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FIG. 1A

(57) Abstract: An apparatus and method for optically remapping
projected pixels to maximize the utilization and to optimize the dis-
tribution of remapped projection pixels to achieve optimal visual
performance (generally uniform resolution and luminance). A de-
vice interposed between a projector and an imaging surface for op-
tically remapping projected pixel locations with minimal aberra-
tion. When this device is interposed between a projector and an
imaging surface, it changes the terminal location of each focused
pixel such that it maximally coincides with the imaging surface,
which is often a surface of complex curvature and very different
from the native focal surface of the projector. One implementation
of the technology includes a device that uses multiple optical sur-
faces.
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METHOD AND APPARATUS FOR REMAPPING PIXEL LOCATIONS

[0001]

BACKGROUND

[0002] FIELD: This technology as disclosed herein relates generally to optical remapping of

projected pixel locations and, more particularly, to remapping with minimal aberration.

[0003] BACKGROUND: The cost and performance efficiency of a projector-based visual
display system is primarily dependent upon the utilization of available projector pixels.
Commercially available projectors are designed to provide a rectangular projection frustum, with
square pixels, and negligible field curvature. A visual display system is generally designed to
achieve a required Field Of View (FOV), resolution, and luminance. Since the most efficient
distribution of pixels for human observation is that of a visual sphere, and a rectangle does not
tessellate onto a sphere with high efficiency, these visual requirements generally result in poor

utilization of the rectangular, square-pixel, projection frustum.

There are special lens systems, namely fish-eye (“f-theta”) and anamorphic lenses
which enable some adjustment of the rectangular projection frustum, but they are inadequate.
Fish-eye lenses have limited tolerance for the location of the origin of projected light, which can
force the projector to be located within the viewing area or other physical obstruction. Further,
Fish-eye lenses also have less tolerance for tuning the local distribution of pixels. An afocal

anamorphotic cylindrical lens system which is set up in the projection path of rays
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of 1 sphencal projection and camera objective lens on the side of the longer distance between

s

back lons and mage and serves for oblating an voage sharp in all image points
Anamompbosmg evlindrical lens svstems have become known which consist of a lens
componerd positioned in frout of the objective having a positive eylindrical power of
refraction, and another fons component, separated from the first by air and having a negatnve
cvhindrical power of refraction the evlinder axes of these mombers being parstiel {o sach
other with gach of said two components formed of a converging lons comented 0 a diverging
fens and with the oylindncal comented suwrface w the diverging component having a
converging effect and with its concave surface tumed foward the converging component, and
the cemented sarface of the converging component having 3 diverging effect and with s
converging surface nrned toward the diverging component. Axes of the two components Be
i vertical plaves ao that the avstem in the horizontal plane decreases the focal length of the
objective while w the vertical plase the focal Tength remams unchanged, 1. ¢. i the borizontal
plane & change of the image scale is effectad while in the vertical plane the image scale
remams uynchanged. However, anamorphic lenses are also relatively intolerant of the tuning
of the local distribution of pixels. Commercially available anamorphic lenses are also limited

to small changes 1n aspect ratio.

[0605] Another objective having become koown up 0 now consists of at Jeast five lenses
the diverging components being made up of three lenses. In spite of the mumber of lonses and
the arrangement of these known systoms the projection quality, especially in respect o coma

and distortion, 1 not satisfactory,

[6606] A better apparatus and/or method 1s needed for improving optical remapping of

projected pixel locations and, more particularly, to remapping with minimal aberration.

SUMMARY
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[6667] The technology as disclosed herein ncludes a4 method and apparatus for optically
remapping projected pixels to maximize the utilization and to optinnze the distrbution of
remapped projection pixels to achieve optimal visual performance (generally uniform
resolution and luminance). By way of illustration, fish-eve lenses are utilized in an attempt
1o meet this need, but Fish-eye lenscs have less tolerance for tuning the local distribution of
pixels, whereas a slightly flexible mirror element {thin glass, e.g.) as proposed hersin for the
present technology and its various embodiments and implementation allows for such

adpustment without remamufacture of the optical clement.

[0608] One implementation of the technology is a device interposed between a projector
and an imaging surface for optically remapping projected pixel locations with minumal
aberration. When this device 1s interposed between a projector and an imaging surface, it
changes the terminal location of each focused pixel such that it maximally coincides with the
mmaging surface, which is offen a surface of complex curvature and very different from the
natrve focal surface of the projector. One implementation of the technology includes a device
that uses multiple optical surfaces. However, one implementation of technology includes a
sangle optical surface that 1s effective when the remapping-induced abermations (focus blur)
are less than the required resolution for the visual display system. Yt another
implementation of the technology includes a device that uses a combination of reflective and
refractive optical surfaces, however, visual display system performance 1s timproved by a
purcly reflective or refractive set of optical surfaces. For one implementation of the invention

one optical clement is utilized to bend the light and the other is used to correct the focus,

[6609] One implementation of the technology includes a projector that provides a
projected light frustum incident onto a largely cylindrical refractive lens. The center of
curvature of this fens is proximately coincident with the light origin point of the projector.
This clement enables correction of anisotropic focus, which is a product of the degree of
angular deviation effected by downstream clements in order to achieve the remapping. It does
so because the chief ray (central ray) from the light origin is largely normal to the refracting

optical surface and so experiences nunimal deviation, but the marginal rays (from edges of
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the defocused spot at light origin) experience significant deviation, which changes the focal depth
- but not the location - of a given pixel. For one implementation of the technology as disclosed
and claimed herein this lens uses multiple elements to reduce chromatic dispersion (achromatic
doublet, e.g.). Light exiting the aforementioned lens is then incident upon one or more reflective

optical surfaces which remap the projected pixel locations by way of non-planar surface

geometry.

