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LOW-COST . LIGHT-WEIGHT HEAD-MOUNTED
VIRTUAL-IMAGE PROJECTION DISPLAY WITH LOW
MOMENTS OF INERTIA AND LOW CENTER OF GRAVITY

BACKGROUND O I
d ventj |

The present invention is in the field of image
projection displays. More particularly, the present
invention relates to image projection displays_-which are
mounted to a helmet or other headgear worn by a user. The '
head gear carries a visor in front of the user's eyes. 1In
order for the user to view the distance field the visor
may be transparent. In this case, the user of the display
may look through the traxisparent visor to see objects in
the distance visual field. Projected light is also-
reflected from an inner surface of this visor to provide
the user with a virtual image focused at infinity and
superimposed upon the view seen through the visor. If the
visor is not ~transparent, the user may see only the
projected image in the distant field. This embodiment of
the invention would be used for computerized virtual
reality projection, for example. This type of display has
civilian, military, industrial, medical, and other
applications.

Related Technology -

Head-mounted image projection displays, including
headgear-mounted displays (HMD's), and including those
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displays which usie the vi-_s_cr of a helmet as part of the
display (i.e., a _l;'zelmet visor display, or HVD), are well

known in the arﬁ. - Such head-mounted display systenms

provxde a clear advantage to the user over panel-mounted
or other remotely*posxt:.oned displays, such as projection
heads-up dlsplays (HUD's), for example. One of these

‘advantages is that, the image provided by a HMD moves with

the user and may He viewed while it is superimposed on the
user's view of t#xe surroundings. Thus, even when the
user's visual att%.'htion is directed other than toward an
instrument panel,é for examplé, the user can visually
monitor important; Einfc:::L'mat'.icn'\ which is presented visually.
Another adw.ran't:ageI is .that the user need not continually
shift visual for:us from the distant £field of the
surroundings to tlje near field of an instrument panel, for
example, in orderé to check the conditions of a vehicle or
other such inform:ation which is not in the distant visual
field. While th:e HUD type of displays have this same
advantage, they chn be viewed only while looking through
the combiner or vi?indscreen'.of an aircraft, for example.
This freedom fromf the necessity of changing visual focus
is both importaxit for allowing the user to maintain
constant visual @contact with items in the far visual
field, for exanplz.e, but also because it reduces visual

‘fatigue.  That isl; extended periods of time such as occurs

in long-distance aircraft flight, during which the
aircraft pilot is of necessity forced to continually shift
visual focus fronj; the far field out through an aircraft
windshield to tHe near visual field at the aircraft
instrument panelf; can lead to severe visual fatigue.
Aircraft pilots :.n such circumstances can experience a
drastically redu¢ed performance and reduced ability to
visually detect and respond to threats.

Typically, a conventional HMD system includes (1) an
image source: (2) an optical relay module; and (3) a
projection surfacde (known as a combiner), through which
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the user views the cutside world and upon which is
projected tﬁe'image generated by the image source and
relayed by.the'5ystem's optical reiay module. The dispiay
apparatus may be secured relative to the user's head by
use of a cap, head gear, face mask, or by being associated
with a helmet which the user wears, for example.
 Conventional head-mounted display systems have

employed a combiner that is either integral with the visor

of the helmet or separated from the visor as an

independent screen placed inside the visor. These design
alternatives have both led to helmets of appreciable size,
weight, high center of gravity (i.e., top heavy), high
moments of inertia about one or both of the azimuthal or
elevational axis of head tilting, great complexity, and
high cost. Many of these conventional head-mounted
dlsplays have suffered from either low optical efficiency
because of the use of a beam splitter type of on-axis
projection system, or off-axxs projection aberrations such
as keystoning and asymmetry aberrations because of use of
an off-axis projection systenm

Particularly, in order to improve the packaging
effectiveness of a head-mounted display with respect to
the structure of the human head, attempts have been made
to decrease the overall length and moment of inertia of
the system by fixing the optical axis of the relay module
at some acute angle with respect to the omtical axis of
the combiner. This arrangement is known as "off-axis"
projection of the image. The visor may still be used as
a combiner by projecting the image onto the visor inner
surface for reflection to the user, but off-axis
projection causes various distortions of the image as seen
by the user. Among these aberrations caused by the off-
axis bendlng angle are the asymmetrzc aberrations of axial
and bimodal astigmatism and axial coma as well as keystone
distortibn'ef the image provided to the user.
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An example of a typical helmet visor display system
utzl;zxng off-axls pro:ectlon is disclosed in United
States Patent No. 3 940,204 issued February 24, 1976 to
R.J. Wlthrlngton. The W1thr1ngton patent is bel;eved to
describe a holoqraphxc 1ens as a comblner glass, operating

at a large off-ax;s angle . Aberrations inherent in an

off-axis holographxc lens are m;nxm;zed by constructing
the lens with aber:ated wave fronts and by tllting and/or
de~-centering elemghts in an optical relay set in order to
dompénsate for . éstigmatism and axial coma in the
holographic lens. : _

