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BACKGROUNDYYSR38878 N\VENTI ON Fiel d of the Invention PCHYR6/013 ent

invention is in the field of inmge proj ection displays. Mor e
particularly, the present 5 .invention relates to inage projection

di spl ays which are  nounted to a helnmet or other headgear worn by a user.
The head gear carries a visor in front of the user's eyes. In order
for the user to view the distance field the visor may be transparent. In
this case, the user of the display 10 my | ook through the transparent
visor to see objects in  the distance visual field. - Projected |ight

is al so reflected froman inner surface of this visor to provide t he
user with a virtual imge focused at infinity and superi nposed upon the
vi ew seen through the visor. If the 15 visor is not transparent, the user
may see only ‘the projected image in the distant field. This enbodi nent

of the invention wopld hechsed i o ¥eRt BEhbeHolNTER?!
' VIRTUAL—IMAGE' PROJECTION DISPLAY WITH LOW
MOMENTS OF INERTIA AND LOW CENTER OF GRAVITY

BACKGROUND O I
d ve |
The present invention is in the field of image
projection displays. More particularly, the present
5 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
10 may look through the'traﬁsparent 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
15 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
20 applications.

Related Technology -

Head-mounted image projection displays, including
headgear-mounted displays (HMD's), and including those
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Another advantagelzs that: the user nee continually
shift visual fopus from the distant £field of the
surroundings to tﬂe near field of an instrument panel, for
example, in'ordergto check the conditions of a vehicle or
other such inform?tion which is not in the distant visual

field. While thb HUD type of displays have this same

| advantage, they c?n be viewed only while looking through

20

25

30

35

the combiner or @indscreenzof an aircraft, for example.
This freedom froﬁ the necessity of changing visual focus
is both importaﬁt for allowing the user to maintain
constant visual @contact with items in the far visual
field, for exampie, but also because it reduces visual
fatigue. - That isi extended periods of time such as occurs
in 1ong-distancé aircraft flight, during which the
aircraft pilot is of necessity forced to continually shift
visual focus froﬁ the far field out through an aircraft
windshield to tﬂe near visual field at the aircraft
instrument panel@ can lead to severe visual fatigue.
Aircraft pilots in such circumstances can experience a
drastically reduéed performance and reduced ability to
visually detect ﬁnd respond to threats.

Typically, { conventional HMD system includes (1) an
image source: (i) an optical relay module; and (3) a
projection surfacde (known as a combiner), through which
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field, for exanple, but also because it reduces visual 25 fatigue. That
I s,. extended periods of time such as occurs in long-distance aircraft

fIight, d%bﬁgﬁswwh the.- . aircraft pilot is of necessmg f%%@ﬁs%sto

continually s vi sual :focus fromthe far field out t Y

ai rcraft wi ndshield to the near visual ¥ield at the aircraft 30

I nstrument panel, can |ead to severe visual fatigue. Aircraft pilots

in such circubB® aer cXhevspcthencutside wonddi cand y upmiucwetiphr f pgsmance
and reduced L4 e M I L4 aBgd . ong tdreals.

Typi cal ly, aaggé\?/%%t?%ngpeH\l\i/Dm%??st%?ngiﬂr’\ﬁ%%egg( -ﬁngggggi %%%%;eou?eg; (2)
an optical reFala¥ed i the gysienis optisal &alam nedulgce Thaodbspian

conbi ner), thappghatdié chay be s¥6uPEA38828tive to the user's head by
PCT/ US96/ 07396 e user views the

out si de wor | dUS8n3f HERRuNPEAY 98aT, fA%% Rask: PRePYnREINGASTAEEALEY ( he
i mge source with a helmgtdvhicl lthes u=enivears!,i tolr exhaplapdul e. The

di spl ay apparat eCcug L ' t ser_ s head 5 use
of a cap, head gea?,én?%)é%%a%k, ulé?g%yﬁ%%%&?asg%%gg?gd SYSHSMP o BaY®et
whi ch the usefmRRaYed ¥ sombingpl that is ei jotegradl withatheowiser!

display systgfs thaVehelné¥'D| oy edsdpsPitidie ridint dre Cividr | N{SOrQ, with
t he visor gf t he gel met or separated frogmthe visor as_an 10 I ndependent
screen pl 3fedindepPandent sAngsn Fﬁﬁ‘§§é‘ JBS1gR the VigPFRat i TReseAesignn | ed

to hel nets ofabpereatimés mivecboth hedghs hdlmgitsceft apppéciabYbtiyife, €.

or” "ol Suat 1 weheny RIGH' Relter R GrdPY CLTerl RBp! niayylis ¥igh "
cost.  Many mement@cef inprkia iahnut ormPmhotheddf thi syt dmsthed cor |
suffered frompeevaeiondlV #pid Cok RehUCtdNting, RRGALSEApidiieise Hlqd Peam
spliitter type of on-axis _projection system or off-axis projédction
aberr at i oﬁg sﬁgﬁh cost. Mgny oé these conventional head-mounted
displays have suffered from either low optical efficiency
because of the use of a beam splitter type of on-axis
projection system, or o'f_'f-a'xis projection aberrations such
as keystoning and aSymﬁz"e‘trﬁr'aherrations because of use of
20 an off-axis projection system '
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
25 the system by fixing the optical axis of the relay module
at some acute angle with respect to the oética.l 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
30 surface for reflection to the wuser, but off-axis
projection causes various distortions of the image as seen
by the user. Among these aberrations caused by the off-
axis bending angle are the asymmetric aberrations of axial
and bimodal astigmatism and axial coma as well as keystone
35 distortion of the image provided to the user.
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as keystoning and asynmetry aberrations because of use of 20 an off-axis

projection system Particularly, in order to inprove the packaging_ -
ef fecti f a head-nmounted display with respect to ucture
of the %ﬁ%gé&ﬁgad, attenpts have been made to decrea ET{'#E‘S%.@%{ al |

| engt h and nonent of inertia of 25 the systemby fixing the optical axis

of the relay podul e at _so acut ngl e W t.h respe to the. optical axis:
of the conPPnEX3BPIA §fatarn§f¥a°e‘r%§‘t %%’%%ov‘\'n%sa?g" ..%*#élo&yssyst_e roj ection
of the i gegeizihg vospraxhy projediarsedsasdiscdosedbi nar Unpigedj ecting

t he i mage _onto .S in 0. u ' I I O O+t he user,
but offg’&igss Tpg%ﬁy& 2{:% p%'e%?iﬁﬁ_%osév_g%?g%% g?éfgrs??o%?'ot {I?Eg itﬁage as
seen RbY .t Wd thedngtameng Thee St tirinaharopatents eks byel hevesf to axi s
bendi 39 aagle; gea_tﬁuflagymiel fer@dd a ceRBiRbrayiaks, opapdtihgpdal
astigmatismand axial _coma; as well as keystone 35 d,lraiortlon,of t he i mage
provi dedafo & Haxgeoff-axis a 96/‘36&“’“”“5 erent 1ip an

PCT/ US96/oQ'f3_3|§_is_ holc?qfrapﬁiiicﬁxm,eaﬁ_é ainipized lhi;\"rrebn_stmb_tdhgpl ayS
system util 1l zling -axls. p@r ton_ ..LS 0S¢ [ t at es
Pacent N§hes 1658 AsE: cbaEaLeR, GaV§ SRBnohtaty By EEibing, da/RE | S TiC
W t hr i ngidescenttartings elemepted inoah dpticaberelayl sgtaphi orderstas a .
conbi.ner al as. erat ing 4 ge f-ggkgian I'r @klaONS

[ nherlrebnt ﬁ%ﬁ%gﬁsa%%ofgdégi s?%%?%%ib e ?géls gsr'éga:rlﬁ n?gr‘r:‘iizaed 5 cg'?ll?t ructing

“t he | ens helographicald@dswave fronts and by tilting and/ or de-centering

elements in agypical heleyraphicn acehyirder 10iscomiceideltforo
astigratism .and '

,s

ol ogr apifabr{caRe nend Faé TAvet traimiasyic SpeRFRRAPRs IrpRuces oo~

asymret r iquel ey tthei maggéan;an_dilngd angkrid ifnd tishghleangebendiiedd afgle linmits
the Ulssablveiefw' e(JE%ﬂf. cOrrg}::tir;g, for the aberrations increases the
size and cbmp_le,xiﬁy of the relay optics, adding cost and
maintenance concexf;ns-,,' while the Iadd.ed weight is alwvays
objectionable to :thle: users of such syste:_ns, who wduld
prefer a system having much smaller moments of inertia.
20 Also, this type: 6f system suffers from chromatic

aberrations. o

Recognizing tihe d_isadvantages of the holographic lens
approach and compiex 'relay lens schemes to ccrrect image
distortion p'roblei;:_s inherent in off-axis projection, it
25 has been probosed éto modify a conventional on-axis systen
by incorporating P beam splitter positioned between the
combiner and the user's eye. The beam splitter
improvement to on-_éaxis oriéh_tation_of the relay module was
suggested, for 'exfamp.le,_ by D_r'oessle;' and Rotier in their
30 SPIE paper entitléd_ "Helmet Mounted Visual Displays", The

Society of Photo-Optical Instrumentation Engineers,
pl9-29, Vol 1116,; (1989). The beanm splitter is used to
keep the optical éxis of the relay lenses co-aligned with
the optical axis qf:f the combiner. .

