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An image generator having an illuminator, a re-
flective display device (504) (in one embodiment) and
a beamsplitter (505) which produces a virtual image of
an image created in a light modulating medium on said
reflective display device. The display device includes a
viewing lens (531) and also includes a fresnel lens (530).
A light box (533) has an output aperture or output port
(533a) which illuminates the display (504) by directing
light from the output aperture (533a) to the mirror (532)
which in turn reflects light through the fresnel lens (530).
The mirror and fresnel lens are held by a support of frame
(534). In one embodiment, the image generator is a minia-
ture image generator for a relatively small, lightweight
head-mounted display which provides a magnified virtual
image which is viewed by a viewer. The beamsplitter is
optically coupled to the reflective display device. The
beamsplitter comprises a film having a plurality of layers
including at least a first layer which comprises an oriented
birefringent material. The beamsplitter has a wide angle
of acceptance.
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AN IMAGE GENERATOR HAVING A MINIATURE DISPLAY DEVICE

CROSS-REFERENCE TO RELLATED APPLICATION

This continuation-in-part application is related to and claims the benefit, under 35
U.S.C. §119(e), of the filing date of a provisional patent application which is entitled
"An Image Generator Having a Miniature Display Device" and which was filed
December 31, 1997 as Application Serial No. 60/070,216.

BACKGROUND OF THE INVENTION

The present invention relates generally to visual display systems and more
particularly to miniature display devices which use a beamsplitter to generate a magnified
virtual image of the image formed by the miniature display device.

Miniature display devices may be used in a number of ways, although they are
particularly well suited for use in a head-mounted display. Head-mounted displays
which are mounted on the head of a viewer have typically been bulky and large. These
displays often use small cathode ray tubes to project an image toward a viewer's eye.
Numerous head-mounted displays are known in the art. See, for example, the book
Head-Mounted Displays, by James E. Melzer, and Kirk Moffitt, which is published by
McGraw-Hill. These displays are sometimes also referred to as displays which are

brought to the head (of the viewer).

Certain head-mounted displays use a liquid crystal technology to provide a visual
display rather than using cathode ray tubes. For example, U.S. Patent 5,596,451
describes a miniature image generator which uses a liquid crystal display device in
conjunction with magnifying mirrors to generate an image which may be used with a
head-mounted display. Examples of liquid crystal display devices which may be used in
this context may be found in U.S. Patents 5,566,010 and 5,426,526.

While liquid crystal display devices in head-mounted displays provide certain
advantages in terms of the weight and bulk of the resulting display, these displays are
often poorly suited to displaying high quality images because of the short optical paths
required by a small enclosure which houses the head-mounted display. For example,
these displays use conventional beamsplitters which have limited angles of acceptance,
which tends to make the display non-uniform across the entire image. Thus, while
head-mounted display devices which use liquid crystal displays rather than CRT's are
smaller and lighter, they do not provide the performance advantages of CRT's. Thus, it
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is desirable to provide a head-mounted display which is both lightweight and small and
yet provides high quality performance even for color video data at fast frame rates.

SUMMARY OF THE INVENTION

An image generator which is suitable for a head-mounted display is described in
this disclosure. In one embodiment, the image generator includes an illuminator, a
reflective display device, and a beamsplitter which has a wide angle of acceptance and
which produces a virtual image of an image created in a light modulating medium on the
reflective display device.

In one particular embodiment, the image generator includes a parallel to serial
converter. Various embodiments of optical configurations for various particular
embodiments are also described. These various optical configurations allow a
magnifying lens to receive an image from a reflective display device, such as a liquid
crystal on silicon display device, and to produce a magnified virtual image of the image
on the reflective display device.

In one embodiment, the beamsplitter comprises a film having a plurality of layers
including at least a first layer which comprises an oriented birefringent material. The
beamsplitter in this embodiment polarizes by reflecting light having a first polarity and
by transmitting light having a second polarity. The beamsplitter of this embodiment may
be formed by stretching the film along a first axis. Typically, a plurality of first layers is
arranged with a plurality of second layers to form the film, and each first layer is
disposed between two of the second layers. Also typically, each first layer has a higher
index of refraction than the index of refraction of each second layer.

In one aspect of the present invention, a miniature display device is constructed
with an optical arrangement which includes a fresnel lens which receives light from a
light source, such as an integrating cavity, in one example of the present invention. In
one particular embodiment of this aspect of the present invention, the light from the light
source is directed to a mirror which then reflects the light to and through the fresnel lens.
The light directed through the fresnel lens is then directed to a polarizing beamsplitter,
such as, in one embodiment, the beamsplitter formed from a plurality of layers in
another aspect of the present invention. Polarized light from the polarizing beamsplitter
is then directed to a spatial light modulator (SLM) such as a liquid crystal display device,
and modulated light from this display device is then directed through the polarizing
beamsplitter and through a viewing lens towards the viewer's eye.
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In another aspect of the present invention, the light source is tilted relative to
other optical elements in order to provide more uniform lighting. In other embodiments
of this aspect of the present invention, an alternative optical element may be tilted relative
to the other optical elements in the arrangement in order to achieve improved illumination
uniformity.

According to yet another aspect of the present invention, the light source of the
present invention may employ an integrating cavity which includes an illumination
device and several films on an output port of the cavity. These films tend to improve the
spatial uniformity of the light outputted from the output port.

In another aspect of the invention, the beamsplitter may comprise a cholesteric-
type layered structure.

BRIEF DESCRIPTION OF THE DRAWINGS

The various embodiments of the present invention will be described in detail
with reference to the following drawings in which like reference numerals refer to like
elements.

Figure 1A shows a head-mounted display being worn by a viewer.

Figure 1B shows various components of a head-mounted display relative to a
viewer's eye.

Figure 1C shows a virtual image 11 created by a head-mounted display
according to the present invention.

Figure 2A is a block diagram showing various components of one embodiment
of a head-mounted display according to the present invention.

Figure 2B illustrates various electrical and electro-optical components of a
particular embodiment of a head-mounted display according to the present invention.

Figure 3 is a flowchart illustrating a general optical pathway in a head-mounted
display according to the present invention.

Figure 4 illustrates an optical configuration for one embodiment of a head-
mounted display according to the present invention.

Figure § shows a multilayer film which may be used to create a beamsplitter
for a miniature reflective display according to the present invention.

Figure 6 shows a multilayer film which may be used as a beamsplitter for a
miniature reflective display according to the present invention.
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Figure 7 shows one embodiment of an optical arrangement of a miniature
display device which generates an enlarged virtual image.

Figure 8 shows another embodiment according to the present invention of a
miniature display device which generates an enlarged virtual image.

Figure 9 shows another embodiment according to the present invention of a
miniature display device which generates an enlarged virtual image.