[0010] For one implementation of the technology as disclosed and claimed herein a single
reflective surface is used, and the reflective surface is provided by a first-surface-coated thin glass
substrate ( for one implementation about approximately 200 micron thickness, e.g.) . This thin
mirror is forced into a nearly-cylindrical hyperbolic paraboloid. The thin glass mirror provides
significant anisotropic magnification producing an elongated aspect ratio when the pixels are
finally incident upon the imaging surface. It also generates significant field curvature in the same
axis. In “cross-cockpit collimated” visual display systems as well as “dome” visual display
systems it is common to employ a spherical, toroidal or other quadric imaging surface, which is
much wider than it is tall. The aforementioned thin glass mirror adjusts the pixel locations and
focal surface to more optimally converge on said imaging surface. This enables a single higher-
resolution projector, to replace two or more lower-resolution projectors. The thin mirror material
can be constructed of any material that can be polished to the required optical smoothness and/or
on which a reflective coating is applied. The mirror has a reflective coating or a reflective
portion, and has another portion that holds the structure itself (the substrate). For one
implementation the substrate is constructed of one or more of, glass, plastic, metal, metal
composite, acrylic, ceramic and carbon fiber. One implementation of a reflective coating includes
one or more of aluminum, silver or a comparable material on glass. The reflective coating can be
applied to a plastic film, rigid plastic or acrylic. Various manufacturing processes for the

substrate and the reflective coating can be used without departing from the scope of the invention.
[0011] The surface geometry of the thin glass mirror - by way of mechanical pressure - can be

tuned to achieve a free-form optical shape, which more optimally distributes pixels per visual

display system requirements. This enables accommodation for deviations from nominal in the

Date Recue/Date Received 2023-01-11
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surface geometry of the screen, or deviations in the mapping of the FOV angles onto the imaging
surface. For one implementation of the technology, a proprietary software analysis package
(MATLAB code & GUI) is utilized, which enables the empirical (human-in-the-loop)
determination of free-form and aspheric geometries to optimally remap pixels via the mechanical

tuning of the mirror.

[0012] Visual display systems for regulatory-certified aviation simulation training use
multiple projectors with overlapping images to provide certifiable visual performance. The
technology as disclosed and claimed herein provides the ability to replace these projectors with a
single projector. This dramatically reduces the cost and complexity of maintaining the ‘alignment’
(the color, luminance, gamma, and geometric performance) of adjacent channels, and eliminates
the need for costly, error-prone ‘blending’ of adjacent channels. Poor utilization of projector
pixels costs the Audio-Visual (A/V) and Visual Simulation (VizSim) markets millions of dollars
annually. If pixels can be optically remapped, fewer projectors are required, and there is less need
for multi-projector alignment systems. Luminance, dynamic range, and system MTBF are all

increased.

[0013] For one implementation of the technology, a visual system design tool is utilized,
which could then be modified to simulate the lens behavior for the proposed system. For the
technology as disclosed and claimed herein, the technology as disclosed herein provides for a
more advanced control of pixel location via the mirror shape, and produces curvilinear and local
pixel redistribution rather than just an angularly uniform stretch. In particular, visual display
system applications generally need a combination of anamorph and local pixel redistribution.
Were a Fisheye Lens used, significant pixels would be lost. For one implementation of the
technology, solutions can be tuned for various imaging surface geometries. Focus aberrations
become quickly apparent as degree of remapping increases. The technology as disclosed and
claimed herein seeks to address the focus issue. One implementation of the technology as
disclosed and claimed is a device to remap projector pixels with substantially maximal pixel
utilization and substantially optimal resolution for an observer or observers of a display system.

The device is interposed within the optical path between image formation within a projector and

Date Recue/Date Received 2023-01-11
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later image formation upon a curved screen. The device includes at least a refractive element and
areflective element which are positioned in optical subsequency. The focal surfaces of the
refractive and reflective elements each have a longest dimension, and said focal surface longest
dimensions are oriented substantially orthogonal to one another. For one implementation, the
device first uses refraction to substantially astigmatize the projected image's focus to a degree,
which is substantially inverse to the focal astigmatism introduced by optically subsequent
elements. For one implementation, the device next uses reflection to supplementarily optically
redirect light, a.k.a. remap pixels, from a projector to substantially optimal locations on a curved
screen. The device is adjustable in its optical effect in order to support any of the following:
various projectors, various projector configurations, various display systems, various display
system configurations, variations in display system components, variation in observer location
variation in required field of view and/or resolution. Fewer projectors are required, and less need
for multi-projector alignment systems. Luminance, dynamic range, and system MTBF are all
increased. A device can be tunable if needed. The thin mirror configuration having thin glass
minimizes chromatic aberration and enables large magnification / large remapping. The features,
functions, and advantages that have been discussed can be achieved independently in various
implementations or may be combined in yet other implementations further details of which can be

seen with reference to the following description and drawings.

[0014] The technology as disclosed and claimed herein is particularly applicable for
applications for larger remapping with higher pixel densities. Higher pixel densities requiring
larger remappings have necessitated a newer solution and is one of the reasons for the present
technology as described. Further, the present technology provides for correcting resolution from a
DEP. The prior art does not do large remapping of high pixel densities to a remapped location
that would be optimal from a DEP with uniform resolution across the field of view. Further the
present technology is tunable into a freeform which is not taught by the prior art. By way of
illustration, for collimated systems, one implementation of the technology provides an eye point
for at least two observers so the technology as disclosed and claimed optimizes the system for the
best balance between multiple observers so when the term design eye position (DEP) is utilized

herein, for one implementation, it is a DEP that is a balance between the eye positions of multiple

Date Recue/Date Received 2023-01-11
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observers. The DEP in this case represents the position of many observers, therefore when the
term observer is utilized herein it can refer to multiple observers. The adjustment parameters of
the system can be adjusted with respect to an observer’s position or observers’ positions. These
and other advantageous features of the present technology as disclosed will be in part apparent

and in part pointed out herein below.