35 With a h_e_am? splitter in the system, there is no

inherent keystone distortion nor any asymmetric

. SUBSTITUTE SHEET (RULE 28)



15 wview (FOV). Correcting for the aberrations increases the si ze and
conplexity of the relay optics, adding cost and mai nt enance concerns,
whi |l e the added weight is always obj ectionable to the users of such
systens, wWH® WHBY prefer 'a-'syst em havi g nuch ‘smal | er NAGITSI6OT396
ine'rtia. 20 Also, this type o system suffers from chromatic
aberrati ons. Recogni zi ng the di sadvant ages of the hol ographic | ens
appr oach andaberpa¢ions.ay HMDsabeleations aperethilangto anydastialtiyon

bl h f dif
e R St P arht RS B Sl €0 1

posi tioned becwresti-he conbiner and the wuser's eye. The beam
splitter i mpr %@w&,t QW oK iaS Banf i't‘t@r‘)fma"yh%o%%| %nem%%e ofas
suggested, for exa ?{@Dr oessl-er and otier ipn their SPI E paper
ottt ed BroARe @ Red By aPepCepta\Re t%epme%%eqle%yg bt between

Phot o- Opt i caknel behmuspmﬁ.atennandingbﬁbens:, so thld: 2¥erddl effGciehl§?9) .

Cosalt gned wPeh the RS dfeiscedPEPsibEag Ly Bprd (1,81, ' 1R FReNAsN OO
spl i tter | n thle3ofsrange)her Consequentlyj naddrighter igtage: souahcst susiton
nor %y rﬁ@é_&' Cyhich 140 Qﬁé{%%éﬂglh larger, heavm:i arand more

PCT/U896/O73 a erratlons e ns are sim t0 an
axi al |y 10 syamensiverptThi ss&%?%ﬂ? and hAaviercimagp squree has the
correct. disadvaiiidfe &lﬁelﬁéréahﬁﬁﬁl anhi td fertmysms; w8eghessapd 5 as

e oL bR e Tnathid Y SHE R, PRy schie R Rl (o
is poor (i.efidld to vhéw (F@%)Bﬂéblamgt?d Epnthquphysypaé bpeghtera nage
source nust peoiRG, USRE: JMliAhdS JhGILHY | Hedfr 9B1itRERY! Yo ARk RhR
15 radius of the combiner must be shortened to expand the
Fov, relaylng the pup11 closer to the combiner (away from
the neck of the user), thereby increasing the moment of
inertia of the systen.
An ekanple of a conventional head-mounted display
20 with a beam'spiitter'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 1n which the visor/combiner, or visor with
”separate combxner screen, is integrated with an image
25 source and relay optics . into a unit which may be attached
to or used in association with a conventional infantry
_heimet 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
30 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
35 patent, a combiner requires a tuned optical coating
reflective of light in the wavelength band of the display
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10 expensive. This larger and heavier inmage-source has the

di sadvant age of increasing all of the size, weight, and nonent of
inertia of the system In addition, the usable field of view

li i t edVB\PSBM8 physi cal open area begow t he conbi ner ZIYREO 3%1m
splitter, so that the 15 radius of the conbiner nust be shortened to expand
t he FOV, rel ayi t he i qseh t o conmbi_ner 0. the
neck of (RUUESE:) . SdphenabyR ot Bk rye nedtsnaneege and fe elRy
system optics iAn exenpl efofthe cmhsl dagie hemusemubotd @& shigly 20 with
a beam split I st §§?ﬁ§§ tﬁﬁa' | ssued
April 6, 9% Bgsg: O% %%%Q"'ﬁg’ lé'?;d %‘i’, a fﬂllﬁé“ saornd p%lflg?ﬂliz%el leved to
di scl ose thhehdlmsuncedter OihQHiﬁﬂFﬁrniMﬂﬂ§1wﬂﬁé-FF§UrP€dﬁb¢ﬁ@¢hebr vi sor

wi th 8@&65%1?0EHhﬂ@EFEEdGQHortéohﬂhégrafeﬂ SbhvePidNRDp&an SOUrce
and rela tics i t which nmay be attached to or used in
associ at i BRLMEER s SYFHE®Eri onal infantry hel net . The head- nount ed

di spl ay taught by the Hanson pat ent suffers from many of the size,

wei ght, high center of .gravity, high nonent of inertia, and conplexity
30 limtations a5500|ated mnth conventlonal head- mount ed di spl ays
as di scussed above JAGN of a known beamsplitter .

type gf M VRocbrgtal) Y ol 16 BSe g%tP%tteh rede R0y kint s

Mar ch ayel Acc t avel 35 atent, a
conbi ner FquFP€§dﬁ Fuﬁé&msﬁt%EH iﬁg ay t?%$l%¥$¥ PRYRT i n t he
-WﬁVG'engtﬁobén%fﬁtﬂéﬁhhhﬁeﬂmentioned\ﬂéfﬁﬁfﬁﬁﬁﬁhs of conventional 6

relay - OpRResEERIEChIERORieRLSTECE Bheh SR Besstxa BB RN o or o
. gravity agBeam wmmittmablaatuewaes.shlftlng of the hel met center of
gravi l¥ al Ongﬂ‘! ti‘smi%tﬂ%rt Q?oﬂcterof 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.
Accordingly, the present invention provides an
20 image-projectionfdisplay'system carried'upcn 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 apd a horizontal elevational axis, this
25 image display system including an image source for
providing an image to be projected to the user, the image
.source providing 1light for forning the image; a relay
optics module receiVing the light from the image source
and having lenses for projecting the light; a beam
30 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
35 the bean splitter is projected to be reflected from the
combiner back thrpugh the beam splitter to the user'sleye:
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5 previously enunerated shortcom ngs of a conventional beam splitter
syst ens. SUMVARY OF THE | NVENTI ON 10

Accor di ngl ﬁY |s an obj ect:of the present invention to provide a
hel met nou % %l ay that overcones one $r more of theP T/US96/07396

above- nentloned deflciencies'bf conventional - i'mage- prOJectlon dlsplays
of both the off-axis and on-axis , .. (beams I|tter)

arietjes.
i s anot her otjh&ctiBRgenhsopreseind rﬁFen"t?a(ﬁ?t °5rd¥ﬁ ?Y)V\PEB%‘FS | i ght
vei ght, | ow URNie Wdindedisdosed td e AR of m@v\usgrmlmeadmwt ed

di spl ay systemthat resen s hi qallt virtual projected inages to a
user. l'b‘FnJgg f 3‘15@% éntlo_n provi des an 20

E[ Lragg_— pr ?)j ecti 0{1 Chcﬁcl)iﬁi/oﬁa_ﬂst @Bj@&lt_ll exhdjpadvanha_gfge'amf thenopresgnt user,
aravi ty ord t FEREF e | 431 PhaRe | TBlrens b 'L, SRbadihg TR TLEE O
a vertical folkowimghaletadledindescrbptiont aﬂfelaevétlF’SA&I axeferreds 25

i mage di spl aypLGyShent bRCtRE piesetit m%aeioﬁoumﬁenf ®h conj@he¥i€hng an
i mage to be pro ecte to the_user, the| v& owdlng*’ ht for
forming the ivhgR; tAe é%endedoﬁf'mé"?mgl r?ﬁcel "ﬁg‘t e | AgREL APt t he

| mage source br:.eﬁl\f' pBagweg |enses for projecting the light; a beam 30
splitter d| sposed in front of an eye of the user for recei ving the

proj ect ed Plght fromthe relay OptICS rmdule and reflecting this |ight
avay fromthe eye of (HR] ¢ [ERE OIRA 3AFIGURESNt of both the

user's eye and ? erimp%B'vhhhﬁf aagﬁgﬂﬂgns%hﬁﬁﬁ.ee rEbQ’QEehQBEQShed

from35 the beams ter Lecte e reflected frgmthe
conbi ner backcﬁhpbmghcﬂﬂiecﬁﬁaﬁT‘SB $(3nd an, opkd cgderay-Lyacing diagpan

96/ 36898 for a head-mounted dJ.splay acctEdingoHd73Ne present
15 lnventlon. '

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
20 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

25 eievation, and plan views of the user with helmet and a

physicai 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

30 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

35 schematically 'depict"ed by Figure 6 with a projector
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7 the i mage source and at | east part of the relay optics nodul e
bei ng di sposed to one side of the user's head and bel ow t he IeveI of t he

user's 8Y@ 96/36898 Addi tional objects and advant ages of i,ﬁs R86n
i nvention will beconme apparent froma 8eadi ng of the OW ng et a| | ed

descri ption of a single preferred enbodi nent of the present |nvent|on, ]
taken in t Sggpgggd L _
descr i bed ™ %irluﬁeff%‘gél th' BrbReoaPREREsd AN dashal! €3: aTREB L L i G

FI GURES helmetyjgure 1 pr ow des a h| ghl y schematic representation of

physi cal CO”DOFIEI‘?-@:@@' dEp DPEs Cpdt I Yot s A tdradtife enbdident
head- nount ed di sp] a

accordin t,o the,. res%&é}? i-nvention;
Figure 2 RHvFRRstH %’f"’d’é"bl I’rstéW‘ &Ry Se®8 net upon
which is ciar Fégueeyi sorarahd7a but khadhnust adddltsipha)uyyset;ettp@eaor ding to

th he_di_ spl"ay 20
yet o ot 1R phoEERG 58" 2RI pbRE, RS o OHBAREY. 9,8l ch" §pdgdP @Y
devel opnensourdmrmay ke a da‘iquildgsmstal light-stalve tYPe)nc@#ph’etlél y

devel 0ped1asavﬂ£’thv‘ét§ec&1d§ geects%rclerrage,d ray-tracing included;
Fi gures 3-5 show respective side eI evation,- -front 25 elevation, and pl an

views of the usBiIYFes RAel nRAr affida 9P sbﬁYa%‘é“e@ﬁBbaﬂﬂeﬁt agethes di spl ay

syst enmeeéllterﬁ-aﬂwe embodhméi-ngwsﬁ the spﬁéeentvmmnmriba RpokBicanay and
renmoved orcajtyo Iustr% ure.6 i s._a schematic

r epr esent aPF B FEPRi +273 SEFG0 5°§‘)"b8f °%n céﬁoé'ﬁéﬁ PREEFBEAPRENt of a

head- nountey use dfsmmamﬁx@mm iemesgson, with a sinplified and
even |ighter weight opti caI rel ay system’ : Figure 7 is a plan view
simlar to the side el evat i on Vi ew of Figure 2, shovm ng the embodi ment
of the invention 3RECHRR @RS RLIde & e R thaprOJector