Figure 10A shows a top view of an optical arrangement for a miniature display
device which generates an enlarged virtual image.

Figure 10B shows a left side view of the optical arrangement of Figure 10A.

Figure 10C shows a front view of the optical arrangement of Figure 10A.

Figure 10D shows a perspective view, partially from the back side of the
optical arrangement shown in Figure 10A.

Figure 10E shows another perspective view partially from the front side of the
optical arrangement of Figure 10A.

Figure 10F shows a cross-sectional view of a portion of the optical
arrangement of Figure 10A taken along the line labeled A-A in Figure 10A.

Figure 10G shows another top view of the optical arrangement of Figure
10A, and in this view of Figure 10G, numerous additional supporting structure is
shown.

Figure 10H shows a left side view of the miniature display device of Figure
10G; Figure 10H in particular shows the tilt of the light box 533.

Figure 10I shows a front view of the miniature display device shown in
Figure 10G.

Figure 11A shows one embodiment of a light source according to one aspect
of the present invention.

Figure 11B shows a top view of the light source of Figure 11A.

Figure 11C shows a perspective view of the light source of Figure 11A.

Figure 11D shows a side view of the light source of Figure 11A.

Figure 11E shows a back view of the light source of Figure 11A.

Figure 12A shows an enlarged view of a particular optical element used
according to one aspect of the present invention in the optical arrangement of Figure
10A.

Figures 12B and 12C provide further detailed information with respect to the
design of the optical element 530 shown in Figure 12A.
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Figures 12D, 12E, and 12F show various views of the optical element 530.
Figures 13A, 13B, and 13C respectively show a front, side, and perspective
view of an embodiment of the optical element 531 of Figure 10A.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS OF THE PRESENT
INVENTION

The following description provides examples of the present invention. It will be

appreciated, however, that other examples of the present invention will become apparent
to those in the art upon examination of this description. Thus, the present description
and the accompanying drawings are for purposes of illustration and are not to be used to
construe the invention in a restrictive manner. It will be appreciated that the present
invention relates to a miniature display which uses a beamsplitter as described herein;
however, for purposes of explanation, head-mounted displays will often be used in this
description as an example of a miniature display.

Figure 1A illustrates a head-mounted display 1 which is being worn by a
viewer such that the head-mounted display 1 is in close proximity to the eye 3 of the
viewer. Mounting hardware 2 may be a helmet which includes a means for adjusting the
position of the head-mounted display 1 relative to the eye 3 such that the viewer may
comfortably view the image generated by the head-mounted display 1.

Figure 1B shows a particular implementation of a head-mounted display
according to one embodiment of the present invention. The various components of the
head-mounted display 1 for this particular embodiment include a reflective display
device 4 which includes a display integrated circuit 4a, a liquid crystal layer 4b, which is
a form of an electro-optic layer, and a cover glass 4c. The viewing optics 5 creates a
magnified image of the image created by the liquid crystal layer 4b. The image on the
liquid crystal layer 4b is created by sequentially illuminating a red, a green, and a blue
LED over time, using the illuminator 6 which includes the three LED's 6a, 6b, and 6c.
An illumination optical lens 7 provides the light from the illuminator 6 to a beamsplitter 9
which directs the polarized light toward the liquid crystal layer 4b.

The beamsplitter 9 is a film having multiple layers which include at least one
layer which is an oriented birefringent material. In a preferred embodiment, the
beamsplitter acts as a reflecting polarizer by reflecting light of one polarity and
transmitting light of another polarity, and this beamsplitter provides this functionality
over a wide angle of incidence. That is, light at a perpendicular incidence (90°) will be
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polarized in substantially the same manner as light having an angle of incidence of
substantially less that 90° (e.g. 30° angle of incidence). This property is referred to as a
wide angle of acceptance. In a preferred embodiment, the beamsplitter has a plurality of
first layers which are each an oriented birefringent polymer (e.g. crystalline naphthalene
dicarboxylic acid polyester) having an average thickness of less than 0.5 microns. The
beamsplitter also includes a plurality of second layers each of which is polymer (e.g. a
polyester or a polystyrene or a polyacrylate or a polymethacrylate or a
polymethylmethylacrylate or a polyolefin) and has an average thickness of less than 0.5
micron. The plurality of first and second layers form an interdigitated stack of layers
such that a first layer will be adjacent to a second layer on one plane surface of the first
layer and will be adjacent to another second layer on another plane surface of the first
layer. This is shown in both Figures 5 and 6. A polarizing beamsplitter may be
formed by stretching a film, containing both the first and second layers, uniaxially
(along a first axis) by a first dimension which is at least twice a second dimension of the
film along a second axis, where the first axis is generally orthogonal to the second axis.
In this case, the first layers have a higher index of refraction (associated with at least one
axis in the plane of the film)than an index of refraction of the second layers. The film
may be mounted on a frame or may be applied to a glass plate which supports the film.
Further description of the beamsplitter is provided below.

The polarized light from the beamsplitter 9 is directed through the liquid crystal
layer 4b toward the reflective pixel electrodes on the display integrated circuit 4a and is
reflected from these electrodes back through the liquid crystal layer 4b and towards the
beamsplitter 9. The spatial state of the various areas of the liquid crystal layer 4b will
determine the image based upon the manner in which light is modulated through the
liquid crystal layer 4b. In most embodiments described herein, a nematic liquid crystal
which is capable of modifying the polarized state of light is assumed to be the light
modulating medium used in the reflective display device. It will be appreciated that
numerous other light modulating media may be employed, such as ferro-electric liquid
crystals and other types of electro-optical layers which may modulate light in a manner
to spatially create an image on a reflective display device.

The modulated light from the reflective display device 4 is directed toward the
beamsplitter 9 and passes through the beamsplitter toward the viewing optic lens 5
which creates a magnified image which is a virtual image of the image on the reflective
display device 4. The overall path of light from the illuminator 6 to the reflective device
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4 and then to the viewing optic lens 5 is shown by the path 10 in Figure 1B. A scan
converter integrated circuit 8 is also shown in Figure 1B, and this circuit provides
parallel to serial conversion in order to generate a serial stream of the various color
components which make up the RGB composite pixel image. The data for each of these
color components is provided in series and in tandem with the corresponding color LED
from the illuminator 6. This is also described in further detail below.

The entire set of components shown in Figure 1B may be included in a small,
lightweight mounting which is mounted in front of the viewer's eye 3 in close proximity
to the eye. For example, the head-mounted display 1 may be mounted within
approximately 1 inch of the viewer's eye and may be housed in a housing which is
approximately a 2 inch cube. It will be appreciated that other alternative embodiments
may be constructed according to the present description.