Such a holographlc combiner is difficult . to
fabricate, and the large asymmetric aberrations introduced
due to the large bendxng angle limits the usable field of
view (FOV). COrrectzng for the aberrations increases the
size and complexi;y of the relay cptics, adding cost and
maintenance conce;ns, while the added weight is always
objectionable to 'ithle: users of such systems, who would
prefer a system having much smaller moments of inertia.
Also, this type: of system suffers from chromatic
aberrations.

Recognxzxng the.dlsadvantages of the holographic lens
approach and complex relay lens schemes to ccrrect image
distortion proble?s inherent in off-axis projection, it
has been proposed?to modify a conventional on-axis systen
by incorporating a beanm splitter positioned between the
combiner and the user's eye. The beam splitter
1mprovement to on-axxs orientation of the relay module was
suggested, for ex;mple, by Droessle: and Rotierlln their
SPIE paper entitléd_"ﬂelmet Mounted Visual Displays", Ihe
Society of Photo-optical Instrumentation Engineers,
p19-29, Vol 1116, (1989). The beam splitter is used to
keep the optical §xls of the relay lenses co-aligned with
the optical axis éf the combiner. | .

with a h_e_am? splitter in the system, there is no
inherent keystone distortion nor any asymmetric
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aberrations. HMD aberrations are similar to any axially
symmetric optical system, and thus are much easier to
correct. ' A

Howevef;zese of a beam splitter may cost the loss of
as much as fifty percent of the projected light between
the beam splitter and combiner, so that overall effisiency
of the image projection system is poor (i.e., in the 25%
to 30% range). Consequently, a brighter image source must
be used, which is frequently larger, heavier, and more
expensive} This lathr and heavier image source has the
disadvantage of increasing all of the size, weight, and
moment of inertia of the system. In addition, the usable
field of view (FOV) is limited by the physical open area
below the combiner and the beam splitter, so that the
radius of the combiner must be shortened to expand the
Fov, relaying_the pupil closer to the combiner (away from
the neck of the user); ' thereby increasing the moment of
inertia of the”systen.

An example of a conventional head-mounted display
with a beanm splitter is seen in United States Patent No.
5,200,827 issued April 6, 1993, to C. M. Hanson, et al.
The Hanson patent is believed to disclose a head-mounted
display in ;which the visor/combiner, or visor with

separate combiner screen, is integrated with an image

source and relay optics into a unit which may be attached
to or used in association with a conventional infantry

‘helmet. The head-mounted display taught by the Hanson

patent suffers from many of the size, weight, high center
of gravity, high moment of inertia, and complexity
llmxtatlons associated with conventlonal head-mounted

| displays ‘as discussed above.

Another exanple of a known beam-splitter type of

HMD is seen in United States Patent No. 5,000,544 issued
March 19, 1991 to C.B. Stavely. According to the Stavely

patent, a combiner requires a tuned optical coating
reflective of light in the wavelength band of the display

SUBSTITUTE SHEET (RULE 26



WO 96/36898 6 : PCT/US96/07396

10

15

20

25

30

35

source. SuspenSion of both the image source and the relay
optics in front of the user's face causes both a high
center of grav1tyéand an undesirable forward shifting of
the helmet centeréof gravity, along with many of the other
previously“enumer%ted shortcomings of a conventional beam
splitter systems..

Accordingly,lit is an object of the present invention
to provide a helmet mounted display that overcomes one or
more of the ahove-mentioned deficiencies of conventional
image-projection displays of both the off-axis and on-axis

' (beam splitter) varieties.

It is anothFr object of the present ‘invention to

provide a low. cost, light weight, low moments of inertia,

low center of gravity helmet-mounted display system that
presents high quality virtual projected images to a user.

Accordinglyﬁg the present invention provides an
image-projectionfdisplay system carried'upon a headgear
worn by a user, the display system having improved image
quality and a loﬁ center of gravity on the user's head
with low moments of inertia about both a vertical

~azimuthal axis and a horizontal elevational axis, this

image display system including an image source for
providing an image to be projected to the user, the image

_source providing light for forning the image; a relay

optics module receiVing the light from the image source
and having lenses for projecting the light; a beam
splitter disposed in front of an eye of the user for
receiving the projected light from the relay optics module'
and reflecting this light away from the eye of the user;
a combiner disposed in front of both the user's eye and
the beanm splitter and upon which the light reflected from
the bean splitter is projected to be reflected from the
combiner back thrpugh the beam splitter to the user'sleye:
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the image source and at least part of the relay optics
module being dLSpesed to one side of the user's head and

‘below the level of the user's eye.