15 FRRED EM BoD S OF THE INVENTIO
Viewing I-‘ig}_;re .1, a projection _displey system 10
(which will be __s_%ze__n to be hea_.d-mc'uhted')_ is schematically
- 1llustrated, and Jis provided with ray—tracings in order to
~illustrate the oée_raticn of t_his display system. Viewing
20 Figure 1 in greater ~detail, it is seen that this
projection display system 10 includes an image source 12,
a relay optics module 14, an angulated wide spectral band
beam splitter mirror 16, and a gen_e_rally spherical
transparent and reflective combiner 18. The inner surface
25 configuration cf 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 mirrcr 16 and to the eye 20 of an observer
30 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.
Generally, it wzll be seen from Figure 1 that the image
35 projection to the user 22 is an on-axis projection, free
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housi ng shown in phantom|ines and attached to a user's hel net ;

Figure 8 deW(f ¥ gat anot her .al ternative embodinent  of the invention,
which is sim 0 the enbodirent seen 5 gin Figures 6 and PET/USACOTARE ch
I s additionally equi pped with an LED to il-lum nate the inmage source

(whi ch i mage source may be a liquid crystal light-valve we) as wel |
as With a seco®fd kKA¥GEORLNE ce aSyMPELTY, and gapdorg aberr nh yhiwh

schemati cal |y ;anitheje Fusdld! g?nqtd Ot erlid PYYy bt ddie, present invention
i n which provision is md g gorrectlon of ChI’OITB.tIC rra,tlons by
use of refraction- do%e aEFFGFrcP AZeY Vviewing Figurepciy |. Pl o

\C/F THE Ef:(ENPLH%\érEc:Lated ‘that Rhe-Enagle EM&GEENENI' &a@zvk\:h'g-ﬂihldﬁ‘ﬁmll)e%

i ewi ng Fi [0],&CL 1.0 1 C e seen to
be head- notht 0" %'s § 4‘& I?ﬁglﬁx %féf% ed:’f aﬁ © %\%ﬁ%'eae wPth
ray-tracings it:ramm:sswe typel uénratexmplepm mmtbéut hllé.ntirtamla;a
system Vi e & e'ﬁ‘t@.‘&'ieellmeh% oﬁrﬁﬁéeimaEEté‘bvBrce' iz s th%?’lt joat

this projection display system 10 includes an I nmage source

relay optics RodePerae °§n inage Aight ﬁersmjﬁﬁt%d and’ bEEﬁVigﬁl ﬁ%’*t er
mrror 16, aimhgeabygpaeﬁ attYonspbeansnkssioh| ags Ned £1dceivh ' 18 htve

.conbi ner e inner urface con uration_of

al ter natl\jzleq ’%ﬂ" etﬁcjf' ZM % fqré %@ SFYBEP!E Q&Fg’gﬁysb‘ﬁgr PEaI
shape. Th@mulnuiarlya afchfana:agedusg hfmprvm;ecﬁ.ndthat presentnddsplay
surface 18a t [ g this
mrror 16 and@%e e?gu%e'#‘%g ser\%ggg %Qp@f@a%ll z{o%gé | nes,
general |y ref eimagePyvneflgation %H@-l‘?é!t Lromx é@@lqre@%%e sychefdtic
ilTustration gfn easfiyWWrarged Digiet b@lﬂ?ptﬁé Beighlfes¥e 020 wilichNgs

observer 15 2a sroe Ceeals\ﬁsy E’ggllegage grggl& bb:.yzv.gl'xr}:nelsn;.i eeq%zoxli're%eenltzs 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

20 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 are crown glass and flint glass material

25 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

30 eliminates chromatic aberrations in the image provided to
‘the user 22. _ ' _

Viewing now Figuré' 2, 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

35 shown schematically in Figqure 2 so that it may be
appreciated that the combiner 18 is provided by a visor 28
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Generally, it will be seen fromFigure 1 that the i mage 35 projection to

the user 22 is an on-axis projectiaon, free : WO 96/ 36898

9 WO 96/36 PCT/ US96/ 07396 of keystoning, asymetr and color .
aberrat L ons ahch m ght ‘be caused Ry an of f-axis proj &Gh 6/07396

More particularly view ng Flgure 1 |t WI|| be apprematedthat t he

| mge source 1 y be a c tg uid crystal display of
the refl e@GE3& to thesH ype ’é«arﬂ?ee %O]tﬁ i$nitation.

The essenaealmddennynt aof pb t:.or(ag:f sehecesidy s28 hat Visbﬁ 28 a@purce of

light f
| Te0e S A OBl @Pa%ﬁgozr'z%e&%“faaet"gﬂ oRAabTAEE B o1 | qui
crystal duqdm;emmy Aiso, mtszﬁmlma&ammymﬂusléwromsme rside present
di spl il
TP, osyeheThasaptoRd oLt ad SriRhated Sgieatidn PSR AN |
changed’ | PgRrasul 3P bm%rﬂ-gﬁﬁﬁﬁgﬁéf ighthe Paths ofythe ddkghty xayied to
suit the %a@iﬂsﬂqasaaéeweh fnat selay optiéé"%ddﬁ%elqhaﬁantﬁé/ Bidad/ser 22.

Furt her, I s _seen to have roups of | ens,
ref erence a\ﬂi %eﬁ)ﬁe %Fq%ra ﬁ} fﬁﬁiﬁq ?ﬁﬁr?ﬁngogiﬁdﬁgﬁq ncl udes
three ref tactthe Isdideesamd bledowi nthe epéordcaf ethed dbwexrveet ,22vhil e the
| ens loup t nekra e S I mng a
col org'cor rect eﬁ%ﬂéﬁ@% ﬁr %11 1fbr m%{ﬁé?‘ t*’ge\/\ﬁﬁe &%é/ﬂ ot @%sed in
maki ng t heyssien -Xbr rekt ad Péﬁséé-lopft faisemeight ispreaxrimdiwedll4 are

crown glagpind £hd nieehﬂs' £1o¢106 | aye2§o fd¥ SRR 082 0T GRr Qi I C
aberration.  Thus, the display ystegz een In Figure, 1 has a w de

spectral (s&;q%tic PressentAatian sgeph iy 158 e F?eoPr?ll%‘:ﬂﬂbet%r ovi ded
to t hahes arsem 220 mayr beosden wmemcu.udersoﬂetsmlnveléﬁﬂt% £

15 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 asyjjnmet_ri_c distortion of the projected image

20 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 correction for off-axis effects my be

25 made by de-centering one of the lens groups l4a or 14b.
still alternativély, such small off-axis correction may be

- provided by til#ing or de-centering the relay optics
- module relative to the beam splitter 16 or image source
12. However, as Ewi‘ll- be seen, the physical embcdiment of

30 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

35 particular utility as an image intensifier display also
simultaneously illowing natural vision of the outside
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t he i.mage source 12. The use of golor-corrected |ens sets 30 eI I m nat es
chromatic aberrations in the inHDGFHWQMEEiPHAS(BEEN the user

Vi ewi ng now F| ure 2, the observe 2 REPLAGEN 1O wearin t 26
to which t ¥ @%ﬂ’%“m 10 may "be nol be furthe?c"g%ﬁ‘@%?g‘s
bel-ow. The system 10 is 35. shown schematlcally in Figure 2 so that it may

be appreciated that the conmbiner 18 is provided by a visor 28 WO
96/ 36898 world through a tragsparent combipers Usosnothery use f£oxtt ached

to the helne mghﬁa €,80 Q@f 14laiid1erh gl on of
t he vi sor tth%'@\/ e?:'t tlg 2t ?gvt&gée ¢ ?olgr?eréjﬂiort [ onp)lla8ﬁ|dr@1ﬁfn?ont of
each eye of tthe usexste zecemese Pﬁ-'ﬁée§§§9€rrf-’f0 %mnt@d‘q]d*ﬂ 189+t he

side 5 of tdhg haldE1&8, aNi 1Hage 8pothaet edtaiaaewbma)f oVtrdileg stilyirror

30 being interposed 1n  he at h, of the between the
rel ay opti%s FRRFASENG IRe ¢ en S atyes IB%h m spP tterﬁnfé %ﬁ
folding mrraristt i efl dmﬁemblmett()thétecsmhénand mmtm opaque d¢f t he

observer 22. V&I e 0f the
system 10, rpjroq'ﬁ%cﬁ ﬂﬁ)w S&\%Igl 5 o:W: ?‘%gﬁ' r?éfémjbel ow the | evel
f the eye 20 wFapansr \and 22fr°lln nyglear m-. c pr%t RIGHLIHAT i n

Figure 2, %ﬁé&ﬁ&éﬁ@mi&ws tﬂétesueefoZBoﬂMnaenm vﬂsiml ud.eicaprre
smal | el ements o _ - axi.s prOJ ectiqn. . ,That s of e relay
optics rARiulimagery iis Rravided p§ aﬁ%ﬁc@lim’wffﬁm Bixe cul ar

with th(éoaXI Swigh | Irﬁlﬁ.lrﬁrlml ?ﬁim bforthdeoutsidentwarkd 1&h1routghe theer' s

eyes. nsequen 01 tongn A f th
proj ected ina rﬁgaﬁinéeﬁ?gf’\}garb 'he{%sgreg fgaymmwﬁ(\s dbéégé&h sm(;l It ©
el enents of odispkay systewmt ildh mltbteseabﬂye’éor?ﬁerﬁ%t{’é&ﬂ a pdr RE

slightly tiltg f@o§i€§eia9£rq‘f‘y-fé)ﬁ§nd&4@ portsensds2. #ébwakaly £eWUPS

of the rela optics
15 each 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

20 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

25 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

30 pértinent arts will well understand that the image
intensifier tube 12¢ is an electro-optical device which is
responsive 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