Figure 1C shows a virtual image 11 which is created by a head-mounted
display according to the present invention, such as the head-mounted display 1 of
Figure 1B. The reflective display device 4 creates the initial image which is then
magnified by the magnifying lens 5 to create a virtual image 11 which is viewed by the
viewer through the viewer's eye 3.

A preferred embodiment of a head-mounted display of the present invention
includes a parallel to serial converter which serializes a parallel input of color pixel data.
For example, if the parallel color input for a pixel includes three color component values
such as red, green, and blue (referred to as "RGB"), then the parallel to serial converter
creates a serial stream of red, green, and blue of the color components which are then
provided to the reflective display device of the present invention. An example of such a
system is shown in Figure 2A, wherein the serializer 23 converts the parallel input 21
into a serial stream which is provided to the reflective display device 25. It will be
appreciated that the parallel input may be either analog or digital. In the preferred
embodiment, the reflective display device 25 receives and displays analog pixel data,
and therefore if the parallel input 21 is digital, then the serializer 23 will also include a
digital to analog (D/A) converter in order to convert the digital information into analog
form. This analog information is then provided to pixel electrodes on the reflective
display device which cause a light modulating medium, such as a liquid crystal layer, to
create an image from the light provided by illuminator 27. In certain preferred
embodiments, a cover glass 29 receives a modulated voltage from cover glass control 33
in order to drive the light modulating medium to a state in which display data is
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substantially not viewable. The modulation of a cover glass electrode voltage is further
described in co-pending U.S. Patent Application Serial No. 08/801,994, which was
filed February 18, 1997, and is entitled "Display System Having Electrode Modulation
to Alter a State of an Electro-Optic Layer," which application is hereby incorporated
herein by reference. The image created by the reflective display device 25 is then
magnified by the magnifying lens 31 which creates a virtual image which is viewed by
the viewer's eye. Even though it is the virtual image which is viewed, one may consider
that the reflective display device itself is being directly viewed by the viewer.

The reflective display device in one embodiment of the present invention is
further shown in Figure 2B. The display system 101 of Figure 2A employs a
reflective type liquid crystal on silicon display system which includes a pixel driver logic
102, pixel electrodes 104 which are typically arranged in a array that form a grid of
mirrors on an upper surface of an integrated circuit such as the CMOS integrated circuit.
Also included in the display system 101 is a liquid crystal layer 106 which is typically a
nematic liquid crystal layer, but other types of light modulating media may be employed,
such as ferro-electric liquid crystals. A cover glass electrode 108 is typically an
electrode coating layer applied to a cover glass. A transparent electrode coating and
alignment layer is typically applied to one side of the cover glass and this cover glass is
applied on top of nematic liquid crystal material layer which is itself on top of the CMOS
integrated circuit layer. It will be appreciated that numerous types of integrated circuits
may be employed for the integrated circuit layer. For example, NMOS or PMOS
integrated circuits may alternatively be employed. Typically, the integrated circuit is
fabricated on a monocrystalline silicon substrate, such as that described in U.S. Patent
5,426,526, which is hereby incorporated herein by reference.

Each pixel electrode in the group of pixel electrodes 104 is a mirror which
provides one pixel in the rectangular array which forms the image on the reflective
display device. These pixel electrodes 104 are driven by pixel driver logic 102 which
receives the pixel display data which in a preferred embodiment is serial RGB data.
However, in an alternative embodiment, the pixel display data input may be parallel
RGB data in the case of a spatial color display system which uses a triad of subpixel
electrodes. The pixel driver logic 102 receives clock signals from the clock control logic
112 in order to control the writing of pixel data to the pixel electrodes from one frame to
the next frame. The electrode control driver 110 controls the cover glass electrode 108
by providing properly modulated control signal waveforms 111 to the cover glass
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electrode 108. The electrode control driver 110 also receives clock control signals from
the clock control logic 112 in order to provide properly timed cover glass control signals
as described in the above noted co-pending U.S. Patent Application which is entitled
"Display System Having Electrode Modulation to Alter a State of an Electro-Optic
Layer."

In the system 101, the illuminator 114 may provide white light in the case of a
spatial color display system, or it may provide in a controlled time sequence three
different color lights which correspond to the three different color components which
make up a particular pixel's color (e.g., a red light, then a green light, and then a blue
light, each provided separately over time). The illuminator 114 provides this light 118
through the control of the illuminator control logic 116 which also receives clocking
signals or control signals 117 from the clock control logic 112. The clock control logic
112 provides clocking or control signals to the pixel driver logic 102, the electrode
control driver 110 and the illuminator control logic 116 in order to coordinate a
controlled phase relationship between the control voltage signals applied to the cover
glass electrode and the timing of loading and displaying of pixel data onto and through
the pixel electrodes 104. Moreover, the control signals 117 coordinate the use of a
particular color light relative to the particular color component being displayed on a pixel
electrode in the case of a time sequential color display.

Figure 3 provides a generalized example of the optical pathway of various
embodiments of the head-mounted display of the present invention, including for
example, the embodiments shown in Figures 1B and 4. The pathway begins by
generating light in step 131. This light may be white in the case of a spatial color
display system in which each pixel is a plurality of color components, such as a red,
green and blue subpixel. Alternatively, the light may be of a single color component,
such as red, if a time sequential display is used. In step 133, a more spatially uniform
illumination is created, typically by using a diffuser if a "point source" illuminator is
used. This illumination is then directed in step 135 to a polarizer, which allows light of
only one polarity to pass through. This polarizer is typically the beamsplitter described
herein. Then in step 137 the polarized illumination is directed to a miniature reflective
display device, such as a LCOS (liquid crystal on silicon) assembly. An image is then
reflected off of the reflective display device, and this image is then directed from the
LCOS through an optional polarizer to a magnifying lens to create a magnified virtual
image of the image on the LCOS.
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Figure 4 illustrates a head-mounted display 300 which includes an illuminator,
an LCOS reflective display device 312, and a magnifying lens 316. Three differently
colored LED's (light emitting diodes) 302a, 302b, and 302¢ provide illumination within
abox 301. In the case of a time sequential display, the three LED's, red, green and
blue, emit light in sequence into the rectangular box, and this light passes through the
diffuser 303, which makes the light spatially more uniform. In a typical example of this
embodiment, the exit end of the box 301 and also the diffuser 303 has the same length to
width ratio as the active display area on the LCOS reflective display device. This ratio
often corresponds to the width to height ratio found on cathode ray tubes.

The collection lens 305 magnifies the rectangular light image created by the
diffuser 303 to approximately the size of the active display area on the LCOS display.
The polarizer 307 in front of the collection lens allows light of only one polarity to pass
through. The beamsplitter 309 includes a polarizing film 311, designed according to the
present invention, which is polarized in the same direction as the polarizer 307 and thus
allows the light from the polarizer 307 to pass through the polarizing film 311 to go
towards the LCOS display 312.