Add:.t:.onal objects and advantages of the present
invention will become apparent from a reading of the
following detailed _dés’cription of a single preferred
embodiment of the present invention, taken in conjunctien

 with the appended drawing Figures, which are described -

briefly below:

0 ' IN G s
Figure 1 provides a highly schematic representation
of physical components and an optical ray-tracing diagram
for a _head-mquntéd display according to the present
invention: '
Figure 2 provides a side elevation view of a user

wearing a helmet upon which is carried a visor and a

head-mounted display system according to the present
invention, with the physical components of the display
system still being shown schematically at a higher level
of development than that of Figure 1, but still

incompletely developed, and with a projected image"

ray-tracing included;

_ Figures 3-5 show ' respective side elevat:.on, front
elevation, and plan views of the user with helmet and a
physical embodiment of the display system seen in Figure
2, Figure 3 is shown with parts broken away and removed
for clarity of illustration:

Figure 6 is a schematic representation (similar to
Figure 1) of an alternative embodiment of a head-mounted
display according to the invention, with a simplified and
even lighter we:.ght opt:.cal relay system;

Figure 7 is a plan view similar to the side elevation
view of Figure 2, show:l.ng the embodiment of the invention
schematically depicted by Figure 6 with a projector
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housing shown in phantom lines and attached to a user's

helmet;

Figure 8 depicts yet another alternative embodiment
of the J.nvention, which is similar to the embodiment seen

in Figqures 6 and 7, but which is additionally equipped =

with an LED to illum.mate the image source (which image
source may be a liquid crystal 11ght-valve type), as well

'as with a second g.nage source; and

Figures 9, ;9a, and 9b show schematically another
alternative embodiment of the present invention in which

‘provision is made, for correction of chromatic aberrations

by use of refraction-diffracticn lenses.
D c ON OF EXE
E MBOD: S _OF THE INVENTIO
Viewing I-‘ig!._;re 1, a projection display system 10
(which will be __s_q:_;e__n to be head-mounted) is schematically

- 1llustrated, and Jis provided with ray-tracings in order to
- illustrate the oﬁ_e:aticn of t_his display system. Viewing
Figure 1 in gfeater ‘detail, it is seen that this
projection display system 10 includes an image source 12,

a relay optics mcdule 14, an angulated wide spectral band
beam splitter mirror 16, and a gen_e_rally spherical
transparent and reflective combiner 18. The inner surface
configuration of the combiner 18 may alternatively be
truly spherical, ,or may be of generalized spherical shape.
The combiner 18 reflects light prcjected onto the inner
surface 18a therecf from the beanm splitter mirror 16 back
through this minrcr 16 and to the eye 20 of an observer
22. Light ray trace lines, generally referenced with the
numeral 24 are applied to the schematic illustration of
Figure 1 in crder to depict how the eye 20 of the observer

. 22 receives the. image provided by the image source 12.

35

Generally, it wzll be seen from Figure 1 that the image
projection to the user 22 is an on-axis projection, free
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of keystoning,. asymmetry; and color aberrations which
mlght be caused by an off—axls pro:ectzon.

More partzcularly viewing Figure 1, it will be
appreciated that the image source 12 may be a cathode ray
tube, or iiqixid crystal display of the reflective or
transmissive type, for example and without limitation.
The essential element of the image source 12 is that it is
a source of image light for projection, and provide an
image by projection, transmission, or reflection of light.
Thus, a reflection type of liquid crystal display may be

.particularly advantageous for use in the present display

system because the liquid crystal display will provide an
image by reflection of light from another sourcé, such as
an easily changed light bulb, the brightness of which is
also easily varied to suit the brightness requxrements for
the image chosen by the user 22.

Further, the relay optics module 14 is seen to have
two groups of lens, referenced with the numerals 14a and
14b. The lens group l4a includes three refractive lenses
forming a color-corrected lens set, while the lens group
14b includes three refractive lenses similarly forming a
color corrected lens set. Examples of materials which may
be used in making the color-corrected lenses of the relay
optics module 14 arelcrown-glass and flint glass material
for correction of chromatic aberration. Thus, the display
system seen in Figure 1 has a wide spectral (color)
capability, with good fidelity of the image provided to
the user in comparison to the color rendition available at
the image source 12. The use of color-corrected lens sets
eliminates chromatic aberrations in the image provided to

‘the user 22.