[0014a]  According to another aspect of the disclosure, there is provided a method for optically
remapping projected pixel locations, comprising: defining a design eye point (DEP), a field of
view corresponding to the DEP, and an image resolution for a plurality of portions of the field of
view when viewing a projected image; generating a set of viewing vectors from the DEP
representative of a projection of the field of view onto an image formation surface, whereby the
viewing vectors intersect a curved screen whereupon the projected image will be formed;
determining, for each of the plurality of portions of the field of view, screen intersection locations
to which projector pixels will be substantially mapped; determining an optimal density of pixels
within each of the plurality of portions of field of view based on the image resolution for a given
portion of the field of view; interposing an optical device within an optical path between an image
source formation point within a projector and a projected image formation point upon the curved
screen, wherein the optical device includes at least a refractive element and a reflective element
positioned in optical subsequence, where focal surfaces of the refractive and reflective elements
each have a longest dimension, and said focal surface longest dimensions are oriented
substantially orthogonal one with respect to the other; refracting and reflecting the projected
image with the optical device; adjusting the optical effect of the optical device in order to support
one or more of various projectors, various projector configurations, various display systems,
various display system configurations, variations in display system components, variation in
observer location, variation in field of view, and variation in image resolution; and astigmatizing
the projected image's focus by way of refracting with the refractive element of the optical device
and reflecting the astigmatized refracted image with the reflective element of the optical device to
supplementally optically redirect light from the astigmatized refracted image to the screen
intersection locations with optimal pixel density, whereby, the optical device thereby optimizes

the utilization of the projector's pixels by satisfying the image resolution for the given portion of

Date Recue/Date Received 2023-01-11
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the field of view with a minimum of projector pixels.

[0014b]  According to another aspect of the disclosure, there is provided an apparatus for
optically remapping projected pixels for an observer of a display system, comprising: a projector
and a curved screen oriented and positioned for a design eye point (DEP) and a corresponding
field of view and for projection of an image from the projector onto the curved screen; an optical
device interposed within an optical path between an image source formation point within the
projector and a projected image formation point upon the curved screen, where the optical device
includes at least a refractive element and a reflective element which are positioned in optical
subsequence, and where a focal surface of the refractive element and a focal surface of the
reflective element each have a longest dimension, and the longest dimensions are oriented
substantially orthogonal to one with respect to the other; said refractive element configured to
substantially astigmatize the projected image's focus to a degree which is substantially inverse to a
focal astigmatism introduced by optically subsequent elements using refraction by the refractive
element; said reflective element configured to supplementally optically redirect light from the
projector to optimal locations on the curved screen thereby optically remapping pixels, wherein
the reflective element uses reflection to optically redirect the light; and said optical device
configured to be adjustable in its optical effect in order to support one or more of various
projectors, various projector configurations, various display systems, various display system
configurations, variations in display system components, variation in observer location, variation
in field of view, and variation in image resolution, whereby, achieving substantially maximal
pixel utilization and substantially optimal image resolution for one or more observers of the

display system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] For a better understanding of the present technology as disclosed, reference may be

made to the accompanying drawings in which:

Date Recue/Date Received 2023-01-11
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[0016] Figs. 1A and 1B are illustrations of an imaging surface of a simulator;

[0017] Figs. 1C and 1D are illustrations of thin mirror interposed between a projector and an

imaging surface and the design eye point;

[0018] Fig. 2 is an illustration of the mapping of pixels to an imaging surface;

[0019] Fig. 3A through 3C are illustrations of an application in a “cross-cockpit collimated”

visual display systems or “dome” visual display system;

[0020] Fig. 4 is an illustration of a set of viewing vectors generated from the DEP to represent

the projection of the field of view; and

[0021]  Fig. 5 is a graphical illustrations of a freeform.

[0022] While the technology as disclosed is susceptible to various modifications and
alternative forms, specific implementations thereof are shown by way of example in the drawings
and will herein be described in detail. It should be understood, however, that the drawings and
detailed description presented herein are not intended to limit the disclosure to the particular
implementations as disclosed, but on the contrary, the intention is to cover all modifications,
equivalents, and altemnatives falling within the scope of the present technology as disclosed and

as defined by the appended claims.

DESCRIPTION

[0023] According to the implementation(s) of the present technology as disclosed, various
views are illustrated in Fig. 1-5 and like reference numerals are being used consistently
throughout to refer to like and corresponding parts of the technology for all of the various views

and figures of the drawing. Also, please note that the first digit(s) of the reference number for a
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given item or part of the technology should correspond to the Fig. number in which the item or
part is first identified. Reference in the specification to “one embodiment” or “an embodiment”;
“one implementation” or “an implementation” means that a particular feature, structure, or
characteristic described in connection with the embodiment or implementation is included in at
least one embodiment or implementation of the invention. The appearances of the phrase “in one
embodiment” or “in one implementation” in various places in the specification are not necessarily
all referring to the same embodiment or the same implementation, nor are separate or alternative

embodiments or implementations mutually exclusive of other embodiments or implementations.

[0024] The technology as disclosed and claimed herein is a method and apparatus for
optically remapping projected pixels to maximize the utilization and to optimize the distribution
of remapped projection pixels to achieve optimal visual performance (generally uniform
resolution and luminance). One implementation of the technology is a device interposed between
a projector and an imaging surface for optically remapping projected pixel locations with minimal
aberration. When this device is interposed between a projector and an imaging surface, it changes
the terminal location of each focused pixel such that it maximally coincides with the imaging
surface, which is often a surface of complex curvature and very different from the native focal
surface of the projector. One implementation of the technology includes a device that uses
multiple optical surfaces. However, one implementation of technology includes a single optical
surface that is effective when the remapping-induced aberrations (focus blur) are less than the
required resolution for the visual display system. Yet another implementation of the technology
includes a device that uses a combination of reflective and refractive optical surfaces, however,
visual display system performance is improved by a purely reflective or refractive set of optical
surfaces. The technology as disclosed and claimed herein is particularly applicable for
applications for larger remapping with higher pixel densities. Higher pixel densities requiring
larger remappings have necessitated a newer solution and is one of the reasons for the present
technology as described. Further, the present technology provides for correcting resolution from a
DEP. The prior art does not do large remapping of high pixel densities to a remapped location
that would be optimal from a DEP with uniform resolution across the field of view. Further the

present technology is tunable into a freeform which is not taught by the prior art.