35 the stars. Hence, early image intensifier devices came to
' be known as "star light" scopes. The image intensifier

e
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Alternatively, the correction for off axis effects ny be 25 nude by
de-centeri ng one of the |ens/ groups" 14a or 14b. Still alternatively,
such sngy, { XIS correction may be provided by tilting or

de- cent erPAg ﬁe relay optics.. modulqe rel.ative to the BEQE#%"&"?% er 16
or image source 12. HOwever as will be seen, the physical enbodi nent
of 30 the present projectijon dIS a%y %stemls V|rtuaIIy free of such

of f-axi s P edfSi oFDNEf cEP ventxo B nihdw PRYur & 3fmxther
conj unct i Jescriede ful ly . ~devel oped physi cal enbodi ment of the

t d d t of th
P:]\C/)Jeﬁtcl :)gnhalssg p‘éﬁ?%u?éemlftl ‘f}ﬁ yﬁggmaﬁ 2r£ éngﬂgaﬁélnﬁnei’géﬁsﬁﬁay al so
si mul taneca;ﬂi%rmlallowmgem ldlzed siphezifcalhecombbinee portioh® 9.@/ 36898
PCT/ US /%ﬁgﬁxspose‘ﬂ)r i $hAUdDe A L&ﬁeﬁgaf o S8kt s pa?ﬁt use for

this e as an eye-safe g %‘J | splay al | ow ng ser to
_ recei ve aeYes-ectligpaged Refueen iqasghu@fhdthe cmblasarrpp@tzansl A8ge of the

out si de Wayrlgl) thii | fespédtive Rird coif nanaheuyéf'ss &yes figmihargp  For
exanpl e, the vi sor of the helgﬁ: ﬁhfhﬁq conbi n coul d, be opagque to
g

pr gt ect { IRESRESTIYE: N8 { PEma LR °§ﬂf§H &er, Birrorsedfons and
from nUC|'IQ£Hse e Ssplittéd smiprotsclbaare arhoddtedt tal rewaiige user to

conbi ht V, 0 rQui Lion from
the ¢ ¢ Fione %éé\f%&“% of 1 aFBRELY eBpR! A B A8sEaB! BeTRingloh he
transparermmnm A9r disposedeat r dthe Priojeqhasj ebwwusings di3spl apdsyst em 10
I ncl udes p. p t | n g
portions 3 orvvargﬁ{dﬁﬁml i‘h&egfclklf 81;@ hceh?e af eﬁ# %x?éir.l mégportlons
32 of the beanm fFé?lr?é'tt% TIrOTSs 16 - re%tqﬂ%‘]}%‘%m%rtﬁ §he smaroPfa pair -

of brackettﬁaenbeb§e&ei6ﬁerﬁcﬂﬁh wanibrobe moehisl fdr converidfsk 0Bf

respe(:ltg V& h%rnseisé f thSaB&‘é&eRé %rrﬁ et aﬂsnt‘:e}{e projection between

mirror 30 and be#m splitter 16 may be purely lateral of

the user 22. 'rhus » is seen that the beam éplitter _niirrors

16 are angulated é:utw_ardly to receive the projected image

light from the préjector,housings 36, as is represented by

20 the arrows 24. . _

Viewing Figure 3, it is seen that the projector

system seen in I'jigure 2 has been made more compact by

introducing a first folding mirror 38 between the image
sourcé 12a and the relay optics lens group l4a. A second

25 folding mirror 4q is interposed between the relay optics

' first lens group 5:.43 and the second lens group 1l4b. Thus,

it is seen that the image source 12a is disposed to

project image ljight (arrows 2'4) rearwardly, while the

‘first folding mi:fror directs this image light upwardly to

30 the second foldixiq mirror for direction. forwardly. That

is, in side view as seen in Figure 3, the projector 36 is

arranged with a C-shaped optical path having the image

source 1l2a in a _:I.ower leg of this optical path, and the

upper leg of the path at eye level for the user 22. The

35 second lens group 1l4b is generally at the eye level for
the user 22, so tj:hat the projection folding mirror 230 is |
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34 are a pair of projector housings 36. These projector 20 housings 36

al so house the inmage source 12 and rel ay opti cs nodul e 14 which was
seen in Figuy&§9edssedd 2- In - this case, the image source 12 takes the
form of an inmage intensifier (refer encﬁd Wi th the nuner al PADHS6/7I6gur e
3).° The inmage intensifier 12a includes an objective lens 25 12b
(best seen in Figure 4), and an image intensifier tube 12c. The i mge
intensifier tligsakks gederdddyaaketne hayel of thefuser'i®®yescand jukkgure
3) at which an;ijhany} bhetardly tRELe8E .2 FhUB14VEE AHeRAd BrBj8EREbAT I N
phosphor escent .yellowgreen light., Those ordinarily skillé&d in the 30
pertinent artfPlddng DASKPrSundlr sehaBingk&E ERR neRde for CREPANRG or

tube 12c is anrRhAWYiGMPtdé£akhde\Bedm WapLitter mifesPOAdVerbgektdbh in
the near-i frafrogtjﬂ.portlon of the spectrum. Thi s Iight IS inv{:ﬁi g}_‘e to
t he hunman (%/e, Ng BIEFQY S HeFhe éﬁtuﬁ%nékﬁmﬁ AL of L Hhe PRyt
from 35 the sthmmtiendusardtionegf Fhgenei Ri.er stdlilcébhecprejector be

known as "star. éiﬂg"asgggeéﬁﬁ; gg'é?%%ﬁfrﬁééé@ée all o¥C:RE/ 36338

PCT/ US96/ 07396 . ,
12 12a | Pounas 12@pnfinstofiald mixgor 38, and:fixst kens group lia
descri bed. are beltw W leydd 1¥vdhofeti@tugér i i) udes a pair of

Sphor el o 9eer £ SRS, 2 e T A BT e S 1o edR g0 |
the conbiner [Ridgures 385 prewddese a elpucmowentnedfindetiseboth eieh 20
spl i tter mrrorsHect s s My %2 VEANY i ndld i6hch Slas g0/ 3§88 "o
| ateral |y frormkeyt ok everbicdbl (Raimuthal)r axiszoandspdse witht respestect or
housings 36 apyl tneAngy! al BBWArd(Y.and sidddidy bAdt hfedfakaliaWahy t he
15 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 'z'-equired by previous head-mounted
20 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
25 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
30 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
35 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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beam splitter mrrors 16. .The angulation to the rear of t he projection
fold mirrors 30 is for conveni ence of 15 physical arrangerrent only, and

t he prow;d,ﬁggg)et ween mrror 30 and beamsplitter ﬂ;@l%/ Kely
| at er al the user 22. :Thus, is seﬁ: that the beam sp /ygebr%on#rrors
e

16 are angul ated outwardly ito receive proj ected i mage | i ght from t hea
projector housings 36, as is represented by 20 the arrows 24.
Vi ewi ng Fiuper® 22, iand sisckocated dle ahayjtecthe level nfrthechowarFi gure 2

has been ﬁaﬂf iR %ame&geﬁve Egb&%gtase i3 flu;a&eﬁ%waem £he’ 38

bet ween t e 1 mage re ayot CS ens
second 25 SHigiel| agdms#méi +40 FANERANEFEIYG b@wmnﬁmeotengp oheads

first | enghaupenlii évlreirat:fn%e.cms eesmgwusrléés ﬂ_ﬁ'é'spro?eéﬁlbﬁ seen

that, the imge source l1l2alis dis pr | arr ows
20y 1ol WEYRCER MhiaPEuELan axie; BLOPS dith A PRSI SHEPECRSUSHAE PRage | gt
upwardly @il at I‘n&msemmkjf. obdi ninertiar, famd diwiehdaon ahormdhte That

2°c shape PR P28 iﬁﬁgh% otk ThobBind UCHK ' B 2 BRRE"PCG 0"
this opt i daavepatnrmandthhe tendépﬁerhi% opmens oft Hnextdpe | eVBisfor the

user 5a8€ r [ n t I for
use user @ﬂpé oF€49RY 0" %’a ﬁi@ﬁ fbdkh¥ %ff Lharia 5\%&96/ S gos

so, t hat thepoe o] I hg _mrror
PCT/ U3SH/ (ukpited by HMD's Whi ch g15;1??-“ %neoeapaacgé%rmyraﬁushe | evel
of the useitsp exde angey ust helmelt. ghtl';meutmmll !splhﬁteﬁf 16Thiig | gvel for
Lhe ol Skdiarae ) 990K 25 SR REE A S UG BRSEeLoRROTERLY, |
wer e expl afwee i of divenaserds eyes ms naf: lreatiec mbchuef ratmement Fi gure
2. still té‘? PREFHEEL Ybout elther the vert:.cal or horizontal axis.
15 Visor 28 weighs about the same as a conventional visor so
that this part of! the display system does not increase the
moments of ineﬁtia experienced by the user 22 in
comparison to a s‘tandard helmet with visor.
Figures 6 and 7 schematically show developments of an
20 alternative embodiment of the present projection display
‘system similar tp Figures 1 and 2, but with Figure 7
offering a plan \jriew:rather than the side elevation view
- used in_Fi'gure'2.5 In Figure 7, the projector housing is
shown in phantom lines to better depict salient features
25 of the display system. 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 nv.f;meral used above and with a prime (')
30 added. The alterfn'ative embodiment developed in Figures 6
and 7 offers an efven lighter weight and even lower moment
of inertia about éboth the vertical and horizontal axes.
Figures 6 and 7 depict an alternative embodiment in
which the relay -:foptics module 14 merely includes a much
35 simplified two-iens. group. - That is, the function
performed by the first lens group l4a of Figure 1 and 2 is
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36 has a low center of gravity bgcause all . of..the imge source 12a;

first fold mirror 38, and first :I'ens group 14a;:;:are bel ow the eye | evel
of the user, 22, 10 Addi‘tionally, the. displhy 'system_] ' ed
in Fi guWe(ig%sﬁé”pr ovides a' low nonment ¢§ inertia both wt H’H’J]ﬁgg'é%’gét to
the user 22 turning the head fromside to side about a verti cal