Viewing now“Figuré'z, the observer 22 is seen to be
wearing a helmet 26 to which the system 10 may be mounted,
as will be further explained below. The system 10 is
shown schematically in Figure 2 so that it may be
appreciated that the combiner 18 is provided by a visor 28
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attached to the Helmet 26. That is, the combiner 18 is
defined by a portion of the visor 28. Visor 28 may
provide a combiner portion 18 in front of each eye of the
user 22. Also, the-_syétem 10 _is_.hounted_;.ow on the side
of the helmet 28, with an angulated_'p:oj._ection folding
mirror 30 being interposed in the path of the light ray
traces 24 between|the relay optics m_o_du].e' 14 and the broad
band beam splitter 16. This folding mirror 30 is located
to the side and|below the eye 20 of the observer 22.

Consequently, it will be seen that the weight of the
system 10, or al:?ost all of this weight is cat:ied well
below the level of the eye 20 of observer 22. In the
schematic presentation seen in Figure 2, the p;djection to
the user 22 may b seen to include some small elements of
off-axis project#,on.-_ That is, the axis of the relay
optics module 14 is not truly parallel with or
perpendicular Wiﬁ'rh the axis of light projection from the
combiner 18 to tfhe_ user's eyes. Consequently, a small

‘keystoning or asyj!nmet_ri_c distortion of the projected image

as perceived by the user 22 may result. Such small
elements of off-a;ixis projection may be easily compensated
for by slightly t‘iilti.ng either of the first 14a or second
14b lens group?s of the relay optics module 14.
Alternatively, t_k;ie c,or._'rection for off-axis e_ffect_s ny be

"made by de-cente#ing- one of the lens groups l4a or 14b.

still alternativély, such small off-axis correction may be
provided by tilf:ing or de-centering the relay optics

" module relative -‘:;:o the beam splitter 16 or image source

12. However, as Ewi‘ll- be seen, the physical embcdiment of
the present projqjcticfan display system is virtually free of
such off-axis prd:ajection effects.

Viewing nowgi.‘igures 3-5 in conjunctioh,_ a more fully
developed physici:l embodiment of the projection display
system 10 is 'showfm. _This embodiment of the ihvgntion has
particular utility as an image intensifier display also
simultaneously illowing natural vision of the outside
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world through a transparent combiner. Ancther use for
this embodiment is as an eye-safe goggle/display allowing
the user to receive a projection of imagery (including,
for example, an image of the outside world) while still
protecting the user's eyes from harm. For example, the
visor of the helmet (the combiner) could be opaque to
protect' the user's eyes from the light of offensive laser
weapons and from nuclear events. This particular
embodiment allows the user to combine night vision (which
imagery is provided as a projection from the combiner 18),
with natural vision of the outside world through the
transparent combiner 18, if desired. This projection
display system 10 includes helmet 26 having a pair of
opposite laterally-extending portions 32. Forwardly from
each of these laterally extending portions 32 of the
helmet 26 extends a respective left or right one of a pair
of bracket members referenced with the numeral 34.
Carried on respective ones of the pair of bracket members

34 are a pair of projector housings 36. These projector
housings 36 also house the image source 12 and relay '
_ optics module 14 which was seen in Figures 1 and 2. 1In

this case, the image source 12 takes the form of an image
intensifier (referenced with the numeral 1l2a in Figure 3).

The image intensifier 12a includes an objective lens
12b (best seen in Figure 4), and an image intensifier tube
12c. The image intensifier tube 12c¢c includes a rear image

~ surface 12d (seen in Figure 3) at which an intensified

image of a night-time scene is presented in phosphorescent
yellow-green light. Those ordinarily skilled in the
pertinent arts will well understand that the image
intensifier tube 12¢ is an electro-optical device which is
respbnsive to light in the near-infrared portion of the
spectrum. This light is invisible to the human eye, but
is rich in the night time sky because of the light from
the stars. Hence, early image intensifier devices came to
be known as "star light" scopes. The image intensifier

e
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12a is thus coﬁventional, "and will not be further
described. _-f _. o o

The visor 24 of the helmet 26 includes a pair of
spherical or gene#alized spherical combiner bortiohs 18,
one disposed in f?ont of each one of the user's pair of
eyes. Disposed between each of the combiner portions 18
and the respectﬁve one of the user's eyes 20 is a
respective one o# a pair of beanm splitter mirrors 16.
These beam splitﬁer'mirrors 16 are angulated to receive
the light projecﬁed laterally from a projection folding
mirror 30 dispoée at the projectc: housings 36 and
angulated inwardﬁy and slightly to the rear'toward the
beam splitter mir%ors 16. The angulation to the rear of
the projection f_iold_mirrors 30 is for convenience of
physical arrangeﬂ:\ent- only, and the projection between
mirror 30 and beﬁm splitter 16 may be purely lateral of
the user 22. -Thué, is seen that the beam éplitter{ﬁirrors
16 are angulated @utwardly to receive the projected image
light from the préjector,housings 36, as is represented by
the arrows 24. E _