The LCOS display 312 creates the image through the liquid crystal layer which
acts as a light modulating medium on the mirrored surface created by the rectangular

~array of pixel electrodes. Typically, at least some of the pixels in the LCOS display 312
will change the polarization of the light reflected from the mirrored surface of the LCOS
display such that this light is polarized in the opposite direction to the incident light. For
these pixels, the light is now polarized opposite to the film 311 on the beamsplitter 309
and thus most of this light will reflect off of the film toward the magnifying lens 316.
For those pixels for which the liquid crystal layer does not change the direction of
polarization, the light will tend to pass through the beamsplitter 309 back toward the
polarizer 307 rather than being reflected toward the magnifying lens 316. However, any
such light which is reflected off the beamsplitter 309 is removed from the viewable
image by the polarizer 314 which is polarized in an opposite direction from the
polarizing film 311. This polarizer 314 in effect "cleans up" the image by preventing
light of undesired polarization from passing through the magnifying lens to the viewer
who sees the magnified image of the LCOS display. It will be appreciated that in a
typical implementation of the display 300, the polarizer 307 and the polarizing film 311
are aligned such that the polarization directions created by both these polarizers are
parallel, but rotated 90° from the polarization direction of the polarizer 314.
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The display 300 is typically used in a time sequential display system in which
one of the three differently colored LED's is turned on independently. However, a
spatial light system may be employed by turning simultaneously on all three LED's to
create a substantially white light source.

Examples of beamsplitters used in various embodiments of the present invention
are shown in Figures § and 6. Conventional beamsplitters have a limited acceptance
angle of light and also operate over only a narrow range of wavelengths. Rather than
using conventional beamsplitters, certain advantages may be obtained by using a
beamsplitter which is made from a material which provides a polarizing beamsplitter
having a wide angle of acceptance. An example of such a material is known as DBEF
and is manufactured and sold by 3M (Minnesota Mining and Manufacturing Co.). Such
material can operate over a wider range of wavelengths and also has a wider angle of
acceptance. This allows for the design of more compact miniature display systems
which force an optical path to be relatively short. A short optical path often means that
light will be incident to a surface at a large variety of angles. Thus, using a beamsplitter
as described herein will allow a more compact miniature display system.

Figure 5 shows an example of unstretched stack 400 of first layers 401 and
second layers 403. The stack of first layers and second layers form the film which is the
beamsplitter used in accordance with the present invention. A light ray experiences no
index of refraction change and passes through the stack. Figure 6 shows the same
stack after having been stretched, thus increasing the index of refraction for the first
layers 401 (which now have a higher index of refraction than the second layers 403).
Now, part of a light ray 406 will be reflected as reflected light ray 407. By stretching
the film uniaxially, the reflected ray 407 will be light of one polarity and the transmitted
light which exits the stack 400a will be another polarity. In this manner a polarizing
beamsplitter may be formed and used in accordance with the present invention. The
materials and fabrication for this multilayer film are also described in the PCT
application published as International Publication Number W0O97/01774, which is
hereby incorporated herein by reference. Another example of a multilayer film which
may be used as a beamsplitter in accordance with the present invention is described in
U.S. Patent No. 3,610,729, which is hereby incorporated herein by reference.

Figures 7, 8, and 9 illustrate another aspect of the present invention in which a
fresnel lens is used in combination with a light source to illuminate a spatial light

modulator, such as a liquid crystal display device, in order to provide a magnified virtual



WO 99/34246 PCT/US98/27833

-12-

image of the image on the spatial light modulator. In effect, the output port of the light
source is imaged onto the pupil plane 507. The fresnel lens 503 has a low focal length
in one embodiment and is used to convert the angular distribution of the light emanating
from the output port of the light source into an angular distribution which is better suited
for illuminating the SLM, such as a liquid crystal display device. The use of the fresnel
lens 503 tends to decrease the overall size of the display device 500 such that the
package which contains the display device 500 is relatively small and may be worn on a
head-mounted display. The display device 500 includes a light source 501, which may
be an integrating cavity type of light source as shown in Figure 11A. Alternatively,
the light source 501 may be other types of light generating illuminators, although the
luminance of the output port of the light source should be relatively uniform as a
function of angle. A mirror 502 redirects the light from the light source 501 to a fresnel
lens 503. This fresnel lens 503 passes the light from the mirror 502 toward the
polarizing beamsplitter 505. In one embodiment, the polarizing beamsplitter 505 may be
the polarizing beamsplitter shown in Figure 6, although other polarizing beamsplitters
may be used. A non-polarizing beamsplitter may also be used in cases where the light
source has a polarizer and a separate analyzer is used between the beamsplitter and the
viewing lens. The polarized light from the polarizing beamsplitter 505 is then directed
towards the surface of the SLM 504 and the reflected image from this surface is
provided back through the beamsplitter 505 and towards the magnifying lens 506,
which is alternatively referred to as the viewing lens 506. A virtual image which is
enlarged relative to the actual image on the SLM 504 is provided by the viewing lens
506 at the pupil plane 507. The viewer would typically place his/her eye near the pupil
plane to see the virtual image.

Figure 8 shows an alternative optical arrangement for illuminating the SLM
504. In this embodiment, the light source is a light pipe having an illumination
generator 510 which generates light and a light pipe portion 511 having mirrored
surfaces which reflect the light toward a mirror 512. This mirror 512 in turn reflects
light from the light pipe towards an output port 513 which would typically include a
diffuser. The light from the output port 513 is directed to and through the fresnel lens
514 which directs the light to the polarizing beamsplitter 505. The remainder of the
optical path from the polarizing beamsplitter to the SLM and then through the polarizing
beamsplitter 505 and through the viewing lens 506 is the same as for Figure 7. The

light pipe as shown in Figure 8 is tapered from its input end to its output end so that
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the collection numerical aperture of the fresnel lens matches the output numerical
aperture of the output port 513.

Figure 9 shows another embodiment of the display device according to one
aspect of the present invention. In this embodiment, an integrating cavity light source
520 is used with a curved reflecting element 521 which can be used to send light that
exceeds the numerical aperture of the fresnel lens 524 back into the light source. This is
shown by the light rays 523 which are emitted from the output aperture of the light
source 520 and reflected by the curved reflecting element 521 back into the light source
520. It will be appreciated that the light source 520 may be used without the reflecting
element 521 and the light from the light source may be then directed directly to the
fresnel lens according to one embodiment of the present invention.