Date Recue/Date Received 2023-01-11
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[0025] Referring to Figs. 1A and 1B an illustration of an imaging surface of a simulator is
provided. Fig. 1A illustrates the surface on which the image is projected and Fig. 1B illustrates an
image being projected on the surface 101. The imaging surface is shown as a surface of complex
curvature and very different from the native focal surface of the projector, which teaches an
apparatus and method as disclosed and claimed herein for optimizing the distribution of remapped
projection pixels to achieve optimal visual performance (generally uniform resolution and
luminance). A visual display system such as a flight simulator as illustrated in Fig. 1B is one

application of the technology as disclosed and claimed herein.

[0026] Referring to Figs. 1C and 1D an illustration of a thin mirror 102 interposed between a
projector 104 and an imaging surface 106 and the design eye point 108 is illustrated. One
implementation for providing a thin film Mylar mirror 102 is illustrated in Fig. 1D, where the thin
film Mylar mirror is formed over a base in order to set the shape and tensioning frame is used to

form the shape of the base into the Mylar film.

[0027] Referring to Fig. 2, an illustration of the mapping of pixels to an imaging surface is
illustrated. The on screen field of view observed from the Design Eye Point and pixel mapping
are illustrated. Referring to Figs. 3A — 3C, an illustration of an application in a “cross-cockpit
collimated” visual display systems or “dome” visual display system. The light leaves the
projector, passes through the refractive element, then reflects off of the reflective element, then is

incident upon the screen.

[0028] Referring to Fig. 4 an illustration of a set of viewing vectors generated from the DEP
to represent the projection of the field of view is shown. Referring to Fig. 5 a graphical illustration
of a freeform is provided. This type of mirror will be referred to herein as a “free-form” fold
mirror. The free-form fold mirror can be shaped to reduce or remove the loss of resolution of
image components near the boundaries of the projected light cone. Freeform Optical surfaces are
defined as any non-rotationally symmetric surface or a symmetric surface that is rotated about any

axis that is not its axis of symmetry. These surfaces can lead to a smaller system size as compared
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to rotationally symmetric surfaces. The free-form mirror when illuminated by a point light source
produces a given illumination pattern on a target surface that could be flat, spherical or of other
shape. For one method of accomplishing the design, the optical ray mapping can be modeled by
second order partial differential equations. For another method for accomplishing the design, an
approximation of the optical surfaces can be modeled and validated through ray tracing and
design of the optical surfaces, particularly the free form mirror can be determined. In addition to
the first curved portion, the free-form mirror can include a second curved portion spaced from the
first curved portion. In this arrangement, the first flat portion is between the first curved portion

and the second curved portion. Additional curved portions can be added as desired or necessary.

[0029] One objective Free Form Mirror technology is to equalize the size and spacing of
projector pixels to create uniform resolution so the appearance of the image is consistently sharp.
Any geometric corrections, such as pre-distorting a square to have a “barrel” shape so that it looks
square to the observer instead of having the comers look elongated, will be done by the Image
Generator creating the image, and not by the mirror. Prior technologies have not addressed
uniform resolution. Another objective of the technology is to provide a fold mirror that creates a
uniform pixel density (therefore uniform resolution & more uniform brightness) on any screen
surface. The free-form fold mirror 102 described herein would adjust the distribution of the
projector’s light rays onto the screen 106 to equalize the resolution across the image and produce
a much more uniform resolution and brightness. By way of illustration, for one implementation
of designing manufacturing and providing for a freeform mirror, a ray trace optimizer that
includes a computer based software tool for modeling the ray traces and ultimately the free form
shape of the fold mirror is utilized. The freeform mirror could be premanufactured utilizing such
a computer based tool. However, for one implementation, the free form mirror is dynamically
adjusted with a mechanical push/pull system that mechanically deforms the reflective surface of
the mirror to the appropriate curvature. For one implementation, the push/pull mechanism is
computer controlled to adjust the curvature of the mirror based on other system parameters in

order to reduce aberrations and improve resolution.
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[0030] The details of the technology as disclosed and various implementations can be better
understood by referring to the figures of the drawing. Referring to Figs. 1 — 5, one implementation
of the present technology as disclosed and claimed comprises a device 102 interposed between a
projector 104 and an imaging surface 106 for optically remapping projected pixel locations with
minimal aberration, whereby, when this device is interposed between a projector and an imaging
surface, it changes the terminal location of each focused pixel (See Fig. 2 for illustration) such
that it maximally coincides with the imaging surface, which is often a surface of complex
curvature and very different from the native focal surface of the projector, which teaches an
apparatus and method as disclosed and claimed herein for optimizing the distribution of remapped
projection pixels to achieve optimal visual performance (generally uniform resolution and

luminance).

[0031] One implementation of the technology as disclosed and claimed herein is a method
including determining the display system observer location, a.k.a. Design Eye Point 108, along
with the required field of view 110, and required resolution for each portion of field of view. For
one implementation the method includes generating a set of viewing vectors 402 generated from
the DEP 108 to represent the projection of the field of view 110 onto the image formation surface.
The viewing vectors 402 are intersected with a curved screen whereupon the image is formed.
For each portion of the field of view, the screen intersection locations determine the location to
which projector pixels will be substantially mapped. The required resolution for a given portion

of field of view determines the optimal density of pixels within said portion of field of view.

