The camera of claim 1 wherein the center axis intersects one of the refocusing -

lenses.

5. The camera of claim 1 wherein the sampling facility includes at least one prism,
6. The camera of claim 5 wherein the at least one prism includes a prism having a

hole positioned on the center axis, the hole passing a center one of the plurality of

optical channels.

7. The camera of claim 1 wherein the sampling facility includes at least one

mirror,
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8. The camera of claim 7 wherein the at least one mirror includes two mirrors

separated by a space that passes a center one of the plurality of optical channels.

9. The camera of claim 1 wherein at least one of the aperture element and the

refocusing facility is adapted to rotate.

10. The camera of claim 1 wherein the aperture element is adapted to rotate while

the refocusing facility remains stationary.

11. The camera of claim 1 wherein the aperture element includes three apertures.

12. The camera of claim 1 further comprising an image processor that processes

data acquired by the optical sensor.

13. A three dimensional optical imaging system comprising:
a single primary optical facility in a primary optical path of the imaging system;
a splitting facility that samples ray bundles in the primary optical path to
provide a plurality of sampled ray bundles;
at least one sensor that receives one of the plurality of sampled ray bundles; and

an image processing facility that processes an output of the at least one sensor.

14. The three dimensional optical imaging system of claim 13 wherein the plurality
of sampled ray bundles includes three ray bundies, each one of the three ray bundles

providing an optical channel.

15. The three dimensional optical imaging system of claim 13 wherein the at least
one sensor includes three sensors, each one of the three sensors acquiring data from one
of the plurality of ray bundles.

16. A three-dimensional optical imaging system comprising:

a single primary optical facility;
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a pupil sampling facility at a first pupil of an optical path in the imaging system;
and

a pupil splitting facility at a second pupil of the optical path.

17. The three-dimensional optical imaging system of claim 16 wherein the pupil

sampling facility includes three optical channels.

18. The three-dimensional optical imaging system of claim 17 wherein the three
optical channels include at least one center channel sharing an axis with a center axis of

the single primary optical facility.

19. A three-dimensional optical imaging system comprising:

a primary optical facility;

an aperture element that samples a portion of a wavefront of the primary optical
facility to provide a sampled wavefront, the aperture element including a plurality of
apertures, at least one of the apertures including a bandpass filter;

a sensor that receives a portion of the sampled wavefront; and

an image processing facility that processes an output of the sensor.

20. The three-dimensional optical imaging system of claim 19 wherein the plurality

of apertures include three apertures.

21. The three-dimensional optical imaging system of claim 20 wherein a center axis

of the primary optical facility intersects one of the three apertures.

22, A device comprising an aperture element positioned within a primary optical
facility having a center axis, the aperture element including three apertures positioned
collinearly, each one of the apertures selectively transmitting a portion of an optical
wavefront of the primary optical facility, thereby providing three optical channels, and

a center one of the apertures positioned on the center axis.
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23. The device of claim 22 wherein the three apertures are substantially equally

spaced apart.

24. The device of claim 22 wherein the aperture element includes one or more of a
moving plate, an electronic aperture, a shutter, a shuttering aperture, an oscillating

aperture, a flipping mirror, a rotating mirror, and a digital light processor.

25. The device of claim 22 wherein the aperture element is adapted to rotate on the

center axis.

26. The device of claim 22 further comprising a refocusing facility having three
refocusing elements located at conjugate positions to the three apertures within the

primary optical facility.

27. The device of claim 26 wherein the refocusing facility is adapted to rotate on

the center axis.

28. The device of claim 26 wherein the aperture element is adapted to rotate on the

center axis.

29, The device of claim 28 wherein the refocusing facility is adapted to rotate in an

opposite direction from the aperture element.

30. The device of claim 22 further comprising three optical sensors positioned to

capture data from each of the three optical channels.

31. The device of claim 30 wherein each one of the three optical sensors includes a

collection of sensors to acquire RGB data.

32. The device of claim 30 further comprising a sampling facility that redirects the

three optical channels to the three optical sensors.
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33. The device of claim 32 wherein the sampling facility includes two mirrors
separated by a space that passes a center one of the optical channels corresponding to

the center one of the apertures.

34. The device of claim 32 wherein the sampling facility includes three mirrors.

35. The device of claim 32 wherein the sampling facility includes at least one
prism.
36. The device of claim 35 wherein the at least one prism includes a prism having a

hole that passes a center one of the optical channels corresponding to the center one of

the apertures.

37. A device comprising a refocusing facility positioned within a primary optical
facility having a center axis, the refocusing facility including three refocusing elements
positioned collinearly and substantially equally spaced, each one of the three refocusing
elements refocusing a portion of an optical wavefront of the primary optical facility,

and a center one of the refocusing elements positioned on the center axis.