Viewing Fig\fnre 3, it is seen that the projector
system seen in ﬁigure 2 has been made more compact by
introducing a £irst folding mirror 38 between the image
sourcé 12a and the relay optics lens group l4a. A second
folding mirror 4q is interposed between the relay optics
first lens group i4a and the second lens group 1l4b. Thus,
it is seen that the image source 12a is disposed to
project image light (arrows 14) rearwardly, while the

‘first folding miﬁror directs this image light upwardly to

the second folding mirror for direction forwardly. That
is, in side view ias seen in Figure 3, the projector 36 is
arranged with a§C-shaped optical path having the image
source l2a in a iower leg of this optical path, and the
upper leg of the path at eye level for the user 22. The
second lens group 14b is generally at the eye level for
the user 22, so ﬁhat the projection folding mirror 230 is |
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located generally at the leyel of the user's eyes and just

"slightly outwardly thereof. This level for the projection

folding mirrors 30 eliminates the need for compound
angulations of the beam splitter mirror and projection
folding mirror as were explained in connection with the
schematic illustration of Figure 2. Still the projector
36 has a low center of gravity because all of the image
source 12a, first fold mirror 38, and first lens group 14a
are below the eye level of the user 22. . -
Additionally, the display systenm illustrated_-in

'Figures 3-5 provides a low moment of inertia both with
respect to the user 22 turning the head from side to side

about a vertical (azimuthal) axis, and also with respect
to the up and down (i.e., nodding and head raising)
motions of the head about a horizontal elevational axis.
The_present display system has a low moment of inertia

- about the vertical axis because the optical system used by

the projectors 36 may be much simpler and lighter with
fewer lenses than"fequired by previous head-mounted
projection displays. User fatigue is reduced because the
projection display system 10 has a low center of gravity.

" The user does not get the impression that.the helmet is
top heavy, and that the neck muscles must be consciously
‘used to prevent the helmet and display from tipping to the

side. The balance of ¢the projectors 36 and other
components of the display system is generally at a level
below the eye level of the user 22 so that only the weight
of the system is noticeable, and not a top heavy sensation

‘acting on the head. The weight of the system is

considerably reduced in comparison to previous head

mounted display systems because of the simplicity “and

reduced weight of the lens systems. .

With respect to nodding or head raising motions
(i.e., about a horizontal or elevational axis), the side
elevation view of Figure 3 illustrates that the mass of
the display system 10 is mostly below the eye level of the
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- user 22, and i_s' liocatied at about the level of the lower

jaw where the.eff#ictive pivot axis is located between the
spine and skull. Consequently, movements of the head
about this elevat:ji onal axis simply pivots the projection
system 10 about ar; axis close to the projector housing 36
with a low moment of inertia, and withouﬁ an arcuate
motion of this p#:ojet:tor housing at the end of a long
lever arm with attendant high moment of inertia. This
type of long 1ev1!ar arm and h-igh moment of inertia are
exhibited by HMD's which dispose the projection apparatus
atop the user's | helmet. The beam splitter 16 is a
éomparatively 1iglpt-'w_eight part so that its poéi-t:ioning in
front of the user'ﬁé eyes does not create much of a moment
of inertia about”eith'er the vertical or horizontal axis.
Visor 28 weighs al::out the same as a'conventionall visor so
that this part ot:ithe display system does not increase the
moments of inentia experienced by the user 22 in
comparison to a s‘!tandard helmet with visor.

Figures 6 an:d 7 schematically show devehlopments of an
alternative embod:iment of the present projecﬁtion display

‘system similar to Figures 1 and 2, but with Figure 7

offering a plan \;riew:rather than the side elevation view

- used in_Fi'gure'z.? In Figure 7, the projector housing is

shown in phantom lines to better depict salient features
of the display gystém. In order to obtain reference
numerals for use: in describing this embodiment, features
which are the same as or which are analogous in structure
or function to, features described above are referenced
with the sanme m.fmeral used above and with a prime (')
added. The alternative embodiment developed in Figures 6
and 7 offers an efven lighter weight and even lower moment
of inertia about both the vertical and horizontal axes. .