[0032] One implementation of the method includes interposing a device 102 within the optical
path 404 between image formation within a projector and the later image formation 101 upon a
curved screen. For one implementation, the device includes at least a refractive element and a
reflective element which are positioned in an optically subsequent order. The focal surfaces of
the refractive and reflective elements each have a longest dimension, and said focal surface
longest dimensions are oriented substantially orthogonal to one another. For one implementation,
the method includes adjusting the adjustable device’s optical effect in order to support any of the

following: various projectors, various projector configurations, various display systems, various
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display system configurations, variations in display system components, variation in observer
location variation in required field of view and/or resolution. One implementation of the method
substantially astigmatizes the projected image's focus by way of refraction and then uses
reflection to supplementally optically redirect light from a projector to said screen intersection
locations with said optimal pixel density. The method includes optimizing the utilization of the
projector's pixels with the device by satisfying the required resolution for the given field of view

with a minimum of projector pixels.

[0033] One implementation of the technology as disclosed and claimed herein includes a
device to remap projector pixels (See item 202 for illustration) with maximal pixel utilization and
optimal resolution for an observer or observers of a display system. The device is interposed
within the optical path between image formation within a projector and later image formation
upon a curved screen. For one implementation of the technology, the device includes at least a
refractive element and a reflective element which are positioned in optical subsequency. The
focal surfaces of the refractive and reflective elements each have a longest dimension, and said
focal surface longest dimensions are oriented substantially orthogonal to one another. The device
is configured to use refraction to substantially astigmatize the projected image's focus to a degree
which is substantially inverse to the focal astigmatism introduced by optically subsequent
elements. For one implementation the device is further configured to use reflection to
supplementally optically redirect light, a.k.a. remap pixels, from a projector to optimal locations
on a curved screen. For one implementation, the device is configured to be adjustable in its
optical effect in order to support any of the following: various projectors, various projector
configurations, various display systems, various display system configurations, variations in
display system components, variation in observer location variation in required field of view

and/or resolution.

[0034] For yet another implementation, by way of application when used as a “cross-cockpit
collimated” visual display systems or “dome” visual display system, the curved screen is viewed
through a collimating mirror (See item 302 for illustration), whereby the required total horizontal

field of view exceeds 180 degrees, and the resolution is less than 6.1 arcminutes per optical line
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pair, and at least the reflective element is adjustable. For on implementation substantially

orthogonal is between 70 degrees and 110 degrees.

[0035] For the projection system, the image is formed within the projector and projected for
being formed on the screen. For one implementation, the projector may include a projection lens.
In the case of two or more observers, a compromise design eye position (DEP) is determined

uniquely for each portion of the field of view.

[0036] For one application of the technology, a curved screen is viewed through a collimating
mirror, in which case, the viewing vectors reflect off of the collimating mirror and intersects at the
intersection with the curved screen. For one implementation, the curved screen is a section of an
ellipsoid or toroid, or minor variation therefrom. Said minor variation does not exceed about
approximately 0.25 times the largest curved screen radius of curvature. For one implementation,

the curved screen includes one radius of curvature which is approximately infinite.

[0037] Pixel density refers to the number of pixels per unit screen area. The projector’s
resolution may exceed its pixel count by way of pixel shifting. For one implementation, the
refractive element is positioned along the optical path, before, after or within the projection lens.
For one implementation, planar fold mirrors may be employed throughout the optical path, about
or between any optical elements; from image formation within the projector to image observation

at the design eye position (DEP).

[0038] For one implementation, the refractive elements incorporate multiple sub-elements and
multiple refractive optical surfaces. For one implementation, the refractive element has one or
more optical surfaces substantially having the shape of a generalized cylinder with a focal surface
substantially near, or encompassing, the location of the vertex of the projector's projected light
frustum. For one implementation, the refractive element has one or more optical surfaces
substantially having the shape of a freeform with a focal surface substantially near, or

encompassing, the location of the vertex of the projector's projected light frustum. (freeform
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defined per ISO standard 17450-1:2011). For one implementation, the refractive element has one
or more optical surfaces substantially having a Gaussian curvature of approximately zero with a
focal surface substantially near, or encompassing, the location of the vertex of the projector's

projected light frustum.
[0039] For one implementation, the refractive element is adjustable in its optical effect, such

that the refractive element is adjustable to a freeform shape (freeform defined per ISO standard

17450-1:2011). For one implementation, the refractive element adjustment is
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achieved by mechanical and/or thermal deformation of any of the refractive surfaces. For
one implementation, the refractive element adjustment s achieved by adjustment of relative
locations of sub-clements. The reflective element is positioned along the optical path, after
the refractive element and the projection lens. For one implementation the reflective element
may incorporaic multiple sub-clements and reflective optical surfaces. Forone
implementation the reflective element substantially has the shape of a generalized cylmder.
For one implementation the reflective element substantially has a freeform shape (freeform
defined per ISO standard 17450-1:2011}. The reflective element surface substantially has a

Gaussian curvature of approxumately zero.