38.  The device of claim 37 wherein the refocusing facility is adapted to rotate on

the center axis.

39. The device of claim 37 wherein the refocusing elements include at least one
mirror,

40. The device of claim 37 wherein the refocusing elements include at least one
lens.

41. The device of claim 37 wherein the refocusing elements include at least one

meso-optical element.
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42. The device of claim 37 further comprising three optical sensors positioned to

capture data from each of the three optical channels.

43, The device of claim 42 wherein each one of the three optical sensors includes a

collection of sensors to acquire RGB data.

44, A method of processing images from sensors comprising:

receiving the output of three optical sensors of an imaging system, the three
optical sensors including a center sensor that captures data from a center channel of an
optical path and two side sensors, each side sensor having an equal displacement with
respect to image motion within the optical path;

changing a sign of displacement direction of a registration between two of the
sensors; and

combining a registration between the center sensor and the two side sensors.

45. A device comprising an aperture element positioned within a primary optical
facility having a center axis, the aperture element including three apertures positioned
non-collinearly, each one of the apertures selectively transmitting a portion of an
optical wave front of the primary optical facility, thereby providing three optical

channels.

46. The device of claim 45 wherein one of the three apertures is a center aperture

positioned on the center axis.

47. The device of claim 45 further comprising a fourth aperture, the fourth aperture

positioned on the center axis.

48. The device of claim 45 wherein the three apertures are substantially equally
spaced apart.

49, The device of claim 45 wherein the three apertures form a right angle.
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50. The device of claim 45 wherein two of the three apertures are one-hundred and

eighty degrees apart with respect to the center axis of the primary optical facility.

51. The device of claim 45 wherein the aperture element includes one or more of a
moving plate, an electronic aperture, a shutter, a shuttering aperture, an oscillating

aperture, a flipping mirror, a rotating mirror, and a digital light processor.

52. The device of claim 45 wherein the aperture element is adapted to rotate on the

center axis.

53. The device of claim 45 further comprising a refocusing facility having three
refocusing elements located at conjugate positions to the three apertures within the

primary optical facility.

54. The device of claim 53 wherein the refocusing facility is adapted to rotate on

the center axis.

55. The device of claim 53 wherein the aperture element is adapted to rotate on the
center axis.
56. The device of claim 55 wherein the refocusing facility is adapted to rotate in an

opposite direction from the aperture element.

57.  The device of claim 45 further comprising three optical sensors positioned to

capture data from each of the three optical channels.

58. The device of claim 57 wherein each one of the three optical sensors includes a

collection of sensors to acquire RGB data.

59. The device of claim 57 further comprising a sampling facility that redirects the

three optical channels to the three optical sensors.
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60.  The device of claim 59 wherein the sampling facility includes two mirrors
separated by a space that passes a center one of the optical channels corresponding to a

center one of the apertures.

61.  The device of claim 59 wherein the sampling facility includes three mirrors.

62. The device of claim 59 wherein the sampling facility includes at least one
prism.

63. The device of claim 62 wherein the at least one prism includes a prism having a

hole that passes a center one of the optical channels corresponding to a center one of

the apertures.

64. A device comprising a refocusing facility positioned within a primary optical
facility having a center axis, the refocusing facility including three refocusing elements
positioned collinearly and substantially equally spaced, each one of the three refocusing
elements refocusing a portion of an optical wave front of the primary optical facility,

and a center one of the refocusing elements positioned on the center axis.

65. The device of claim 64 wherein the refocusing facility is adapted to rotate on

the center axis.

66. The device of claim 64 wherein the refocusing elements include at least one
mirror.

67. The device of claim 64 wherein the refocusing elements include at least one
lens.

68. The device of claim 64 wherein the refocusing elements include at least one

meso-optical element,
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69. The device of claim 64 further comprising three optical sensors positioned to

capture data from each of the three optical channels.

70. The device of claim 69 wherein each one of the three optical sensors includes a

collection of sensors to acquire RGB data.

71. An optical imaging system, comprising:

a single primary optical facility;

a refocusing facility in a primary optical path of the optical imaging system to
sample one or more portions of an optical wavefront that pass through the single
primary optical facility, and to focus the optical wavefront onto an image plane;

a moving aperture element at a conjugate position to the refocusing facility;

a splitting facility that splits the one or more portions of the optical wavefront;

at least one sensor that receives at least one of the one or more portions of the
optical wavefront;

an image processing facility that processes an output of the at [east one sensor;
and

a feedback facility that controls at least one of the moving aperture element and

the refocusing facility based on the output of the at least one sensor.