Figures 6 aﬁd 7 depict an alternative embodiment in

which the relay -'foptics module 14 merely includes a much

simplified two-lens group.  That is, the function
performed by the first lens group 14a of Figure 1 and 2 is
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' now performed by a single lens, referenced with the

numeral 14a': Similarly, a single lens 14b' serves the
function of the second lens group. Accordingly, it will
be a_ppr'ecia’ted that chromatic correction has not been

provided in the alternative embodiment of the invention

seen in Figures 6 and 7. However, this alternative
embodiment has the advantages of lighter weight, lower

. moments of inertia about the vertical and horizontal axes,
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and much reduced costs because of the simplified optical

"gystem. This alternative embodiment of the invention is

very much suitable for use in instances where a full color
image need not be projected for the user. These instances
included projection of a monochrome image or of a
phosphorescent yellow-green night vision image, for
example. This embodime‘ni: may also be uses for low-cost
virtual-reality image projection systems for training uses
and for the consumer, in which a computerized simulation
js sufficient for the user without full color rendition.
This alternative use of the display system could employ an
opaque visor to form the combiner surfaces, and might be
used for training of pilots or by consumers for game
playing, such as flight simulation, for example.

o Figure 8 depicts another alternative embodiment of
the invention. In order to obtain reference numerals for

use in describing this embodiment, features which are the

same as or which are analogous in structure or function

to, features described above are referenced with the same

numeral used above and with a double prime (") added.
Viewing Figure 8, the projection display 10" includes an
image source 12", relay optics module 14", beam splitter

16", and combiner 18". In this embodiment, the image

source 12" is of -the liquid crystal light-valve type.
That is, the image source is reflective. 1In order to

' provide illumination for the image provided by the image
‘source 12", an angulated beam splitter mirror 42 |is
‘provided. Laterally of the ray traces 24 from the image
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source 12", an lhght emitting diode (LED) 44 is disposed
at the focus of #-condenser lens 46. . The LED 44 provides
light which is reflected from the beam splitter mirror 42
onto the image séurcele", From the image source 12", the
light (now carrying the image providéd by the source 12%)
is reflected hacx to and through the bean splltter 42. as
before, the llghk from the image source 12" is conducted
through the relay optics module 14" and to the user 22.
An advantag? of the embodiment seen in Figure 8 is
that a second imkge source 48 may be provides oppositely
to the LED 46.-€In this case, the image source 48 may be
illuminated by [light from LED 46 which passes first
through the =beém splitter 42, is reflected from the
light=-valve typé-image source 48, and is reflected along

‘the lines 24" by the beam splitter 42. The image source

48 need not be ok the light-valve type. However, it will
be recognized-thht this embodiment is particularly useful
for sensor fusion, that is, for combining an image from
sensors (such ?as symbology, graphical indicia, and
characters, for. example) with an image of the outside

- would. The user 22 will see the images superimposed and

focused at infidity so that visual focus does not need to
be shifted from the outside world in order to visually
perceive the'syﬁbology, graphicals and other characters.
Figure 9 schematically depicts yet _ another
alternative embddiment of the invention having very light
weight, low center of gravity, and reduced moments of
inertia. In ordér to obtain reference numerals for use in
describing this;embodlment, features which are the same as
or which are analogous in. structure: or function to,

‘features described above are referenced with the same

numeral used above and with a triple prime ("') added.
This embodimentibenefits from a reduced weight and moment
of inertia for the relay optics module 14"' by the use of
refractive~-diffractive (rather than only refractive)
optical element#. As is seen in Figure 9, the projection
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display system 10"' includes an image source 12"', a relay
optics module 14"', a projection folding mirrer 30"', a
beam splittér 16"', and a combiner 18"'. However, the
relay optics module 14"' includes only two lens groups,
which are of the refractive-diffractive type rather than
merely being refractive lenses. That is, the relay optics

‘module 14"' includes a first refractive-diffractive lens

50 which transmits the image from image source 12%' to a

second refractive-diffractive lens 52. . :
Figures 9a and 9b prov'ide greatly enlarged

fragmentary views of these refractive-diffractive lenses.

‘The first refractive-diffractive lens 50 includes a lens

with a curved refractive surface 54 confronting the image
source 12"', The lens S0 also includes an opposite etched
or stair-stepped diffractive surface S56.  Similarly,
second refractive-diffractive lens 52 includes a lens with
a curved refractive surface 58 confronting the image

source 12%'. The lens S2 also includes an opposite etched

or stair-stepped diffractive surface 60. As a result of
requiring only the two lenses 50 and 52, the relay optics
module 14"° may be made considerably lighter in wleight'
than conventional lens groups. This embodiment of the
invention has the advantage of allowing chromatic

_ correction of the projected image so that a good color

fidelity is achieved, at a weight for the relay optics
module 14 (generally considered) which is about the same
as that of the embodiment seen in Figures 6 and 7.