0640} For one implementation, the reflective element is adjustable m its optical effoct.
The reflective element is adjustable to a substantially freeform shape {(freeform defined per
ISO standard 17450-1:2011). The reflective element adjustment is achieved by mechanical
and/or thermal deformation of the reflective surface. For one implementation, the reflective
element adjustment 1s achieved by adjustment of its location relative o the projector, and/or
its location relative o the refractive element, and/or the relative locations of the reflective
clement’s sub-elements. The refractive clement is close enough to the reflective clement that
the projected light traverses the refractive clement before and affer reflection from the

reflective element,

[0641]  The various implementations and examples shown above illustrate a method and
system for a sofiware analysis package (MATLAB code & GUI) that is utilized, which
enables the empirical (human-in-the-loop) determination of free-form and aspheric

geometries to optimally remap pixels via a mechanical tuning of the murror,

[0642) A user of the present method and system may choose any of the above
implementations, or an equivalent thereof, depending upon the desired application, in this
regard, it is recognized that various forms of the subject software analysis method and system
for determination of free-form could be utilized without departing from the scope of the

present technology and various implementations as disclosed.
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0643} As 1s evident from the foregoing description, cerain aspects of the present
implementation are not limited by the particular details of the examples fllustrated herein, and
it is therefore contemplated that other modifications and applications, or equivalents thereof,
will oceur to those skilled i the art. | is accordingly intended that the claims shall cover all
such modifications and applications that do not depart from the scope of the present
implementation(s). Accordingly, the specification and drawings are to be regarded in an

iHustrative rather than a restrictive sense.

j0644] Certain systems, apparatus, applications or processes are described herein as
mncluding a number of modules. A module may be a umt of distinet fimetionality that may be
presented in software, hardware, or combinations thereof. When the functionality of an
analysis module s performed in any part through software, the module includes a computer-
readable medium. The analysis modules may be regarded as being commumcatively couplad.
The inventive subject matter may be represented in a variety of different implementations of

which there are many possible permutations.

[0645] The methods described herein do not have to be executed mn the order described,
or in any particular order. Moreover, various activities described with respect 1o the methods
wdentified herein can be exccuted i senial or parallel fashion. In the foregoing Detailed
Deseription, 1t can be seen that various features are grouped together in a single embodiment
for the purpose of streamlining the disclosure. This method of disclosure is not to be
mnterpreted as reflecting an intention that the claimed embodiments require more features than
are expressly recited in each claim. Rather, as the following claims reflect, inventive subject
matter may lio in less than all features of a single disclosed embodiment. Thus, the following
claims are hereby incorporated into the Detailed Description, with cach claim standing on its

own as a scparate embodiment.

0046} In an example implementation, the machine operates as a standalone device or
may be connected (e.g., networked) to other machines. In a networked deployment, the

machine may operate in the capacity of a server or a client machine in server-client network
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environment, or as a peer machine in a peer-to-peer (or distributed) network environment.
The machine may be a server computer, a client computer, a personal computer (PC), a tablet
PC, a set-top box {(§TB), a Personal Bigital Assistant {PDA), a cellular telephone, a web
appliance, a network router, switch or bridge, or any machine capable of executing a set of
mstructions (sequential or otherwise) that specify actions to be taken by that machine or
computing device. Further, while only a single machine is illustrated, the term “machine”
shall also be taken to include any collection of machines that individually or jointly execute a
set {or multiple sets) of mnstructions to perform any one or more of the methodologies

discussed herein.

{0047} The example computer system and client computers can include a processor {e.g.,
a central processing unit (CPU) a graphics processing unit (GPU) or both), a main memory
and a static memory , which communicate with cach other via abus. The computer system
may further inclade a video/graphical display unit {e g, a iquid crvstal display (LCD)ora
cathode ray tube (CRT)). The computer system and clieat computing devices can also
inchude an alphanumeric input device (e.g., a keyboard), a cursor control device (e.g., a
mouse), a drive unit, a signal pencration device {2.g., a speaker) and a network interface

device.

106048} The drive umt includes a computer-readable medinm on which is stored one or
more sets of instructions (e.g., software) embodying any one or more of the methodologies or
systems described herein. The software may also reside, completely or at least partially,
within the main memory and/or within the processor during exccution thereof by the
computer system, the main memory and the processor also constituting computer-readable
media. The software may further be transmitted or received over a network via the network

mterface device.

[0649] The term "computer-readable medium®” should be taken to include a single
medium or multiple media (e.g., a centralized or distributed database, and/or associated
caches and servers) that store the one or more sets of instructions. The term "computer-

readable medium" shall also be taken to include any medivm that is capable of storing or
o p L~
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encoding a set of instructions for execution by the machine and that cause the machine to
perform any one or more of the methodologies of the present implementation. The term
"computer-readable medium” shall accordingly be taken to include, but not be limited to,

sohid-state memories, and optical media, and magnetic media.

0630} The various optical remapping configurations and implementations shown above
llustrate remapping projected pixel locations with minimal aberration. A user of the present
technology as disclosed may choose any of the above implementations, or an equivalent
thereof, depending upon the desired application. In this regard, 1t is recognized that various
forms of the subject optical remapping method and apparatus could be utilized without

departing from the scope of the present mvention.

[0631] As is evident from the foregoing description, certain aspects of the present
technology as disclosed are not imited by the particular details of the examples lustrated
herein, and it 1s therefore contemplated that other modifications and applications, or
equivalents thercof, will occur 1o those skilled in the art. It is accordingly intended that the
chaims shall cover all such modifications and applications that do not depart fror the scope

of the present technology as disclosed and claimed.

10652) Other aspects, objects and advantages of the present technology as disclosed can

be obtained from a study of the drawings, the disclosure and the appended claims.
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WHAT IS CLAIMED IS:

1. A method for optically remapping projected pixel locations comprising:

defining a design eye point (DEP), a field of view corresponding to the DEP and an

image resolution for a plurality of portions of the field of view when viewing a projected image;

generating a set of viewing vectors from the DEP representative of a projection of the field
of view onto an image formation surface, whereby the viewing vectors intersect a curved screen

whereupon the projected image will be formed,

determining, for each of the plurality of portions of the field of view, screen intersection

locations to which projector pixels will be substantially mapped;

determining an optimal density of pixels within each of the plurality of portions of the

field of view based on the image resolution for a given portion of the field of view;

interposing an optical device within an optical path between an image source formation

point within a projector and a projected image formation point upon the curved screen, wherein

the optical device includes at least a refractive element and a reflective element positioned
in optical subsequence, where focal surfaces of the refractive and reflective elements each have a

longest dimension, and

said focal surface longest dimensions are oriented substantially orthogonal one with

respect to the other;
refracting and reflecting the projected image with the optical device;

adjusting the optical effect of the optical device in order to support one or more of, various
projectors, various projector configurations, various display systems, various display system
configurations, variations in display system components, variation in observer location, variation

in field of view, and variation in image resolution; and

astigmatizing the projected image’s focus by way of refracting with the refractive element
of the optical device and reflecting the astigmatized refracted image with the reflective element of

the optical device to supplementally optically redirect light from the astigmatized refracted image
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to the screen intersection locations with optimal pixel density, whereby, the optical device thereby
optimizes the utilization of the projector's pixels by satisfying the image resolution for the given

portion of the field of view with a minimum of projector pixels.