72. The system of claim 71 further comprising one or more relay lenses that relay
ray bundles.

73.  The system of claim 71 wherein the single primary optical facility includes a
lens.

74. The system of claim 71 wherein the single primary optical facility includes a set
of mirrors.

75.  The system of claim 71 wherein the single primary optical facility is an

electronic optical facility.
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76. The system of claim 75 wherein the electronic optical facility includes a liquid
crystal display.

77. The system of claim 75 wherein the electronic optical facility includes a
flipping mirror.

78. The system of claim 71 wherein the refocusing facility includes three refocusing
elements.

79. The system of claim 78 wherein the three refocusing elements are disposed

collinearly off the axis of the primary optical path.

80. The system of claim 78 wherein the three refocusing elements are disposed in a
triangle.

81. The system of claim 80 wherein the triangle is a right triangle.

82. The system of claim 71 wherein the refocusing facility includes two refocusing
lenses.

83. The system of claim 71 wherein the refocusing facility is a rotating refocusing
facility.

84. The system of claim 83 wherein the refocusing facility is adapted to rotate in

synchronization with a rotation of the moving aperture element.

85. The system of claim 71 wherein the refocusing facility is a mirror-based

refocusing facility.

86. The systel.n of claim 71 wherein the refocusing facility is disposed behind the
single primary optical facility.
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87.  The system of claim 71 wherein the refocusing facility is disposed in front of

the single primary optical facility.

88.  The system of claim 71 wherein the refocusing facility is within the primary

optical facility.

89. The system of claim 71 wherein the moving aperture element is adapted to

rotate.

90. The system of claim 71 wherein the moving aperture element includes three

apertures that correspond to three refocusing lenses of the refocusing facility.

91. The system of claim 90 wherein the three apertures are disposed collinearly off
the axis of the primary optical path.

92. The system of claim 90 wherein the three apertures are disposed in a triangle.

93. The system of claim 92 wherein the triangle is a right triangle.

94. The system of claim 71 wherein the moving aperture element is adapted to

rotate in synchronization with a rotation of the refocusing facility.

95. The system of claim 94 wherein the moving aperture element is adapted to

rotate in a direction of the rotation of the refocusing facility.

96. The system of claim 94 wherein the moving aperture element is adapted to

rotate in an opposite direction of the rotation of the refocusing facility.

97.  The system of claim 71 wherein the moving aperture element is in front of the

single primary optical facility in the primary optical path.
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98. The system of claim 71 wherein the moving aperture element is behind the

single primary optical facility in the primary optical path.

99. The system of claim 71 wherein the moving aperture element is located at a

pupil of the system.

100.  The system of claim 71 wherein at least one aperture of the moving aperture

element is located on an axis of the primary optical path.

101.  The system of claim 71 wherein the moving aperture element is a rotating
aperture element, and wherein at least one aperture of the moving aperture element
does not move relative to an axis of the primary optical path during a rotation of the

moving aperture element.

102.  The system of claim 71 wherein an image passing through at least one aperture

of the moving aperture element provides a fixed reference.

103.  The system of claim 71 wherein the splitting facility includes a pupil splitting
facility.

104.  The system of claim 71 wherein the splitting facilify includes a pupil sampling
facility.

105.  The system of claim 71 wherein the splitting facility includes a polarizing

splitter.
106.  The system of claim 71 wherein the splitting facility includes a prism.
107.  The system of claim 71 wherein the splitting facility includes a pair of mirrors.

108.  The system of claim 107 wherein the pair of mirrors a separated by a space that

allows a central channel of an image to pass directly to a sensor.
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109.  The system of claim 71 wherein the splitting facility includes a mirror with a
transmissive portion that permits a portion of an image to pass through a portion of the

mirror.

110.  The system of 1 further comprising three sensors disposed in conjunction with

three ray bundles that correspond to three apertures of the moving aperture element.
111.  The system of claim 72 further comprising two sensors including a first sensor
disposed as a rear channel along a central axis of the primary optical path and a second
sensor disposed off-axis relative to the central axis of the primary optical path.

112. The system of claim 71 wherein the at least one sensor consists of one sensor.
113.  The system of claim 112 wherein the one sensor is an RGB sensor.

114.  The system of claim 112 wherein the one sensor includes a plurality of sensor
elements, each one of the plurality of sensor elements being selectively responsive to

particular wavelengths of light,

115.  The system of claim 71 wherein the image processing facility includes a

camera.

116.  The system of claim 71 wherein the image processing facility includes a

machine vision system.

117.  The system of claim 71 wherein the image processing facility includes a motion

detection system.