While the present invention has been depicted,
described, and is defined by reference to particularly
preferred embodiments of the invention, such reference
does not imply a limitation on the invention, and no such
limitation is to be inferred. The invention is capable of
considerable modification, alteration, and equivalents in
form and function, as will occur to those ordinarily
skilled in the pertinent arts. For example, it is
apparent that an important objective of the present
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invention is to grov1de a ‘head mounted projection dxsplay
system which ptov:Ldes good quality of mage rendition
while also being|light in weight, having a low center of

- gravity, and provzding low moments of inertia about the

vertical and_horlzontal axes of. greatest interest. To
this end, sone or all of the lenses.and other optical
elements of the projection display system can be made of
plastic. . :

That is, |[lenses, mirrors, and beam splitters
necessary for tho apparatus may be formed of light-weight
plastic rather than the more traditional and much heavier
glass. Even whgn implemented with plastic lenses, the

- present inventioﬁ'provides an outstanding optical quality

because of not using off-axis projection, but having a
beam splitter an& on-axis projection. However, the image
brightness achzfved with the present invention is
generally better| than previous on-axis projection systenms
in part because the present invention minimizes the number
of lenses, mirrors, and filte:s interposed between the
image source and/ the eye of the viewer. Accordingly, the

‘depicted and described preferred embodiments of the

invention are e*emplary only, and are not exhaustive of
the scope of thé invention. Consequently, the anentxon
is intended to be linited only by the spirit and scope of
the appended clains, giving full cognizance to equivalents

in all respects..
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at is Claimed is: * *

1. An image-projeotion display system carried upon

a headgear to be worn on the head of a user, the display

system having improved image quality and a low center of

gravity on the user's head with low moments of inertia

5 about both a vertical azimuthal axis and a horizontal
~elevational axis, said display systenm comprisihg*

an 1mage source for providing an imaqe to be

projected to the user, said image source providing light

for forming said image;

10 a beanm spiitter disposed in front of en eye of
the user for receiving the projected light from said relay
optics module and refleoting this light away from the eye
of the user; ' '

N a combiner disposed in front of both said user's

15 eye and said beanm splitter and upon which said 1light
reflected _from said beam splitter is projected to be
reflected from said combiner back through said beam
splitter to the user's eye; '

said image source disposed to one side of the
20 user's head and below the level of the user's eye.

2. The display system of claim 1 further including
a relay optics module receiving said light from said image
source and having lenses for projecting said light:

3. The display system of claim 2 further including
a projeotion folding mirror interposed optically between
_ said relay optics module and said beam splitter.

4. The displa? system of claim 2 further including
~a first fold mirror interposed optically between said
image source and said relay optics module.
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5. The display system of claim 4 wherein said relay
optics module includes a first lens and a second lens,
said display system including a second fold mirror
interposed optically between said first lens and said

5 second lens.

6. The display system of claim 5 wherein said relay
optics module defines an optical path which is generally
C-shaped, said image source prOViding said 1ight directed
rearwardly rela_tive to __said user, and said C-shaped

5 optical path exte-;ndinq from said image ‘source below the
level of the eye of the user up to eye 1evel.

'7..' The display system of claim 6 wherein said
C-shaped optical path of said relay optics module
transmits said light from said image source forwardly,
said projection fold mirror being looated at the same

5 1level as and ahead of said second lens element of said
relay optics modu'le, whereby said project_ion fold mirror
reflects light from said image source to said beam
splitter laterally of said user and at eye level.

8. The display system of claim 1 wherein said image
source includes an image intensifier.

9. The disjplay systenm of claim 8 wherein said image

 intensifier includes an objective lens for receiving

infrared light from a second and focusing said light on an

image intensifier tube, an image intensifier tube

§ receiving said fo_cused infrared light from said objective

lens and responsively providing a visible-light image
replicating said scene. ' |

10. The display system of claim 1 wherein said
combiner is a transparent plastic member having an
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optically reflective inner surface configured as a portion
of a sphere. '

11. The display system of claim 1 wherein said
combiner is configured in a generally aspheric shape.

12. The display system of claim 2 wherein said relay
' module comprises lenses formed of a material selected from
the 'group' including crown glass and flint glass material,
said lenses providing for correction of chromatic

5 aberration.

13. The display system of claim 2 wherein said relay
optics module comprises at least one lens including a
diffraction grating.

14. The diSplay system of claim 13 wherein said at
least one lens of said relay optics module further
includes a refractive surface oppos:.te to said diffraction
'gratmg.

15. The display' system of claim 2 wherein asymmetry
and keystone distortion occurring within said display
system are corrected by de-centering said relay optics

 module relative to said image source.

16. The display system of claim 2 wherein asymmetry
and keystone distortion occurring within said display
system are corrected by de-centering a first lens of said
rélay optics module relative to a second lens of said

5 felay optics module.

17. The display system of claim 2 wherein off-axis
distortions of said display system are corrected by
tilting said relay optics module.

-
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18. .The disfpl_ay system of claim 2 wher_ein said relay
optics module iﬁcludes_only a first lens and a second
lens.