(azinmuthal) axis, and also with respect to the up and down.%'b.ne

noddi ng and heeW REEAGFPRdISPY DR Hre ¢ hePRead SechoWittnt Ehe

el evational axjferal IN&'Presamiildiray,ala Bingd® Namsa 14b¢ neeweves othenerti a
about the vertical  axis_because t he tical syste : _ e,,:

proj ectors 36ERRGELERRENTRE nﬁ?ﬁ?nghggf’ﬁgﬁf@fﬁlw tﬂ};&?@éj%%*y,l e%se‘s”'e' han
requi red by pbeviaptrdidatedouthiat 2hromatiectdarratitsigraysas Dedy beehgue i s
reduced because_th QrQj.ect) LSl by _ o] bnOf
gravity. 5 TRE"%%ngd&gsgﬁgt alglg'{h e |vr3ré/pre55| o?#ﬁaﬁ_h@%e%ngteﬂigan' top
heavy, and t haeenheimefiguues| & @nd Be coHowewes)y this saltesnatdyent the

hel met and di %abaéﬁgtaﬁ@ thiaBPi title t aARtAges Sode 1 ighter badiglee, Qbwekhe

projectors 36 an er conponents of the djspl system i,s_generally
at a level = TOPENS®H Phcingrria AROW;: the.ve +°§Z ag'fﬂia%ﬁﬁz&’ﬂlt?it ﬁge\?/éi ght

of the systemang RRichCe@Bueedacdsts becaasehedviheesimplifiied optiicad on

t he head. "The,. weig of.. m__h.S 43 ORI a ; C in
conpari sort® t&yﬁgﬁ'ou@iﬁeg&kggn%hﬁt e?&b éf‘ggfﬁg g%?é%ﬂsg gggﬁggﬁoﬁ' gt he

sinplicity andery muctusettaklghfonfusedn instancesivhere a full goler

respect to nodgj ra,g-a%eaeﬂ&reé P dBEdP For the (bsér. IhRele inBeanzestal or
el evational axi s?) the side 35 el evation view qf F|%ur.e 3 illustragtes that
"the mass of  inalyded sprejesyieBm o8 e n’B%‘H‘??“E?é‘} W%y 8% ePH &F the
WD 96/ 36898 fhosphorescent yellow-green night PCIisiBA6/ Qxage, for
5 ;
e

14 159 ’xa%ﬂ:q.el.s | QCAS eOmBa ARONE ALY AfYE' 8T ublE £8¥ENow-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

' 20 opague 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.

- Figure 8 depicts another alternative embodiment of

the invention. In order to obtain reference numerals for

25 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

30 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

35 source 12", an angulated beam splitter mirror 42 |is

‘provided. Laterally of the ray traces 24 from the image
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jaw where the effective pivqot _axis is |ocated between the spi ne and

skul | . Consequent |y, noverfom Rl about this el evat onal

axi s si ts the projeqti O} about an a to the
proj ect g?&%%ﬁss?(ér)lg 36 Wi t h ta=t-ow-h} t’..of 4nertia, air’(léc:iﬁ\‘/]\ng#ﬁ)z%

arcuat e notion of th| S pI‘OJ ector hou5| ng at the end of a | ong Iever .
armw th attendant hig nt jnertia, Thi s pe of long lever arm
and hi gh n&®FceRL3" neratq a}r%’t‘ 1@1%%|Qbﬂd%y(% s4a/ni’-§hdd-|59&$§§ t he

proj ecti on a3 RAkeAlfdTus ofa\?%ﬁohhenﬁﬁer 1enel4wEt . The 1RO BRapyreRliddser 16 is

a co rativ i ght - art so.that its si.tionin front
o the vandigny Snten 14 TER1ELk e ek oR® shad belais sB21tkeR! mitrdk 42,0001
ei ther the omtdt ithal imagkosgupoeal2xi Frab thé_ darag28 sonrgles 12i¥quttiehe sane

25 2 SOy Al th Yariing thidiablledphall He s BbRKcRY 305 does

not |ncrease ner xper ence

conpar i son S reflested HaRSI ﬁétanﬂt%mw the beanm Sﬂillg“-o.ﬁ% 42 andsy
Chomer ! coarcdag iy et (i) Blhad! beatel) 1o oTROBCRRIGH (e, |
: S i S S Si ur.es ut wi
_lglgure ﬁ%%tﬂs@ 831%% r&'f’ﬁé‘?letl}% ﬁ\’ézﬁ%d@?\gé’«ﬁﬁqc?r#wew
u?]ed in Figure 2n advartage eof, thécepbofitnbat Ismen nm lzﬁxgureslbom in

ant o t r IS syst em
Poor o9 | s & e JReY SALATd SRy R BPovRheb BploRl 2
embodi nent td deheurlRD 46. V\/rﬁltrtla#% Qmsameasmwev\ﬁb%mer é8anahrogptms in
structure | t at rkpe I f ed

LI | B | PohedchP, SRECBPRG © Al d| FieRE

with the sane nuner al uséeda a prinme

al ter nat | veERERANH nERe RS otRE 1hEaE ghres 65 - reglprteds fxom afheven
li ghter welnwhwﬂweertypw\armaw@duzce o4, Iﬂﬁdtﬁ.ﬁ gagleciaahalilmgrerti cal

and o2 ol Py ag i sod S SPELFOENY, 15D, Cup B BRHEER, e,
35 sinplif4&heedvndteibe ofr the. lightavalve, typloe Howevern it wdiddf or med
by the firsie | fodHiREs thx_jito‘(th'i'bgﬂﬁﬁoaiﬁaﬁtz isSparticularly useful
for sensor fusion, that is, for combining an image from
sensors (such '?Eas symbology, graphical indicia, and
20 characters, for. example) with an image of the outside
- would. The useﬁ 22 will see the images superimposed and
focused at infinfity 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.
25 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
30 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
35 refractive-difffactive (rather than only refractive)
optical e-lement?s. As is seen in Figure 9, the projection

This Sheet Has Been Rep laced
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perforrred by a single lens, referenced with the nuner al 14a'.

Simlarly, @0?#6 + l'ens 14b': serves the function of the second | ens
group. Accordingly, it will " be appregpated thatchromati &EEPEBPoN
has” not been 5 provided in the al ternative enbodi nent of the invention

seen in Figures 6 and 7. = However, this alternative  enbodi nent has the
advant ages of d]ﬂsg:litaerr syetght 107 bV\'mcludas)rmntisnage ismrnden 1RAYdyt at pelay

vert' cal and e B@Jd\ﬁéesu"' agd g Eceeeﬂcg%elgﬁaf REFAURC g L NG

sinmplified opt tem ‘“I'ls aI ernativ
i nvention is be%r%@lﬁﬂ?’-‘suﬁ'&b} eangr aseonpingst 38¢s whdeweveryl Fheol or

i mage ?eed n]?treﬁ%yprdlih%se%cfdﬁlé hswserinchaag ldgﬂt)aneestlenlslnei-ad 8d,
proj ection_o nochr one .i.na osphorescent yel | Ow gr eén

ni ght visidn ™ .%&&21 C% ’éa‘:t"‘l"Fﬁ'd rhtYe Erﬂ? a¥§5 heg g§E§ f or
| ow cost ' vmrdnﬂ]y bedhigt yefmg’emeo).ensesn s enks f whd relayngpties

and for the COORHITR 14w Icilbhded UPHI FLL 2£0eRbUbLFRLAT rerals s SUT LLgLEN

for the user ul | rendi rs-a
di spl ay syst e afiichepangnitsoheyplrage fron imager apuncecdaB! nte a

surf aces, and JUdtia 1R fractiveddidrriactifiend epfs 2,0t s or by consurrers for
game | ayi ng, s ch as fll%ggt Si I%&on for ure 8

exa
depi cts ad8t her al tf Sye ot proyide; n\r%ﬂﬁ*o‘# Iﬁ“@)FHSF
]gbt ain re:‘/ﬁ_r emgmmaa:lysv&ewzaf uaes'enrdesact:uwegldtﬂnfa-aem&odl lenses.
eat ures |c re.t o n.,structure or
function ffe]a{]% e’s“(fza?ﬁ (#)]afo%é\af ?]é%ggeﬁgegﬁﬁ}?ﬁe?ha i .
nurer al used atld:ha aarmhmedhrafuealtll&eplsmasé) deMfrontlﬁgeWhaglﬁager e 8,
the projectio Y nd0" |16J€ﬁ§ 4 f i cs
nodul e 14" b(raézf‘r?ﬁ1 |Eit ter thé 3?‘6(; a?(;sr%l %eu%y aqfo%%osﬂt%ﬂ%iﬁa?@ﬁ%n
the i mage 15 %uﬁ(?éle'StPEPS@ tRiffractiver ysurface ghi€yval v8imjparly,
That is, the id@édsnd teteactiveclligtractive L8nsr 92rih€ludes A Qendewith

b nat i on (97 SISy g LA 0 AL | BR0CCoRPaRHLES Yoe  Thags,
traces 24 frorsd\tls:e 2ded. The lens 52 also 1nc1udes an opposite etched
or stair-stepped diffractive surface 60. As a result of

20 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

25 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 Flgures 6 and 7.