2. The method for optically remapping as recited in Claim 1, comprising:

interposing a collimating mirror between the DEP and the curved screen whereby a viewer at the

DEP is viewing the curved screen through the collimating mirror.

3. The method for optically remapping as recited in Claim 2, where the viewing vectors

reflect off of the collimating mirror before intersecting the curved screen.

4. The method for optically remapping as recited in Claim 1, where a horizontal field of
view exceeds 180 degrees, the image resolution is less than 6.1 arcminutes per optical line pair,

and one or more of the reflective element and the refractive element is adjustable.

5. The method for optically remapping as recited in Claim 1, where substantially orthogonal

means between approximately 70 degrees and 110 degrees one with respect to the other.

6. The method for optically remapping as recited in Claim 1, where the projector includes a

projection lens through which the projector projects the image.

7. The method for optically remapping as recited in Claim 6, where the refractive element is

positioned along the optical path at one of before, after and within the projection lens.
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8. The method for optically remapping as recited in Claim 1, further comprising:

determining a compromise DEP for each of the plurality of portions of the field of view when

there are two or more observers.

9. The method for optically remapping as recited in Claim 1, where the curved screen is a
section of one of an ellipsoid, a toroid, and a minor variation from the ellipsoid or toroid, where
said minor variation does not exceed about approximately 0.25 times a maximum radius of

curvature of the curved screen.

10.  The method for optically remapping as recited in Claim 1, where the curved screen

includes a radius of curvature which is approximately infinite.

11.  The method for optically remapping as recited in Claim 1, where pixel density is the
number of pixels per unit screen area, and where a resolution of the projector may exceed a pixel

count of the projector by way of pixel shifting.

12.  The method for optically remapping as recited in Claim 1, where one or more planar fold
mirrors are employed throughout the optical path, about or between any optical elements, from

the image source formation point within the projector to image observation at the DEP.

13.  The method for optically remapping as recited in Claim 1, where the refractive element

incorporates multiple sub-elements and multiple refractive optical surfaces.

14.  The method for optically remapping as recited in Claim 13, where the refractive element

includes one or more optical surfaces substantially having a shape of a generalized cylinder with a
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focal surface substantially near, or encompassing, a location of a vertex of a projected light

frustum of the projector.

15.  The method for optically remapping as recited in Claim 13, where the refractive element
includes one or more optical surfaces substantially having a shape of a freeform with a focal
surface substantially near, or encompassing, a location of a vertex of a projected light frustum of

the projector.

16.  The method for optically remapping as recited in Claim 13, where the refractive element
includes one or more optical surfaces substantially having a Gaussian curvature of approximately
zero with a focal surface substantially near, or encompassing, a location of a vertex of a projected

light frustum of the projector.

17.  The method for optically remapping as recited in Claim 13, where adjusting the optical
effect of the optical device includes one or more of mechanical deformation and thermal

deformation of any of the refractive optical surfaces of the refractive element.

18.  The method for optically remapping as recited in Claim 13, where adjusting the optical
effect of the optical device includes adjustment of relative locations of sub-elements of the

refractive element.

19.  The method for optically remapping as recited in Claim 1, further comprising:

adjusting the refractive element by altering its optical effect.
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20.  The method for optically remapping as recited in Claim 19, where the refractive element

is adjusted to a freeform shape.

21.  The method for optically remapping as recited in Claim 1, where the reflective element is

positioned along the optical path, after the refractive element and a projection lens.

22.  The method for optically remapping as recited in Claim 1, where the reflective element

includes one or more of multiple sub-elements and multiple reflective optical surfaces.

23.  The method for optically remapping as recited in Claim 1, where the reflective element

has a shape of a generalized cylinder.

24.  The method for optically remapping as recited in Claim 1, where the reflective element

has a shape of a freeform.

25.  The method for optically remapping as recited in Claim 1, where the reflective element

substantially has a Gaussian curvature of approximately zero.

26.  The method for optically remapping as recited in Claim 1, where the reflective element is

adjustable in its optical effect.

27.  The method for optically remapping as recited in Claim 1, where the reflective element is

adjustable to a substantially freeform shape.
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28.  The method for optically remapping as recited in Claim 1, where adjusting the optical
effect of the optical device includes one or more of mechanical deformation and thermal

deformation of a reflective surface of the reflective element.

29.  The method for optically remapping as recited in Claim 1, where adjusting the optical
effect of the optical device includes adjustment of one or more of: a location of the reflective
element relative to the projector; a location of the reflective element relative to the refractive

element; and the relative locations of sub-elements of the reflective element.

30.  The method for optically remapping as recited in Claim 1, where the refractive element is
sufficiently close to the reflective element that the projected light traverses the refractive element

before and after reflection from the reflective element.

