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(57) ABSTRACT

One embodiment of a method of calculating an optical sur-
face comprises calculating a meridional optical line of the
surface. A ray is selected that passes a known point defining
an end of a part of the optical line already calculated. The
optical line is extrapolated from the known point to meet the
ray using a polynomial with at least one degree of freedom.
The polynomial is adjusted as necessary so that the selected
ray is deflected at the extrapolated optical line to a desired
target point. The polynomial is added to the optical line up to
the point where the selected ray is deflected. The point where
the selected ray is deflected is used as the known point in a
repetition of those steps.
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1
IMAGING OPTICS DESIGNED BY THE
SIMULTANEOUS MULTIPLE SURFACE
METHOD

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims benefit of U.S. Provisional Patent
Application No. 61/188,449, filed 8 Aug. 2008 by Miflano et
al., which is incorporated herein by reference in its entirety.

TECHNICAL FIELD

The present invention relates generally to image-forming
optics.

BACKGROUND

The design of imaging optics is a centuries-old art with
literally thousands of inventions in the prior art. Nearly all of
these are combinations of flats and spherical surfaces, due to
their relative ease of manufacture. Surfaces with substantial
departure from sphericity are known as aspherics, but aside
from known quartic shapes such as the ellipsoid and the
paraboloid there was little use of aspheres until the twentieth
century, when advances both in theory and fabrication tech-
nology brought them into prominence. Aspheric surfaces can
advantageously substitute for multiple spherical surfaces,
resulting in less costly devices, even if a single asphere is
more costly than a sphere. With the advent of injection-
molded plastic optics and precision molded glass optics,
aspheres entered the optical-technology mainstream.

Applications of aspheric optics fall into two categories,
imaging and non-imaging. Non-imaging optics is concerned
with illumination and the distribution of optical power, with
the defining constraint being the behavior of only the outer-
most rays (called edge rays) of a flux distribution. Imaging
optics, however, is concerned with the spatial modulation of
flux, with the goal of reproducing a particular flux distribution
(the object) at another location (the image). Nonimaging opti-
cal design need only take care of the edge rays, a relatively
small portion of all rays, but an imaging system must send all
rays to their appropriate destination, parameterized by the
system magnification m. A ray originating at coordinate point
(x,y) on the object must arrive at the image coordinate (mx,
my), known as the image-mapping requirement. In the real
world of imaging each point on the object typically radiates
flux in all forward directions (i.e., nearly hemispherically)
and practicality demands that a significant percentage of this
flux reach the proper image point, with little or none going
anywhere else on the image plane, once it enters the optical
system aperture. In the world of theory, however, many
aspheric design procedures hold only when rays hitting a
surface subtend only a small solid angle, near the surface
normal, and relatively parallel to the optical axis. This enables
approximate aberration coefficients to be rapidly calculated
for aspheric surfaces in design optimization.

Attaining perfect image mapping for every object point
would theoretically require an infinite number of surfaces, but
with a limited number of surfaces, state of the art techniques
define a merit function to evaluate deviations from ideal
imaging in order to minimize loss of image formation over
sampled points of the image plane.

A general difficulty with aspherics is that they generally do
not have a closed form solution for ray intersections, unlike
the algebraic ease with which intersections are calculated for
flats, spheres, and the other quadric surfaces (torus, cylinder,

20

25

30

35

40

45

50

55

60

65

2

ellipsoid, paraboloid, hyperboloid), enabling optimal designs
to be derived just with a formula. Aspheres in general, how-
ever, generally require a computationally intense iterative
search that closes in on the precise intersection.

State of the art imaging optics design is done via optimi-
zation techniques using a parametric representation of a
selected group and type of optical surfaces. A merit function
of'those parameters is defined and the search for the optimum
of the merit function is done by a computer-aided multiple-
parameter algorithm. The implementation of this algorithm
may be based on different techniques, as binned least-square
methods, simulated annealing, genetic algorithms, etc. How-
ever, the differentiation between local and global optimum is
not guaranteed, and the optimization depends for its success
upon the particular mathematical representation chosen to
specify the surfaces. Moreover, usually the optimum found is
not too far from the initial guess of the designer, so solutions
far from that guess are not accessible in practice. In this
application some of the embodiments refer to wide angle
projection optics using one mirror. Devices for such an appli-
cation also including mirrors are disclosed in prior art patents
as U.S. Pat. Nos. 6,771,427 and 6,612,704 and US Patent
Application No. 2001/0050758 Al. All of them have been
obtained by the use of standard optimization procedures.