While the present invention has been depicted,

described, and is defined by reference to particularly

30 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

35 skilled in the pertinent arts. For example, it is
apparent that an important objective of the present
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16 source 12", an I|ght emttl ng di ode (LED) 44 is disposed at the
focus of a condenser lens 46.  The LED 44 provi des l'ight which is '
refl ect he beamsplitter mrror-42  onto the inmage source 12'

Fr omth?ﬁ%’ég&%our ce 12", the 5 light,gnow carrying the |%§§é59ﬂ%"96ded by
the source 12") S reflected back to and through the beam splitter 42.
As before, the light fromthe i mage source 12" is conducted t hr ough
the rel ay dﬁt‘ﬁe@é'-liﬁ*j’dalsetMﬂr&l’fd-dﬁoat %eae\s@puzxed projectign aﬂnspﬁ&gge of t he

embodi ment syanien MuELaNT Prév e Baa i bffagﬁageufx%cﬂﬁ

provi ded oppq |ter t0o t thls case source 48 may
be i11u isp Bedha | nt]lr’cﬂLh%LEB‘ 4‘119{7&}?% BA%ING & jLow cenqem @fh the
beam spl i tt:;rravﬁi&,y,l anefpest bding olowhamomenitisg it idlere ihY RBUFRGS SOUr Ce

48, andd s ed a I|n 24 b e beamsplitter 42 The
i mage sc?luré"re 2‘8 %%dﬂﬁgﬁggﬁg} %t 9%5?€ Sty rq: ver, Tt will
be recogni Z‘éid-St hmd,t hsememmzjl arbht OIfs thas t Lenses | ;ndlsethbr opﬁ:n:ralsensor
fusion, th S

symbol ogy, :ir aphi cal (nESQm a, 0 Qig#aégﬂ eryss,ée?{(;?ﬁéxg(ﬁp%%aﬁ/\ﬁ% an

i mage of t Pag¥is de wdul d The user 22 wll see the inages

superi nposed and'hat flcyzuseﬂeﬁéeg pfi ﬁﬁ,’ﬁ-ogg thgtndw Pdaln f%‘ﬁi&t‘#ﬁ% not need
out si de,wor | percelve

to r}g’e shifted f gﬁ qgéo visually
the sydfol SRFeSsRATENTER &nGPBPﬁ'@FuEhEPXcF’ér gored of lightnueich
schemat i calplpstidepiather han theopbee tradiktienahtind wﬁmduewﬁexof t he
i nvention [ ve [ o i , and .reduced
monent s of Iaq\ésg?ner_ﬁ(%‘].‘ PHEn dlenF ﬂlﬁea# nw%gﬁ %g%%gi%ghg%‘g%é'f Cse in
descri bi ng PrEsen&Bovention pe'avaﬁes #ni eptatanding spkdcad gR@alidy which

are anal ogwau&estdﬂ%&eue&nt;umz-c&mé Oproject £5i, Uit dﬂﬁGi' §e§ above
are re](‘}%re%ced W d above ‘and Wi t riple prine
d

ed Pean hﬁ§t§ﬁbﬁﬂgem@ﬂf aﬁgﬁe?FPgeFigﬁPa RRNRVEF Ehghimage nonent

brightness achieved with the present invention is
generally better| than 'previous on-axis pfojection systens
in part because the present invention minimizes the number
of lenses, mirrors, and filte:s_ interposed between the

20 image source and| the eye of the viewer. Accordingly, the
‘depicted and described preferred embodiments of the
invention are e::templaty only, and are not exhaustive of
the scope of thé inventicn. Consequently, the anentxon
is intended to be linited only by the spirit and scope of

25 the appended claj.ns, giving full cognizance to equivalents
"in all respects.f
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of inertia for the relay optics use of 35

refractive-diffractive (rather S E{/ - five) ~ ~ optical

el enents. As i's seen in Figure 9, [the pﬁ%ﬂ-@@?pon WO 96/ 36898

PCT/ US96/ OV4D¥/36898 (i sp| ay System 10" &cl udes an i mge sd’&T@e”i’Qm% a
rel-ay optics nodule 14"', a pI‘OJ ection'folding m rror 30", beam
splitter 16"', and a conbi ner 18" However, the

14"" includes only two | ens groups, 5 wm\d:MSare of the mmli 'IJ'] m‘m !
refractive-di ra"c .isv Sa' ber than’ nmerely being

That is, the dule 14"' includes a first .
refractive-diffractive Asnimagesprojiechion Aispkay tanstemparmied upee

source 12"' tQ fea, g%a%oee pef ue%l 15y %htaf ha;aal %2 heRse??. the dispidy gures
9a and 9b provi gr.eat enl ar agnent ary vi ews of these

refractive- di SYSsem \Pé"l’-éﬁsé?Prm’edTgré‘aﬁFr gPaﬁégYaBPFivé oM rcrfé'fqe\?’e A%ns 50
i ncl udes a |ef&ﬁ-av1ty\/\ﬂdd'l ﬂ:é:uweﬂ'seheaat Iw\iQhSllrdvﬂCﬂoﬁénﬁﬁnBEOHIneﬁid‘le

I mage our 2' The Ie 50 aI es Slt et.che 5 or
stair- step|§ed %{ﬂ“f%f Rekh 8 ¥ %imu U](rjn Fﬁ??y,aq%) onq:ajl
refractive- di féyevatiionaleaxiS? soddudespha?ewsmm hcomprvsmm/ed refractive

surface 58 confronting taple W souré@ugaff S’%olvésgngulr#psié%%él }g ijy! udes

an opposite etched or s stepped act resul t
of 20 requiriPRPIBALEL (kO the MERKss saidyidage sowrce: REPVAsing 11 gh’-'m)dul e

14" may be meglfe YIS IGRY %alm |iinﬁ§h$r |n wei ght than conventional |ens
groups. This enbodi nent I nvention gas t{} v%gta e of al ovm ng

chromatic 19 correctiof® S’Papnépdﬂjﬁ] SPREG &%r°
fidelity i s acthewuwsér Sbrareeeifing cthe lprojecgedopight from nsatid a'elllhy

oo et SomBERiERbodlle" intd raBlNkeiRg BRI, 1joneaddiiefln IR oye
has been dep| o cthe uger;
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 displ’ay system of claim 2 further including
a pro:eotion 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 optios nodule.

: This Sheet Has Been Replaced -
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described, and is defined by r ef.erence t preferred

enbodi nents of th e oA refe mﬂn "l""mmm" ﬁ I mpl y a '
| i it at wanogiizsdshe |m§rﬁHﬁEﬂi H%BEE% *oclimuats on i Ao beadonf erred.
The invention is dapabl BERKACED congl der abl e nodification, /ﬁ eration, and

equi val ents in rorm and runctton, as will occur to those or di narlly 35 .

mpor tant obj o8t verBF hePhiE-apEsh S G khebiin salRAL, [hAl &
PCT/ US96/ @pt46s module includes a first lens 18nd a sependi denss to -

provi de a Jigad g@ggig? pgggegfnl mngiﬁakﬁé be| R %Bg t""?b‘iﬁ pk&%ﬁzvgood

quality oTslmage r

I n wei ing a
| ow cent eringerposedr ARYISAkHE PesMedmn Sl ﬁﬁﬁt slersi and| gadbout the
5 verts cyecand BBRszONtal axes of greatest interest. To this end,
some or all of the lenses and other optical - ~elements of the projection
di spl ay system can be made . of plastic. . _ That is, |enses,

mrrors, and sbeamrhapdn.spkay d9stancest sainf 6r whbeea.ppsnaaidjrerlay be

f d of | d
b T R T
present i rﬂr@lmapsd pﬁetﬂd@&aqﬁ sourcenprayidpngceaid iﬂly dlremause of

not using fah@tusyP rPéE&EW& eyt £@ anq;s%zw ahaam;amhl thﬁ&nagéaon axis
proj ection Hovvev : d

ness - achieved . w th he
presentd |°rR7-'é-ﬁP|10rPat|hs ext e%aﬁ"ﬁ“bégt‘ér 1pAgR FOMFKRUs 6?1°HX| e
proj ecti orpespedt &Fs the eiye pEr thiecusexe upheopegechieviedvention ninimzes the -
nunber of lenses, - mrrors, and filters interposed between the 20 inage
source and the eye of the:viewer. Accordingly, the depi cted and
descri bed pref ar.red'rhsbodll.aphax osystemn ofi nebaimorf awhesaimpl sajdonl y, and

?[}Seﬂﬂ Oﬁ%@fﬁ‘de&e %fpt:.catlhe pitaPe OF thgid NVaNtdwn. ofePegauGRd e t he
transmits said light from said image source forwardly,
said projection fold mirror being located at the same

5 1level as and aheq_:d of said second lens element of said
relay optics modﬁle, whereby said projection fold mirror
reflects light from said image source to said bean