19. The diéplay system of claim 2 wherein sai'd relay
optics module lncludes a first lens group 1nclud1ng a
color~-corrected hulti-lens set, and a second lens group
including a color-correqtgd multi-lens set, whereby said
display system provides a broad spectral (color) rénge of
image projection to the user.

20. The di%play system of claim 1 further ihcluding

‘a light source for illuminating said image source, said

image source being a reflective light-valve type of liquid
crystal display. '

21. The d;splay system. of claim 20 wherein said
light source includes a light emitting diode (LED).

22. The display system of claim 20 further including
a condensing lens having a focus at which said 1ight
source is dlspc:Sed.

23. The difsplay system of claim 20 further including
a second bean splitter interposed optically between said
light source and said image source, said light source -
being laterally disposed with respect to said image
source, and sa-ig;l second beam splitter being angulated to
reflect light from said light source to said image source,
said second beam splitter also allowing light reflected
from said 'ima.gefsource to pass therethrough td said user.

24. The display system of claim 23 fu:ther including
a second image source disposed laterally of said image
source and opposite to s_aid light source, said second beam

\
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splltter reflectlng llght from sald second lmage source to
said user. -

25. The display' system of claim 24 wherein said
second bean spii’cter also transmits light from said light
source to said second image source to illuminate the
latter. |

26. The display system of claim 1 wherein said head
gear includes a helmet, said helmet includes a laterally
projecting port:.on, and said display system includes a
projector housing mounting to said laterally projecting

~portion of said helmet, said projector housing receiving

therein said image source and said relay optics module.

27. The display system of claim 1 wherein said head
gear includes a helmet, said helmet inecluding a visor
having a portion which is disposed in front of the eye of
the user, said visor portion being configured to provide
said combiner.

28. The 'displéy ‘system of claim 27° wherein said
helmet carries said bean splitter interposed between said
visor portion and the eye of the user.

_ 29. An image-projection display system carried upon
a helmet worn by a user and prbvided_with a visor disposed

_in front of the user's eyes, the display system having

;i.mprt_:ved i.maée qua:.lif.y,' and the display system and helmet

‘together having a low center of gravity on the user's head

with low moments of inertia about both a vertical

_azimuthal axis and a honzontal elevat:.anal axis, said

display system ‘comprising:

said helmet including a laterally projecting
portion generally below eye level of the user, said
display system including a projector housing mounting to
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said laterally projectlng portzon of said helmet laterally
of the user, said pro:ector housxng rece1v1ng therein an
image source and airelay optics module:;

15 _ said imaij source being disposed below eye level
and prov1d1ng llgh
the user:;

forming an image to be projected to

said rel?y optics module reoeiVing said light
from said image sdurce and having lenses for projecting

20 said light: ,

said. VlS?r defxnzng a oomb;ner portzon disposed
in front of the eye of the user, said combiner portion
having an inner surface which is concave rearwardly toward
the user; :

25 an angu%ated beam splltter interposed between
said visor and the eye of the user, sazd beam splitter
being angulated ab?ut a generally vertical axis to reflect
light received laterally of the user forwardly and away
from the user tow%rd said combiner portion inner surface

30 of said visor, said combiner inner surface refleoting said -
light back through said beam splitter to the eye of the
user forming a virtual image for the user:;

saiad relay optics module defines an optical path
whzch is generally C-shaped in side elevation view, said

35 image source provlding said light directed rearwardly
relative to saidfuser, and said c-shaped optical path
extending from seid image source below the level of the
eye of the user hp to eye level; said projectzon folad
mirror being locaqed generally at eye level, whereby said

40 projection fold nirror reflects light from said image
source to said beam splitter laterally of said user to
said beam splitter.

30. The dis;play system of claim 29 wherein said
projector .inoludes a first fold mirror interposed
optically between said image source and a first lens of
said relay optzcs ‘module.
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31. The display system of claim 30 wherein said
relay optics module includes said first lens and a second
lens, said felay optics module including a second fold
mirror interposed optically between said first lens and

5 said second lens. '

32. The display system of claim 29 further including
a second image source providing light forming a second
image, an angulated second beam splitter disposed to
transmit both light from said image source and light from

5 said second image source to said relay optics module.

33, The display system of claim 31 wherein said
image source includes a light emitting diocde (LED).

34. The display system of claim 31 wherein said LED
is disposed laterally of said image source, said second
beam splitter being interposed optically between said LED
and said image source to both reflect light from said LED

5 to said image source and to transmit light reflected from
said image source to said relay optics module, said second
image source being disposed oppositely to said LED, and
said second beam splitter being disposed both to transmit
light from said LED to said second image source and to

10 reflect light reflected from said second image source to
said relay optics module.
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