Figures 10A-10I show one particular embodiment of the present invention.
In this embodiment, a relatively small image generator with its associated optical system
creates a virtual image of the image displayed on a display surface 504, which in the
preferred embodiment is a type of reflective liquid crystal display device, commonly
known as liquid crystal on silicon display device (LCOS). This type of display device is
a form of a spatial light modulator. The display 504 creates a miniature image, and this
image is illuminated by light from a light box 553 such that light reflecting off of this
display 504 generates a virtual image through the viewing lens 531. This virtual image
is typically viewed by a viewer placing the viewer's eye in close proximity to the
viewing lens. In this manner, a relatively small head-mounted display may be provided.
Alternatively, this display device may be used to project an image across a room if a
different optical arrangement is provided. The display device shown in Figure 10A
includes a display 504 and a beamsplitter 505, which may be the beamsplitter shown in
Figure 6. The display device shown in Figure 10A also includes the viewing lens
531 which is similar to the viewing lens 506 and also includes a fresnel lens 530 which
is similar to the fresnel lens 503. A light box 533 has an output aperture or output port
533a which illuminates the display 504 by directing light from the output aperture 533a
to the mirror 532 which in turn reflects the light through the fresnel lens 530 and toward
the beamsplitter 505. This beamsplitter 505 then reflects polarized light towards the
display 504 and the reflected image from the pixel electrodes on the display 504
traverses back through the beamsplitter 505 (and an analyzer, if any) and is magnified
by the viewing lens 531 to create the virtual image which a user sees. The mirror 532
and the fresnel lens 530 are held by a support member or frame 534. The beamsplitter
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505, if it is the polarizing beamsplitter of Figure 6, is oriented relative to the polarizers
(described below) on the light box 533 such that the polarized light from the light box is
reflected by the beamsplitter 505 toward the display 504. The display 504 then spatially
modulates the light to create an image (causing some of the light to have altered
polarities), and this reflected image is projected back to the beamsplitter (and an optional
analyzer which may be a film attached to the side of the beamsplitter next to the viewing
lens). The beamsplitter (and the optional analyzer) then passes light having a
polarization opposite to the light (from the source) which it reflected toward the display
504.

Figure 10B shows a left side view of the display device shown in Figure
10A. It will be appreciated that Figure 10A shows a top view of this display device.
A slight tilt of the plane of the output port of the light box 533 can be seen in Figure
10B. This tilt is relative to an optical axis through both the display 504 and the viewing
lens 531. This tilt is provided in one embodiment of the present invention in order to
compensate for a slight asymmetry in the angular distribution of the light output from the
output port of the light box. As an alternative, the polarizing beamsplitter 505 may be
tilted slightly to compensate for this asymmetry. It is also noted that the polarizing films
used in the embodiment of the light box shown in Figure 11A also tend to correct for
this slight left to right asymmetry in the angular distribution of light from the output port
of the light box.

Figure 10C shows a front view of the display device of Figure 10A. From
this view, it can be seen that the mirror 532 slightly overhangs the light source 533 and
that the frame 534 includes two angular wings which serve to support the mirror 532.
Figure 10D shows a back perspective view of the display device of Figure 10A. In
this view, the back surface of the display device 504 can be seen relative to the
beamsplitter 505 and the viewing lens 531. Figure 10D also shows the position of the
light box 533 relative to the mirror 532 and the frame 534. Figure 10E shows a front
perspective view of the display device of Figure 10A.

Figure 10F shows a cross-sectional view of the display device of Figure
10A where the cross-section is taken at the line A-A as shown in Figure 10A.
Because this cross-section cuts the beamsplitter 505, this beamsplitter 505 in the view
shown in Figure 10F appears as a single line. This is also true with respect to the
fresnel lens 530 and the mirror 532. From the view shown in Figure 10F, it can be
seen that light from the output port of the light box 533 is directed to the mirror 532 and
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then directed through the fresnel lens 530 as shown by the light path 537. This light is
then polarized by the reflecting polarizing beamsplitter 505 such that polarized light is
reflected toward the display 504.

Figures 10G, 10H, and 101 show additional views of the display device of
Figure 10A with additional supporting structures surrounding the device. These
figures also show various dimensions of one preferred embodiment of this display
device. From Figure 10G it can be seen that the surface of the display 504 is
approximately 22 millimeters from the tangent point of the viewing lens 531. Also, the
distance from the face of the display 504 to the optical axis of the fresnel lens 530 is
about 9.5 millimeters. The relative positioning of the output port 533a relative to this
optical axis can also be seen from the top view provided by Figure 10G. Figure
10H shows a left view of the display device of Figure 10A. From this view, the tilt
of approximately 10” of the light box 553 relative to the optical axis of the display 504
can be seen in Figure 10H. Also, the offset of 3.8 millimeters from one end of the
output port 553a to the optical axis of the viewing lens 531 can be seen from Figure
10H. Figure 101 shows a front view which again shows relative dimensions of the
various optical components. It can be seen that the center line of the light box 533 is
approximately 6 millimeters from the face of the fresnel lens 530, and this face of the
fresnel lens is also about 8.1 millimeters from the center line of the display 504. All
dimensions shown in Figures 10G, 10H, and 10I are in millimeters.

Figure 11A shows one embodiment of a light box 533 according to one aspect
of the present invention. The interior of the light box 533 includes a cavity which is
lined with a reflective surface 533b which is a high efficiency diffuse reflector, such as
teflon or white paint. Examples of such high efficiency diffuse reflectors can also be
found in U. S. Patents 5,440,197 and 5,684,354. Light from illuminators, such as the
LED's 533c, 533d, 533e, and 533f illuminate the walls of the cavity which serve to
“integrate” the light and provide the light at the output port 533a. The light box 533 may
be used either with a time sequential color system or in a spatial color system in which
white light is provided through the output port 533a. The output port 533a includes in
this particular embodiment three films which serve to polarize and diffuse the light
which is output through the aperture 533a. These films also tend to correct the left to
right asymmetry of light output from the output port 533a as shown in Figure 11A.
The film 550 is a diffuser, such as a holographic diffuser which can be obtained from
the Physical Optics Corporation. This film serves to further diffuse the light output
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through the aperture 533a. Film 551 is a DBEF film which may be obtained from 3M as
noted above. The film 552 is a linear polarizer oriented in the same direction of
polarization as the film 551 in order to achieve light of substantially one polarization as it
exits the film 552.

Figures 11B, 11C, 11D, and 11E show the particular light box 533 shown
in the embodiment of Figures 10A-10I. The dimensions shown in Figures 11B-
11D are in millimeters.

Figures 12A, 12B, 12C, 12D, 12E, and 12F show further details with
respect to the fresnel lens 530 of the particular embodiment shown in Figures 10A-
101. This particular fresnel lens 530 serves to change the cone angle of light which
illuminates each spot of most of the surface of the display 504. In particular, the fresnel
lens 530 of this embodiment provides a more narrow cone of light at each point of most
of the surface of the display 504. The narrower cone of light provides better
illumination for a liquid crystal on silicon display device which is reflective. The
illumination is better in that the pixels on reflective LCOS are illuminated more
uniformly across the surface of the reflective LCOS (e.g. the angular cones of
illumination are consistently the same from pixel to pixel across the surface), and there is
less stray light (e.g. which misses the surface) and the illumination is therefore more
efficient.