31.  An apparatus for optically remapping projected pixels for an observer of a display system

comprising:

a projector and a curved screen oriented and positioned for a design eye point (DEP)
and a corresponding field of view and for projection of an image from the projector onto the

curved screen;

an optical device interposed within an optical path between an image source
formation point within the projector and a projected image formation point upon the curved
screen, where the optical device includes at least a refractive element and a reflective element
which are positioned in optical subsequence, and where a focal surface of the refractive element
and a focal surface of the reflective element each have a longest dimension, the longest

dimensions are oriented substantially orthogonal to one with respect to the other;

said refractive element configured to substantially astigmatize the projected image's
focus to a degree which is substantially inverse to a focal astigmatism introduced by optically

subsequent elements using refraction by the refractive element;
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said reflective element configured to supplementally optically redirect light from the
projector to optimal locations on the curved screen thereby optically remapping pixels, wherein

the reflective element uses reflection to optically redirect the light; and

said optical device configured to be adjustable in its optical effect in order to support
one or more of various projectors, various projector configurations, various display systems,
various display system configurations, variations in display system components, variation in

observer location, variation in field of view, and variation in image resolution,

whereby, achieving substantially maximal pixel utilization and substantially optimal

image resolution for one or more observers of the display system.

32.  The apparatus for optically remapping as recited in Claim 31, where a collimating mirror
is positioned between the DEP and the curved screen whereby the curved screen is viewed
through the collimating mirror and a set of viewing vectors from the DEP reflect off of the

collimating mirror before intersecting the curved screen.

33.  The apparatus for optically remapping as recited in Claim 31, where the projector and the
curved screen are configured with respect to the DEP such that a horizontal field of view exceeds
180 degrees, the image resolution is less than 6.1 arcminutes per optical line pair, and at least the

reflective element is adjustable.

34.  The apparatus for optically remapping as recited in Claim 31, where substantially

orthogonal means between 70 degrees and 110 degrees.

35.  The apparatus for optically remapping as recited in Claim 31, where the projector includes

a projection lens.
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36.  The apparatus for optically remapping as recited in Claim 31, where the projector and
curved screen are oriented and positioned for a compromise DEP for each portion of the field of

view when there are two or more observers.

37.  The apparatus for optically remapping as recited in Claim 31, where the curved screen is
one of an ellipsoid, a toroid, a section of a minor variation from the ellipsoid, and a section of a
minor variation from the toroid, where said minor variation does not exceed 0.25 times a

maximum radius of curvature of the curved screen.

38.  The apparatus for optically remapping as recited in Claim 37, where the curved screen has

one radius of curvature which is approximately infinite.

39.  The apparatus for optically remapping as recited in Claim 35, where the refractive

element is positioned along the optical path at one of before and after the projection lens.

40.  The apparatus for optically remapping as recited in Claim 31, where planar fold mirrors
are employed throughout the optical path, about or between any optical elements from the image

source formation point within the projector to image observation at DEP.

41.  The apparatus for optically remapping as recited in Claim 31, where the refractive

element includes multiple refractive sub-elements and multiple refractive optical surfaces.

42.  The apparatus for optically remapping as recited in Claim 41, where the refractive

element includes one or more optical surfaces substantially having a shape of a generalized
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cylinder with a focal surface substantially near, or encompassing, a location of a vertex of a

projected light frustum of the projector.

43.  The apparatus for optically remapping as recited in Claim 41, where the refractive
element includes one or more optical surfaces substantially having a shape of a freeform with a
focal surface substantially near, or encompassing, a location of a vertex of a projected light

frustum of the projector.

44.  The apparatus for optically remapping as recited in Claim 41, where the refractive
element includes one or more optical surfaces substantially having a Gaussian curvature of
approximately zero with a focal surface substantially near, or encompassing, a location of a vertex

of a projected light frustum of the projector.

45.  The apparatus for optically remapping as recited in Claim 31, where the refractive

element is configured to be adjustable in its optical effect.

46.  The apparatus for optically remapping as recited in Claim 45, where the refractive

element is configured to be adjustable to a freeform shape.

47.  The apparatus for optically remapping as recited in Claim 46, where adjustment of the
refractive element is achieved by one or more of mechanical deformation and thermal

deformation of a refractive optical surface of the refractive element.
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48.  The apparatus for optically remapping as recited in Claim 41, where the optical effect of
the optical device is adjustable by adjustment of relative locations of sub-elements of the

refractive element.

49.  The apparatus for optically remapping as recited in Claim 35, where the reflective element

is positioned along the optical path, after the refractive element and the projection lens.

50.  The apparatus for optically remapping as recited in Claim 31, where the reflective element

includes one or more of multiple reflective sub-elements and multiple reflective optical surfaces.

51.  The apparatus for optically remapping as recited in Claim 31, where the reflective element

has a shape of a generalized cylinder.

52.  The apparatus for optically remapping as recited in Claim 31, where the reflective element

has a shape of a freeform.

53.  The apparatus for optically remapping as recited in Claim 31, where the reflective element

has an optical surface with a Gaussian curvature of approximately zero.

54.  The apparatus for optically remapping as recited in Claim 31, where the reflective element

is adjustable in its optical effect.

55.  The apparatus for optically remapping as recited in Claim 54, where the reflective element

is adjustable to a substantially freeform shape.
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56.  The apparatus for optically remapping as recited in Claim 54, where adjustment of the
reflective element is achieved by one or more of mechanical deformation and thermal deformation

of a reflective surface of the reflective element.

57.  The apparatus for optically remapping as recited in Claim 54, where the adjustment of the
reflective element is achieved by adjustment of one or more of: its location relative to the
projector; its location relative to the refractive element; and relative locations of reflective sub-

elements of the reflective element.

58.  The apparatus for optically remapping as recited in Claim 31, where the refractive
element is positioned sufficiently close to the reflective element such that light projected by the

projector traverses the refractive element before and after reflection from the reflective element.
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FiG. 1B
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FIG. 3B

Observer Locations "x"

(as Viewed from Above)

Collimating Mirror
Curved Screen
Reflective Element
Refractive Element

Projector
Collimated Display with a Remapping Apparatus
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FIG.3C

Observer Locations "x"

(as Viewed from Above)
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