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 focus:mg said light on an

image mtens:.fler tube, an image intensifier tube

§ receiving said fd_cusgd infrared light from said objective

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

10. The display system of claim 1 wherem said
combiner is a transparent plastic member having an

Sheet Has Been: Reﬁaced i
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4+ CLAIMS What is
cI aimed is WO96/3689% An i rrage proj ecpyon d| spI ay syst em c ZETUSH6/QTIN a
headgear to be worn on the head of a user, t he di spl ay system havi ng

i nproved image quality and a | ow center of gravity on the user's head with
| ow moment s @ptitalliy mtldcthinid innmr isuxacez contlighredi as aportion

hori zontal el: e ational axis, said dl splay system conpri sing:

sai d headgear® srﬁgh e open face; an i mage source
nount ed external I y to said headgear general ly lateral to said open

face for providin n i e (yepsq:qe%d t en, urce
providing |ight fglff'f or% &&&ﬁgal I MR eaga re j'a% (:)Lp ?@%geigﬂ%j’%unt ed
external Iy tcpmw%abl@e@‘mééﬂraﬁl ek Eﬁaﬁrﬂblgaﬁﬂp’éﬁﬁhcf%@$or
receiving said |light fromsaid i mage source and having | enses for

projecting said |ight, ., . said relay o uIe pj ect ] ai d
light to form an iﬁgge:Tne d:.spfay Syaédn G ‘ﬁélﬂ‘eg }l‘e’?aﬁ’l‘g&rﬁ

externally t'cmcs&h]de heeuipeises Olenses dformedi a:ﬂoanm&'aeeiahdselectedii&med in

front of an | e o} ai d
rel ay optics % $r$\|§$ tlﬁgiuégﬁgf ?E&fn\{ ggﬁg aﬁ% %f d?/i#%])t%%%e ea?'e' of
the user; said 1lenses providingmi fer rrseﬁrestésmerﬁaﬁ | \chromatiie
headgear f§rv%gr95t§ahgl open face and di sposed in front of both
said user's eye and said beamsplitter and upon which said light reflected
fromsaid beamsplitter is projected to be reflected fromsaid conbi ner

back through ‘said p®am The dispbaytspstem dhelader 2swhgrein said relay

a planar proj u d r IIy S e
general |y gﬁ;"{?%t &%qqi o saﬁégégg% %‘gelg%éel n%erp]bésrg% gb?llggﬁﬂg E%t ween
said rel ay opdiffractiibs gratdngd beam splitter, said projection

folding mirror reflecting.light projected fromsaid reI ay optics nodule
directly to said beamsplitter firee of |nteré)oﬁ§‘a efra tion, and

said i mage source dfspo BG splay, sysken, HhEEd AF t he

| evel Déathe oner' kemge.of said relay optics module further
includes a refractive surface oppos:.te to said diffract:.on
'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.

U
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optics : PO _ 3. The display - .
system orwgg{ilg‘?s%Z wherein said rel ay optics nodul e i nBETYES/T396i r st

| ens and a second | ens, - said di spgay system including ‘a second.
folding mrror I nterposed optically between said first |lens and said

second | ens. 18. .The 4displhy syspemyofyclaim & whiexiein3satidr eebagai d
| . Jati 7 oa - ' :
refay %g:ltéd.%% "RA4h fe dehicAGTea" SHAY C& q‘i?‘g%t "‘g%:?%cthgggei‘eéé&k

C- shaped, | mage source providing“sald rearwardly
relative tded@.d user, and said C shaped optical path extending from
sai d i mage source bel ow t he | evel of the eye of the user up to eye

| evel . 5. L ‘The di spl gy system of. .cl.aim 4 wherein said

C-shaped opti callSrat TRE ddgPdaycFE§tep:? sclr%’i%lze "’?‘P&ﬁéﬁ'\ gaidarelayi ght

}‘ rom sgi d idmessoubclm-léf)riw&uyss s gimsaj e;:éﬂ@ngi-ehgi rimclrticfirﬁy dei ][19 -
ocated at fhe ev.e e S seco s_el ement of sai

rel ay opti & d’%r%teerde@u@-&%élofgét i %hgf 8 cﬁ%#d]”}# ﬁ] S FPRRts | ght

from sai d iinjading e colommarzactad pultirlens et/ whéreby dsadedr and at

eye levy . display S|ersaém iprgg%dfi:cs.s 8l EX'QEHSTS%EE?:‘EE&:S’Z' %Bl&:)mgﬁgégg ggl d i mge

source incl, e intensifier. i spl ay

system of dimAgR PETMIAD PR Fqthe user.

20. The di:splay system of claim 1 further including
-a light source #or illuminating said image source, said
image source being a reflective light-valve type of liquid
crystal display. | o '

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

22. The difsplay system of claim 20 further including
a condensing lens having a focus at which said light
source is disposed. ' '

23. The di?splay system of claim 20 further including

a second bean sialitter interposed coptically between said
light source axid said image source, said light source -
being laterally disposed with respect to said image

5 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 ligh,{: reflected
from said 'ima.gefsource to pass therethrough to said user.

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

\

This Sheet

L e



| mage i nt m! l\ !!'tas an objreet Aanﬂ -Gk ce|V| ng .i nffared |ight
froma m‘m‘ “ u!l l‘ ocusi ng JH?%SHEQBHA&BEEN image i nt ensifier tube,
an i nmage i nténsifier tube receivi g - salﬁfﬁLéE‘EBed infrared i ght from
sai d  obj ec¥PPE398ns  and responsTVETy JLOVIOIMT A Vi si bl e- PEHNS6/Tase

replicating said scene. 8. e displ ay system of claiml
wher.ein said conbiner is a transparent plastic nmenber having an
optically ref |s‘°p(1t1't‘(:%r‘ &a&&e&%&bacheﬂeff&ﬂ eqlassaceaat iflfge s&irde SEiere.
9. The dis Iay stem of clai-m” 1 wherein said -conbi nef is configured
in a gener I;ﬁ M&&Xe shape. 10. The di splay systemof claimi1
wherein said rel ay n’DduI e conpri ses | enses forred of ‘a material sel ect ed

from the group i d - f | a

| enses providing f cor t§ g\’g?g 33&%& & de! i\ﬁg’f“ :ﬁsﬁ H{\erem sa:.ds

The display sysscandfbeamispllittiesr alsostranswity 1ightpt foom nealid elxgm.'prl ses
at | east one I;a]?_. ckudi frigﬁi n n Ha'e

di spl ay system d{alk:#] 1§1191v$ereeic%hgal aé) =64 e%s%oonél gﬁén#gsal d;]rel ay

optics nodul e ¥

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

5 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
5 said combiner.

28. The display system of claim 27- where:.n said
helmet carries said beam splltter interposed between said
\,_n.sor portion and ‘the eye of the user.

_ 29. An image-projection display system carried upon

a helmet worn by a user and provided with a visor disposed

~in front of the user's eyes, the display system having

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

5 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

10 portion generally below eye level of the user, said

display system including a projector housing mounting to

This Sheet Has Been Re laced
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|ncI E(Uﬂ J tm,t urfc_.. nnn ool .d diffraction grating.
H!”I Muﬂﬂ mof & %§i'%@§/fmretry and keystone -

dlstort ring W|th|r sald system are cted by
de- center| nﬁfss%lrd relay optics pgdul e rel ative to salgéf’ﬁg?@@”%urce
14. The display systemof claim1l wherein asymretry and keystone
di stortion occurri nglvm thip said display system are corrected by

de- cent esRAg A3FPFALLY PEOLECRING portq;gp@f Stk hedah dateradilve to a

second | s the &ﬁei' saﬂcB@b’oj)@ét@ﬁ Heuki®y recei¥dng therein ahhe
di.splay .,system of V\/ner%ln off aﬁa distortions of said display

syst em ar@ags SEUEES BFat al Feﬂ'dyaorp £5. 808 8 eent of said rel ay optics
nodulis rel ati ve sand ama:ﬁp!souatealxemg)fdrspa:seélme/lahptey@ leweldl e

22 ysie cl a rel ay
optics rmcri‘dl «?m J' Igés%g at'gde%&dﬁ@%%?ea ltg

17. Thet@lesplls&}'osyst em of cI al m 1 wherein said rel ay optics nodul e
includes a first | gaga0iiay nsbuﬂeagmadule RISV oy ' 85144 %&I-'ens
set, and a second_ | ens grou gbg a col or- correcte I'ti-lens-
set, whefdOP Saif image);sg Eﬁesy’f’é’ée | deanses §98 ?ﬁ?@?F&Ichol or)

rangezoof said lighas proj ect,| on to the user.
said. VlS?r defining a combiner portion disposed
in front of the eye of the user, said combiner portion
having an inner sur.ffac_e which is concave rearwardly toward
the user; :

25 an anguljated beam splitter interposed between
said visor and the eye of the user, said beam splitter
being angulated abq::ut a generally vertical axis to reflect
light received la{;i:.erally of the user forwardly and away
from the user towa:rd said combiner portion inner surface

30 of said visor, said combiner inner surface reflecting 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
which is generally C-shaped in side elevation view, said

35 image source providing said light directed rearwardly
relative to said fuser, and said c-shaped optical path
extending from seid image source below the level of the
eye of the user up to eye level; said projection fold
mirror being locaq:ed generally at eye levei, whereby said

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

30. The dis;play system of claim 29 wherein said
projector includes a first fold mirror interposed
optically between said image source and a first lens of
said relay optics ‘module.
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18. .The display system of cl ai
for.illumnating said inmage soyrCe;
reflective Ilght val ve type of. I|qU|BEPLACEDcryst

oesourod IN MR

| display.* ¢

The di spl ayWOySP&H of clai m 18 Whereim agre— i ght souPCEﬂEﬂmﬁuﬁes a
light emtting diode (LED). é%ﬁ “:The di splay system of claim
18 further including "~ a condensing lens having a focus at which said
l'i ght sourcgus ‘@h&p@%blay system 2&«: clal'he Slﬂihq“e‘te%‘xs'feﬂl@f
claim18 furth inclu g i g ang g Etig |nt ose
optically bef éﬁ QBFHCS °d“}PgﬁP° 8 Ffesﬁﬁ aF 8 B2 EB eseE%F% li ght
source g 1%509 sdial ereldy dpticsednadule imspedingta mahdlnaf b
source, and said secon p t t

| i ght fron1s§i5 PFgHP (#? §;$é%i§£1§€ge sogggegggq fi%ﬁﬁcﬁ%@%oaﬁgbeam
splitter élssaaﬁlsncngdllgns reflected fromsaid i mage source to pass
therethrough to said user. 22. An

i mage- proj ection displa stem carried upon .a headgear to be worn on the
head of a user, tRe-«di ?éﬁaé%?&?gnﬂﬂ%ﬁg” R 49 fHEEReTatneIuding a | ow
center of a second image source providing light formingERL ASGdERNd SHEET