The only cases in prior art where no optimization is done
are based on problems stated in terms of ordinary differential
equations. This is the case of the single surface designs to
provide axial stigmatism (that is, correction of spherical aber-
ration of all orders), as Cartesian ovals or Schmidt correctors,
and the case of the two aspheric surface aplanatic designs, as
those by Schwarzschild in 1905 for 2 mirrors (see Born &
Wolf, Principles of Optics, p. 168).

Earlier versions of a simultaneous multiple surface (SMS)
method for designing optical devices were disclosed in U.S.
Pat. Nos. 6,639,733 and 6,896,381 and US Patent Application
No. 2005/0086032. This design method generates surfaces
locally, based on their refraction of the relevant rays incident
upon them. However, the earlier versions of the SM'S method
disclosed in those patent documents were directed to non-
imaging optics and for rotationally symmetrical optics they
are restricted to the use of meridional rays, while the present
application discloses constructive methods using skew rays.

SMS methods for designing imaging optics were discussed
in published reports on two projects: “Television por proyec-
cidn ultra-delgada de pantalla grande y alta resolucion” (Tele-
vision by ultra-thin, high-resolution projection on a large
screen) (Financer Entity: Ministerio de Cienciay Tecnologia
[Ministry of Science and Technology of the Kingdom of
Spain] referencia TIC2001-3617-C02) and “Sistemas opticos
avanzados para displays de proyeccion (Advanced optical
systems for projection displays)” (Financer Entity: Ministe-
rio de Ciencia y Tecnologia [Ministry of Science and Tech-
nology of the Kingdom of Spain]| referencia TEC2004-
04316), as well as the doctoral thesis “Sistemas Opticos
avanzados de gran compactibilidad con aplicaciones en for-
macién de imagen y en iluminacién” (Ultra-compact
advanced optical systems for image formation and illumina-
tion applications), all by: Fernando Mufioz and Pablo Beni-
tez. These concepts comprise procedures to design optical
devices for imaging applications, particularly wide angle pro-
jectors.

However, those previous publications by Dr. Muiioz and
Benitez do not disclose good calculation procedures for the
application of the SMS-imaging design method, particularly
no constructional algorithm for skew rays has hitherto been
published. Therefore, a skilled person in the field cannot
reproduce the designs from the aforementioned publications
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by Dr. Mufioz and Pablo Benitez. Additionally, the designs in
those previous publications did not consider the possibility of
both the object and the input pupil being decentered relative
to the optical axis of the optical surfaces to be designed, while
the present application does address that possibility. This case
is valuable, particularly in mirror based designs, to solve
problems of shading and obstruction in practical cases.

SUMMARY OF THE INVENTION

The present invention relates generally to image-forming
optics and more particularly to external aspheric optical mir-
rors to be adapted to an existing commercial projector. The
preferred embodiments disclosed herein of the present inven-
tion were generated by a new version of the simultaneous
multiple surface (SMS) method, which is capable to calculate
directly multiple rotational aspheric surfaces without restric-
tion on their asphericity.

Embodiments of the present invention allow designing
with the SMS not only with meridian rays but with skew rays.
An advantage of designing with skew rays or a combination
of meridian and skew rays is that the design ray bundles can
be equispaced in the phase space, which allows a higher
control of the imaging quality.

Embodiments of the present invention make it possible to
design imaging devices with the following specific configu-
rations among others (where R denotes a refractive surface
and X denotes a reflective surface):

XX off axis (application: wide angle projection);

RRX off axis (application: wide angle projection);

RXXR off axis (application: binoculars);

XX on axis (application: compact lens with large focal
length);

RXXR on axis (application: compact lens with large focal
length).