Figures 13A, 13B, and 13C shown various views of the viewing lens 531
which is used in the particular embodiment of the display device shown in Figures
10A-10I. Figure 13A shows a front planar view of this lens, while Figure 13B
shows a side view. Figure 13C shows a perspective view of this viewing lens 531.
Also shown with these figures are various parameters and information further specifying
this particular viewing lens.

Although only several particular embodiments of the present invention have been
described in detail, it should be appreciated that the present invention may be embodied
in other forms without departing from the spirit and scope of the present invention. For
instance, polarizing beamsplitting film may be used with transmissive miniature display
devices. Furthermore, other illumination systems may be employed such as laser
diodes, cold cathode or field emitter cathodoluminescent sources. Also, various display
systems may be implemented with utilize spatial display systems rather than time
sequential display systems and these spatial display systems may be used with what may

be referred to as cover glass modulation (cover glass modulation is described in co-
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pending U.S. Patent Application Serial No. 08/801,994, filed February 18, 1997,
which is hereby incorporated herein by reference and is also described in co-pending
U.S. Patent Application Serial No. 08/770,233, filed December 19, 1996, which is also
hereby incorporated herein by reference). Moreover, in each instance, pixel buffering
(described in Application Serial No. 08/770,233) may or may not be used. Also, there
are numerous alternative optical configurations which may be used with a miniature
display device and beamsplitter combination in accordance with the present invention.
For example, U.S. Patent No. 5,596,451 illustrates many different such alternative
optical configurations which may be used in accordance with the present invention.
Thus, rather than using a conventional beamsplitter in these alternative optical
configurations, a beamsplitter as described herein may be used.
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What is claimed is:

1. An image generator for producing a visual display, said image generator

comprising:

an illuminator which generates a source of light;

a miniature reflective display device which includes a light modulating medium
and a reflective surface, said reflective surface reflecting light from said
source of light, said light modulating medium forming an image by
spatially modulating light in said light modulating medium;

a beamsplitter optically coupled to said reflective display device to produce a
virtual image for said visual display, wherein said beamsplitter comprises
a film having a plurality of layers including at least a first layer
comprising an oriented birefringent material, said beamsplitter having a
wide angle of acceptance.

2. An image generator as in claim 1 wherein said image generator is a miniature
image generator for a relatively small, lightweight head-mounted display and wherein
said virtual image is viewed by a viewer.

3. An image generator as in claim 2 further comprising a parallel to serial converter
which receives data representing said image and which serializes said data into a serial
stream of color components and wherein said parallel to serial converter is coupled to
said reflective display device, and wherein said illuminator comprises a plurality of

illumination sources, each corresponding to one of said color components.

4. An image generator as in claim 1 wherein said beamsplitter is a reflective
polarizer which polarizes by reflecting light having a first polarization component and
transmitting light having a second polarity.

5. An image generator as in claim 4 wherein said film has been stretched along a
first axis in a plane of said film, and wherein said film has a second dimension along a

second axis in said plane, said second axis being generally orthogonal to said first axis.
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6. An image generator as in claim 3 wherein said illuminator comprises a red LED,
a green LED and a blue LED and wherein said serial stream of color components
comprises a corresponding red color component, a corresponding green color
component and a corresponding blue color component, wherein a colored point in said
image is represented by the accumulated display of said serial stream of color
components.

7. An image generator as in claim 5 wherein the amount of stretch along said first

axis is at least twice said second dimension.

8. An image generator as in claim 7 wherein said plurality of layers comprises a
plurality of first layers and a plurality of second layers, and wherein each first layer has
a higher index of refraction associated with at least one axis in said plane than an index

of refraction of each second layer.

9. An image generator as in claim 8 wherein said reflective display device is a liquid
crystal on silicon reflective type display device.

10.  Animage generator as in claim 1 wherein said reflective display device has a first

axis which is parallel with and defined by said reflective surface which is substantially

planar and wherein said first axis is perpendicular to a second axis;

wherein said magnifying lens faces said reflective surface and has a third axis

which is parallel to said first axis and has a fourth axis which is
perpendicular to said third axis, and wherein said magnifying lens
provides light through said magnifying lens substantially parallel to the
fourth axis.

11.  Animage generator as in claim 10 wherein said illuminator has a fifth axis which
is defined by one of a substantially planar reflective surface of said illuminator or a light
emitting surface of said illuminator, said illuminator projecting light substantially along a
direction which is perpendicular to said fifth axis.

12. Animage generator as in claim 11 wherein said beamsplitter is disposed in an
optical pathway from said reflective display device to said magnifying lens, said
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beamsplitter receiving light from said illuminator and projecting said light toward said
reflective display device which reflects said image back through said beamsplitter to said
magnifying lens substantially along the fourth axis.

13.  Animage generator as in claim 12 wherein said beamsplitter is a reflective
polarizer which polarizes by reflecting light having a first polarization component and
transmitting light having a second polarity.

14. Animage generator as in claim 13 wherein said film has been stretched along a
first axis in a plane of said film, and wherein said film has a second dimension along a
second axis in said plane, said second axis being generally orthogonal to said first axis.

15.  Animage generator as in claim 14 wherein the amount of stretch along said first
axis is at least twice said second dimension.

16.  Animage generator as in claim 15 further comprising a parallel to serial
converter which receives data representing said image and which serializes said data into
a serial stream of color components and wherein said parallel to serial converter is
coupled to said reflective display device, and wherein said illuminator comprises a

plurality of illumination sources, each corresponding to one of said color components.

17.  Animage generator as in claim 15 wherein said plurality of layers comprises a
plurality of first layers and a plurality of second layers, and wherein each first layer has
a higher index of refraction associated with at least one axis in said plane than an index
of refraction of each second layer.

18.  Animage generator as in claim 1 wherein said reflective display device has a first
axis which is parallel with and defined by said reflective surface which is substantially
planar and wherein said first axis is perpendicular to a second axis;
wherein said magnifying lens has a third axis which is parallel to said second
axis and has a fourth axis which is perpendicular to said third axis, and
wherein said magnifying lens provides light through said magnifying
lens substantially parallel of the fourth axis.
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19.  Animage generator as in claim 18 wherein said illuminator has a fifth axis which
is defined by and is parallel with a substantially planar light emitting surface, said
illuminator projecting light substantially along a direction which is perpendicular to said
fifth axis, and wherein said direction is parallel with said third axis.

20.  Animage generator as in claim 19 wherein said beamsplitter is disposed in an
optical pathway from said reflective display to said magnifying lens, said beamsplitter
passing light from said illuminator to said reflective display device and reflecting light
from said reflective display device to said magnifying lens.