118.  The system of claim 71 wherein the image processing facility includes a three

dimensional imaging facility.
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119.  The system of claim 71 wherein the image processing facility includes a

medical imaging facility.

120.  The system of claim 71 wherein the image processing facility includes a dental
imaging facility.
121.  The system of claim 71 wherein the image processing facility performs triplet

image processing based on spatio-temporal processing.

122.  The system of claim 71 wherein the image processing facility performs

correlation-based image processing.

123.  The system of claim 71 wherein the image processing facility performs

Ve

disparity-based image processing,.

124.  The system of claim 71 wherein the image processing facility is capable of

performing velocimetry.

125.  The system of claim 71 wherein the refocusing facility is disposed in front of

the single primary optical facility in the primary optical path.

126.  The system of claim 71 further comprising a masking element adapted to move

in synchronization with the moving aperture element.

127.  The system of claim 71 wherein the system is used to correct aberrations in

optical image data.

128. A three-dimensional optical imaging system comprising:
a single primary optical facility;
a sphitting facility that samples portions of a pupil of the imaging system to

provide a plurality of sampled portions of an optical wavefront;
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a set of three or more sensors that receives respective ones of the plurality of
sampled portions; and

an image processing facility that processes an output of the sensors.

129. A three-dimensional optical imaging system comprising:

a single primary optical facility in a primary optical path of the imaging system;
and

a refocusing facility in the primary optical path, the refocusing facility adapted

to sample a portion of a wavefront that passes through the primary optical facility.

130.  An optical imaging system comprising:

a single primary optical facility in a primary optical path of the imaging system;

a refocusing facility in the primary optical path, the refocusing facility adapted
to sample a portion of a wavefront that passes through the primary optical facility;

a moving aperture element that samples the portion of the wavefront to provide
a sampled wavefront; '

at least one sensor that receives the sampled wavefront; and

an image processing facility that processes an output of the at least one sensor.

131.  An optical imaging system comprising:

a moving aperture element that samples a portion of a wavefront to provide a
sampled wavefront;

at least one sensor that receives the sampled wavefront; and

an image processing facility that processes an output of the at least one sensor.

132. A three-dimensional optical imaging system comprising:

a moving aperture element that samples a portion of a wavefront, the moving
aperture element located at a pupil of a primary optical path of the imaging system, the
moving aperture element including at least one aperture located on an axis of the
primary optical path;

at least one sensor that receives a sampled portion of the wavefront; and

’
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an image processing facility that processes the output of the one or more

SCNSorSs.

133. A three-dimensional optical imaging system comprising:

an aperture element that samples a portion of a wavefront in the imaging
system, the aperture element located in a primary optical path of the imaging system at
a pupil of the primary optical path, the aperture element including a plurality of

apertures that are disposed linearly with respect to each other.

134. A three-dimensional optical imaging system comprising:

a single primary optical facility;

a rotating aperture element that samples a portion of a wavefront in the imaging
system to provide a sampled wavefront, the rotating aperture element being located in a
primary optical path of the imaging system at a pupil of the primary optical path;

at least one sensor that senses a portion of the sampled wavefront; and

an image processing system that processes an output of the at least one sensor.

135. An optical imaging system comprising:

a single primary optical facility within a primary optical path of an imaging
system;

a refocusing facility in the primary optical path to sample a portion of a
wavefront in the primary optical path;

a moving aperture element that samples a portion of the wavefront in the
primary optical path;

a splitting facility that splits portions of a pupil within the primary optical path;

a sensor that receives the wavefront after the refocusing facility, the moving
aperture, and the splitting facility; and

an image processing facility that processes an output of the sensor.

136.  An optical imaging system comprising:

a single primary optical facility in a primary optical path of the imaging system;
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a refocusing facility in the primary optical path to sample a portion of a
wavefront in the primary optical path;

a multi-aperture element adapted to receive the wavefront from the refocusing
facility and to sample the received wavefront, the multi-aperture element including a

5 plurality of apertures;

a splitting facility that splits portions. of a pupil in the primary optical path to
provide a plurality of sampled wavefronts;

a sensor that receives one or more of the plurality of sampled wavefronts,
wherein the sensor is adapted to receive sampled wavefronts from at least two of the

10 plurality of apertures simultaneously; and

an image processing facility that processes the output of the one or more

SEMNSors.

137. A method of processing images from sensors comprising:

15 receiving the output of three optical sensors of an imaging system, the three
optical sensors including a center sensor that captures data from a center channel of an
optical path and two side sensors, each side sensor having an equal displacement with
respect to image motion within the optical path;

changing a sign of displacement direction of a registration between two of the
20 sensors; and
combining a registration between the center sensor and the two side

Sensors.
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