According to an embodiment of the invention, there is
provided a method of calculating an optical surface. A meridi-
onal optical line of the surface is calculated by repeatedly:
selecting a ray passing a known point defining an end of a part
of'the optical line already calculated; extrapolating the optical
line from the known point to meet the ray using a polynomial
with at least one degree of freedom; adjusting the polynomial
as necessary so that the selected ray is deflected at the
extrapolated optical line to a desired target point; adding the
polynomial to the optical line up to the point where the
selected ray is deflected; and using said point where the
selected ray is deflected as the known point in the next rep-
etition.

According to another of the invention, there is provided a
method of calculating first and second circularly symmetrical
optical surfaces centered on an optical axis, comprising
repeatedly: selecting a skew ray passing a part of the first
optical surface already calculated; extrapolating the first opti-
cal surface to meet the ray at a first point; selecting a surface
direction for the extrapolated first optical surface at the first
point having a normal in a meridional plane; continuing the
skew ray, deflected as implied by the selected normal, to a
second point on the second optical surface, extrapolated as
necessary; finding a surface direction at the second point so
that the selected ray is deflected at the second point to a
desired target point; adjusting the surface direction at the first
point as necessary so that the normal to the surface direction
at the second point is in a meridional plane; adding the
extrapolated parts as far as the first and second points to the
first and second optical surfaces with the determined surface
directions; and using said added parts as the known parts in
the next repetition.
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According to a further embodiment of the invention, there
is provided a method of designing a plurality N of optical
surfaces of an optical system without requiring subsequent
optimization methods, wherein the N optical surfaces are
aspheric surfaces of rotation without restriction on their
asphericity, comprising: simultaneously calculating the N
surfaces point-by-point; using N uniparametric ray bundles
previously selected at a starting position of the system; and
applying the condition that the N uniparametric ray bundles
are imaged without ray-aberration.

According to other embodiments of the invention, there are
provided pluralities of optical surfaces designed or design-
able by the methods of the invention, optical systems com-
prising such pluralities of surfaces, and projectors, projection
systems, and other apparatuses including such optical sys-
tems.

According to another embodiment of the invention, there
are provided methods of manufacturing optical systems and
apparatuses including such optical systems, comprising
designing a plurality of optical surfaces in accordance with
the methods of the invention and manufacturing one or more
elements having optical surfaces in accordance with the
design.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features and advantages of the
present methods will be more apparent from the following
more particular description thereof, presented in conjunction
with the following drawings wherein:

FIGS. 1 to 7 are ray diagrams for examples of bundle
definitions.

FIGS. 8 to 12 are ray diagrams for successive stages of a
further embodiment of a method of designing optical sur-
faces.

FIGS. 13 to 19 are ray diagrams for successive stages of a
further embodiment of a method of designing optical sur-
faces.

FIGS. 20 to 26 are ray diagrams for successive stages of a
further embodiment of a method of designing optical sur-
faces.

FIGS. 27A and 27B are a pair of diagrams comparing the
overall dimensions of a projection system with and without an
external optical device.

FIG. 28 is a ray diagram for an optical device suitable for
the projection system of FIG. 27.

FIG. 29 is a ray diagram for an optical device with negative
magnification suitable for the projection system of FIG. 27.

FIGS. 30A, 30B, and 30C are front, side, and perspective
views showing the relative position and dimensions of com-
ponents of a projection system similar to that shown in FIG.
28.

FIGS. 31 to 35 are ray diagrams of optical devices using
reflective surfaces.

FIGS. 36A and 36B are a top and front view of a wearable
optical device.

FIGS. 37 and 38 are ray diagrams similar to FIGS. 25 and
26, for an object discretization case analogous to the pupil
discretization case of FIGS. 25 and 26.

FIG. 39A is a side view of an embodiment of a two-
projector system using RRX optics.

FIG. 39B is a front view of the system of FIG. 39A.

FIG. 39C is a front view of another embodiment of a
two-projector system.

FIG. 39D is a perspective view of the system of FIG. 39C.

FIG. 40 is a ray diagram for an RRX device such as those
shown in FIGS. 39A to 39D.