21.  Animage generator as in claim 20 wherein said beamsplitter is a reflective
polarizer which polarizes by reflecting light having a first polarization component and
transmitting light having a second polarity.

22.  Animage generator as in claim 21 wherein said film has been stretched along a
first axis in a plane of said film, and wherein said film has a second dimension along a
second axis in said plane, said second axis being generally orthogonal to said first axis.

23.  Animage generator as in claim 22 wherein the amount of stretch along said first
axis is at least twice said second dimension.

24.  Animage generator as in claim 23 wherein said plurality of layers comprises a
plurality of first layers and a plurality of second layers, and wherein each first layer has
a higher index of refraction associated with at least one axis in said plane than an index

of refraction of each second layer.

25.  Animage generator as in claim 24 further comprising a parallel to serial
converter which receives data representing said image and which serializes said data into
a serial stream of color components and wherein said parallel to serial converter is
coupled to said reflective display device, and wherein said illuminator comprises a

plurality of illumination sources, each corresponding to one of said color components.



WO 99/34246 PCT/US98/27833

22

26.  Animage generator as in claim 2 wherein said reflective display device
comprises a liquid crystal on silicon device having an integrated circuit which comprises

a plurality of pixel electrodes which provide said reflective surface.

27.  Animage generator as in claim 2 wherein said illuminator comprises a red LED,
a green LED, and a blue LED which are disposed orthogonally relative to each other and
are disposed to provide light to a beamsplitter in an illuminator housing which has an

exit window.

28.  Animage generator as in claim 3 wherein said illuminator comprises a red LED,
a green LED, and a blue LED all contained within a mirrored chamber having an exit
window, wherein a length and a width of said exit window substantially matches a

length and a width of said image on said reflective surface.

29.  Animage generator as in claim 2 wherein said first layer has an average
thickness of less than about 0.5 microns and wherein said plurality of layers comprises a
second layer having an average thickness of less than about 0.5 microns.

30.  Animage generator as in claim 29 wherein said first layer comprises a crystalline

aromatic dicarboxylic acid.

31.  Animage generator as in claim 30 wherein said first layer comprises a crystalline
naphthalene dicarboxylic acid polyester.

32.  Animage generator for producing a visual display, said image generator
comprising:

an illuminator which generates a source of light;

a miniature display device which includes a light modulating medium which
produces a miniature image by spatially modulating light in said light
modulating medium;

a beamsplitter optically coupled to said miniature display device to produce a
magnified image for said visual display, wherein said beamsplitter
comprises a film having a plurality of layers including at least a first layer
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comprising an oriented birefringent material, said beamsplitter having a
wide angle of acceptance.

33.  Animage generator as in claim 32 wherein said beamsplitter is a reflective
polarizer which polarizes by reflecting light having a first polarization component and
transmitting light having a second polarity.

34.  Animage generator as in claim 33 wherein said film has been stretched along a
first axis in a plane of said film, and wherein said film has a second dimension along a
second axis in said plane, said second axis being generally orthogonal to said first axis.

35.  Animage generator as in claim 34 wherein the amount of stretch along said first

axis is at least twice said second dimension.

36.  Animage generator as in claim 35 wherein said plurality of layers comprises a
plurality of first layers and a plurality of second layers, and wherein each first layer has
a higher index of refraction associated with at least one axis in said plane than an index
of refraction of each second layer.

37.  Animage generator for producing a visual display, said image generator
comprising:

an illuminator which generates a source of light;

a fresnel lens optically coupled to said illuminator to receive light from said
illuminator;

a miniature display device which includes a light modulating medium which
produces a miniature image by spatially modulating light from said
fresnel lens; _

a beamsplitter optically coupled to said miniature display device to produce a
magnified image for said visual display, wherein said beamsplitter has a
wide angle of acceptance.

38.  Animage generator as in claim 37 wherein said illuminator projects light toward
said fresnel lens which in turn projects light toward said beamsplitter which in turn
projects light toward said light modulating medium.
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39.  Animage generator for producing a visual display, said image generator
comprising:

an illuminator which generates a source of light;

a miniature display device which includes a light modulating medium which
produces a miniature image by spatially modulating light in said light
modulating medium;

a beamsplitter optically coupled to said miniature display device to produce a
magnified image for said visual display, wherein said beamsplitter
comprises a film having a plurality of layers including at least a first layer
comprising an oriented birefringent material, said beamsplitter having a
wide angle of acceptance wherein said illuminator is tilted relative to said
beamsplitter and to said light modulating medium.

40.  Animage generator as in claim 39 wherein said illuminator is tilted
approximately 10° from a plane which is perpendicular to a plane formed by said light

modulating medium.
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Draft 90 - Un-
Facet | Angle ;amlat Facet AT OC;L wrapped| Hgt_1 | Sag_1 | Hgt_2 | Sag 2
Number| jgeq | ANGIe | angie | ANG Sag

500 | 078 | 89.24 | 94.24 [0.0000 | 0.000 | 0.000 [0.12665| 0.002

500 | 227 | 87.73 | 92.73 | 0.0017 | 0.127 | 0.000 [0.25356| 0.005

500 | 379 | 8621 | 91.21 | 0.0087 | 0.254 | 0.000 [0.38027| 0.008

500 | 529 | 8471 | 89.71 | 0.0151 | 0.381 | 0.000 |0.50898! 0.012

500 | 6.79 | 8321 | 86.21 [0.0269 | 0.508 | 0.000 |0.63369] 0.015

500 | 829 | 8171 | 86.71 [0.0420 | 0.635 | 0.000 [0.76040{ 0.018

500 | 977 | 8023 | 85.23 | 0.0605 | 0.762 | 0.000 |0.88712| 0.022

500 | 11.24 | 7876 | 83.76 | 0.0824 | 0.889 | 0.000 |1.01383| 0.025

5.00 | 1270 | 77.30 | 82.30 [ 0.1076 | 1.016 | 0.000 |1.14054| 0.028

500 | 1414 | 75.86 | 80.66 | 0.1362 | 1.143 | 0.000 |1.26726| 0.031

5.00 | 1557 | 74.43 | 79.43 {0.1682 | 1.270 | 0.000 [1.39396( 0.035

500 | 16.98 | 73.02 | 78.02 |0.2036 | 1.397 | 0.000 |1.52069| 0.038

500 | 18.38 | 71.62 | 76.62 |0.2424 | 1.524 | 0.000 |1.64741| 0.041

5.00 | 19.75 | 70.25 | 75.25 | 0.2846 | 1.651 | 0.000 |1.77413| 0.044

500 | 21.10 | 68.90 | 73.90 |0.3302 | 1.778 | 0.000 |1.90085| 0.047

5.00 | 22.44 | 6756 | 72.58 | 0.3792 | 1.905 | 0.000 |2.02757| 0.051

500 | 2375 | 68.25 | 71.25 | 0.4317 | 2.032 | 0.000 |2.15429] 0.054

5.00 | 25.03 | 64.97 | 69.97 |0.4875 | 2.159 | 0.000 |2.28101] 0.057

500 | 26.30 | 63.70 | 66.70 | 0.5466 | 2.286 | 0.000 |2.40774] 0.060

5.00 | 27.54 | 62.46 | 67.46 | 0.6096 | 2.413 | 0.000 |2.53446| 0.063

500 | 28.76 | 61.24 | 66.24 | 0.6758 | 2.540 | 0.000 |2.68118| 0.067

5.00 | 29.96 | 60.04 | 65.04 | 0.7456 | 2.667 | 0.000 |2.78790} 0.070

5.00 [ 31.13 | 58.87 | 63.87 | 0.8188 | 2.794 | 0.000 |2.91463] 0.073

500 | 32.28 | 57.72 | 62.72 | 0.8955 | 2.921 | 0.000 |3.04135] 0.076

5.00 | 33.40 | 56.60 | 61.60 | 0.9757 | 3.048 | 0.000 |3.16807 0.079

5.00 | 34.50 | 55.50 | 60.50 |1.0594 | 3.175 | 0.000 |3.29480| 0.082

5.00 | 35.58 | 54.42 | 59.42 |1.1487 | 3.302 | 0.000 |3.42152] 0.085

5.00 | 36.83 | 53.37 | 56.37 | 1.2376 | 3.429 | 0.000 |3.54824] 0.089

527 | 37.66 | 52.34 | 57.60 |1.3320 | 3.556 | 0.000 |3.67457] 0.092

5.85 | 38.67 | 51.33 | 56.98 | 1.4300 | 3.683 | 0.000 |3.80069| 0.094

6.04 | 39.65 | 50.35 | 56.39 |1.5316 | 3.810 | 0.000 |3.92875| 0.097

6.45 | 40.62 | 49.36 | 55.83 | 1.6369 | 3.937 | 0.000 |4.05277| 0.099

6.87 | 41.58 | 48.44 | 5531 | 1.7458 | 4.084 | 0.000 |4.17874| 0.102

730 | 4248 | 47.52 | 54.63 |1.8584 | 4.191 | 0.000 |4.30466| 0.104

NI b | d [ —a —a d | ea —_
SIRISIS IS |IBIB PV INIRIVIN(R B |z|Saslalmla|s|2]a|e|xe|N|o|o| & ]w]n

775 | 4338 | 46.62 | 54.37 |1.9747 | 4.318 [ 0.000 |4.43053| 0.106
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SUBSTITUTE SHEET (RULE 26)



WO 99/34246 PCT/US98/27833
18/20
Draft 90 - Un-

Facet Facet Tool

Number ﬁr;%lg Angle iﬁg?; Angle wrggzed Hgt_1 | Sag_1 | Hgt_2 | Sag_2
36 | 821 |44.25 | 4575 | 53.95 |2.0047 | 4.445 | 0.000 [4.55835] 0.108
37 | 867 | 45.11 | 44.89 | 53.56 [2.2184 | 4572 [ 0.000 |4.68213| 0111
38 | 915 | 4595 | 44.05 | 53.20 [2.3459 | 4.609 | 0.000 |4.80786| 0113
39 | 965 | 46.77 | 43.23 | 52.88 |2.4772 | 4.826 | 0.000 |4.93355] 0114
40 | 1015 | 4757 | 4243 | 52.58 | 26123 | 4.953 | 0.000 |5.05920] 0.116
41 1066 | 48.35 | 41.65 | 52.31 |2.7512 | 5.080 | 0.000 |5.16481! 0.118
42 11118 | 49.12 | 4066 | 52.07 [2.8941 | 5.207 | 0.000 |5.31039| 0.119
43 11170 | 49.87 | 40.13 | 51.85 [3.0408 | 5.334 | 0.000 |5.43503] 0.121
44 11226 | 50.60 | 39.40 | 51.66 |3.1914 | 5.461 | 0.000 |5.56144| 0122
45 | 1281 | 51.31 | 38.69 | 51.50 |3.3460 | 5588 | 0.000 |5.68892| 0124
46 | 1337 | 52.01 | 37.99 | 51.36 [3.5046 | 5.715 | 0.000 |5.81237] 0.125
47 11384 | 52.69 | 37.31 | 51.25 [3.6672 | 5.842 | 0.000 |5.93780] 0.126
48 | 1451 |53.36 | 36.64 | 51.15 [3.8336 | 5.969 | 0.000 |6.06321] 0127
49 [1510 | 54.02 | 3598 | 51.08 |4.0046 | 6.096 | 0.000 |6.18860] 0.128
50 | 1568 | 54.66 | 35.34 | 51.03 | 4.1795 | 6.223 | 0.000 |6.31398| 0128
51 116.28 | 55.28 | 34.72 | 51.00 | 4.3586 | 6.350 | 0.000 |6.43935| 0.129
52 | 16.88 | 55.89 | 34.11 | 50.98 [4.5419 | 6.477 | 0.000 [6.56470] 0.130
53 | 17.48 | 56.49 | 3351 | 50.99 {4.7294 | 6.604 | 0.000 |6.69005] 0.130
54 118.09 | 57.08 | 32.92 | 51.01 [4.9212 | 6.731 | 0.000 |6.61540] 0.130
5 |18.71 [ 57.66 | 32.34 | 51.05 [5.1174 | 6.858 | 0.000 [6.94075| 0.131
56 |19.32 |58.22 | 31.78 | 51.10 |5.3180 | 6.985 | 0.000 |7.08610| 0.131
57 119.94 | 58.78 | 31.22 | 51.17 {55230 | 7.112 | 0.000 |7.19145| 0.131
58 | 20.56 | 59.32 | 30.68 | 51.24 [5.7325 | 7.239 | 0.000 [7.31681] 0.131
59 |21.18 | 59.85 | 30.15 | 51.33 [5.9465 | 7.366 | 0.000 |7.44218| 0.131
60 | 21.81 | 60.37 | 29.63 | 51.44 [6.1652 | 7.493 | 0.000 |7.58755] 0131
61 |2043 | 60.66 | 29.12 | 51.55 |6.3885 | 7.620 | 0.000 |7.69295| 0.131
62 | 23.05 | 61.36 | 28.62 | 51.67 | 6.6165 | 7.747 | 0.000 |7.81635] 0.131
63 | 2367 | 61.88 | 28.12 | 51.80 [6.6493 | 7.874 | 0.000 |7.94377| 0.131
64 8.001 | 0.000

FIG. 12C
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