23 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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gravity on the user's head with | ow nonents of inertia about both a
vertical azinuthal axis and a horizontal elevational axis, said display

syst em conpriygiog8ssos an i mage source for providing an inmage to be
projected to the user, said image source providing |ight for POTmssgsss d
i mge; a beamsplitter disposed in front of an eye of the user

for receiving the projected light from sg‘i(;, | ay optics nodul e and
reflecting this light awnay fromthe -eye e user; a conbi ner
di sposed in front of both said user's eye and said beamsplitter and upon
which said light reflected fromsaid beamsplitter is projected to be

reflected fromsaid conbin- er back through said beam spli )\.-\ to e
user's eye: sai d i mage source di sposed to one sigf user's
head and bel ow the | evel of the user's eve; ‘ a

| ight source for illum fng said i mage sourc iIrce being a
reflective light- valv @:f qui d cryst | i ght source
and said i nrage source, said [Ii source ¢ di sposed with
respect to said i mage source, and said segond bgaR SERNADMET bei ng angul at ed
i y ¥ S#¥ second beam
splitter also allowing light reflect 7 d gt source to nass
there- through to said user; and a & {9/ sour ce di sposed
| aterally of said i nagef@qurce and op d |ight source, said
second beamsplitter reflecthng |ight J cond i mage source to said

user. 23. The displ ay systery g2 Wne'!'s.LJyfai d second
beamsplitter also transmts Iz / source to said second
i mage source to illugidate th _ N :
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REPLACEMENT SHEET , 24 24. The displ ay
systemof claim1l wherein said head gear includes a helnet, said hel net
includes a laterally projecting portion, and said display systemi ncl udes
a project YO MHIe89 g nounting to said laterally projecting RIEI960A7H86 said
hel-nmet, said projector housing receiving therein said imge source and
said relay optics nodul e. 25. Thézﬂégplay systemof claiml
wherein said head gear includes a hel net, d hel net including a visor
havi ng a portion ' i s djsposed in front of the eye of the user, said
vi sor portion Qgﬁggizag: ed to provid said_conbi ner. 26. The
di spl ay system™T claim25 ~wlerein sz i es said beam
splitter interposed between said vj neye of the user.

27 An i mage- proj ectjon di splay system car- i ed upon a hel net
worn by a user and provided with/a visor dis- posed in froN. of the user's
eyes, the display system having inproved i mage quality, and\the displ ay
system and hel net to- g#é aving a |l ow center @4 gravity
head with | ow none [ ug?yt both a verTical azinuthal axis and a
hori zontal el evaty, g spl ay system conpri sing: said
hel met i ncl udi ng 'an opgk

bel ow t he eye | evefget
said display systeming
| aterally proj ecti%
open face, said pr ?
rel ay optics nodul e;

| evel and rel

nerally lateral to said jopen face,
ez%a{ housi ng nounting tjo said
g | ateral | y of sai d
ing therein an inmage gource and a
3 7&c bei ng di sposg¢d bel ow eye

7
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' /62 ,,)_k,_/
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providing light formng an inmage to be projected-to the user;

said relay optics nodule receiving said |ight fromsaid i mage source and
hravi ng | enses for projecting said |light; said visor
mount ed exWe985%% to said hel met forward of a said open fa®ETAIFA6RREP¢ ni ng
a econbi ner portion disposed in front of the eye of the user, said conbiner
portion having an inner surface which iZéﬁﬁﬁtave rearwardly toward the
user; an angul ated beam splitt unted externally externally to
sai'd hel net forward of said open face and interposed between said visor

and the.eye of th se, sald beamsplitter_being angul ated about a
general |y verticgw - tO)reflect |ight recel |later- ally of the user

forwardly and away fromthe user ward sai d conmbMNger tion inner surface
of said visor, said conbiner innégr surface reflecti sald |ight back

t hrough said beamsplitter to e eye of the user forywng a virtual inmage
for the user; sai ¥ rel ay optics nodul e defigépg an
optical path which i s#8eneralfy C-shaped in side elevatyo 4y, said i nage
source providing said lig irected rearwardly relative t© said user, and
said C shaped optical patihh extending fromsaid i rage sourcq bel ow the |evel
of the eye of the user up|tojeye |level; and a prg ection folding
mrror nounted externhlly to said helmet generallly ljJateral to said

beam splitter and lo- cated fenerally at eye |l evel and rfecdiving |ight
proj ected by said projectipn\optics nodul e, said projectfion folding mrror

reflecting received lig (rectly to said beamsplitte i t hout i nterposed
refraction, whereby sai gpection folding mrror ref ts.f4ght fromsaid
i mage source to said hea plijger lat- erally of saig us for reflection
to said conbinerjﬂgrtﬁoﬁﬁ\an =3
—~— | ) Iy
v N -6
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sai d,conbi ner portion reflects said |ight back to and through said beam

spliitter to said user. 28. The di splay system of claim 27
fourt her com  prising. a first folding mrror
i nt er posed VPP/358P8 y bet ween said i nage source and a first |RGHUSKOTIE d
rekay optics nodul e. - 29. The display systemof claim?28 wherein

said relay optics nodul e-includes said gééﬁﬂ | ens and a second Ilens, said
relay optics nodul e including a second f ng mrror interposed optically

bet ween said first ns and said second |ens. 30.
The di splay syst r€?$gl 27 further_j di ng a second i nmage
source provi-dt I *fotmng a s nd ge, an angul ated second

beam splitter disposed to ansmt both lig f 5%fsaid | mage source
and light from said seco | mage source to sa relay optics nodul e.
31. The display system of cfaim 30 wherein said | mage source
I ncludes a light emtting digde (LED). 32. An
I mage- proj ecting di spl ay tem carried upon a hel\™t worn by a user
and provi ded w thyzd visop di sposed in front of the\user's evgs, the
di splay system having inproved i mage quality, and the dispNay em and
hel net to- get aving a low center of gravity onlth r's head
with | ow
-/da’
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nmonents or inertia about both a vertical azinuthal axis and a
hor'i zontal el evational axis, said display system conprising:

sai d hel i ing a laterally projecting portion el ow
eve | evelrm‘&P 9?’ﬁ£ﬂggser, said display systemi n- cl udi ngsﬁ’%%gé‘%é)
housi ng nmounting to said laterally projecting portion of said hel met

| aterally of the user, said projector: housi ng receiving therein an

i mge source and a relay optics né((uﬁe said i mge
source being di sposed bel ow eve |evel and providing light form ng an
image to be projected to the user; relay optics nodule receiving said
| i ght from sai d e source ?\gﬁfw ng 4es for projecting said

| i ght; ?‘%j vi sor df|n|

gonbi nerg portion disposed in
front of t 2 ave of the er ---—.romﬁ ing an i nner
surface whi ﬁ ACa\E A "

()
angul at ed beam s ‘-ii_ T erpased s g/ "ﬁ. r and the eye of

s an
the user, said bganPsplL eT<Bg Q2 w"‘mvﬁ gfenteLal ly
..... " -~ 'l".l“ e user

vertical axis to refrteci3Hg A

forwardly and away fromThesgser towatd d.l erhi/ndrTNOrti on i nner
surface of said visor, said cg;?n ner innef. rf dcke i ecting said
l'i ght back through sai d beaff'splitter to t e eve e user formng
a virtual image for the user; / / 27

said relay optics nodul e _/0 i~ an optig pa zh is generally
C-shaped in side elevation view, said i nage soyfce pnp g said |ight

"*“

av=

directed rearwardly relative to said user, ansald (] § optical path

extending fromsaid i mage sourcgob,el ow the .;A-.‘A' f t hg, user up

to eve level; mrror interpose pti caphy biEweeR—9 irce and a

first lens of said replay opti cs‘ dul e: \—rqa""
¢ v-".
S N[/ ]
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saidsfirst folding mrror being |ocated gen- erallv at eve |evel, \ﬁ,ﬁeqe'{g,OSO% -C
sai.d first folding mrror reflects Iight fromsaid inage sourCgmk
b&am splitter lat- erallv of said user to said beamsplitter; ERPG)
wherei n said rgeggoptlcs MR D GIHAE Srbkd ohbigharibens and XM

| ens, said rel tics nodul e i ncl uthemgonal Byreasond fol ding mrror T nterposed
opt cal | INTERNATEON AR MPLwAstoN PUBLISHEDSGNDER THEPA TERTTCOOPERATION TREATREPCT)
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i mage, som0@B 234 | i ght from said seccﬁ?d @q@%ﬁ u'ﬂm‘%“&? d 51%0@\%“99%3@?”%)

nodul |g; wherein said |nmgeisou emttlng

(LED)|, . rei n sai ' d ra {%@\@

sour 2 (21?Pn(3mamon§| A(?ﬁl&a%\g 2 Numbers, 'y gﬁggs/h'égsd (?IEBeSF %%d )éf:‘ o ate (AT
LED ajnek) midrchtisnaiErgig Daetr ce t o sbmmggsw’s;as)t i ghm. from.sai d LED to sai d | mage
source and to transmt light reflect&d friomsaid image source to said relay

optic (3(5‘99 wai d second image source bﬁ;‘| ndl SPosed oppositely to said
LED, fand 8@1@6 econd hegm 5 bei ngs [di SPOwHurldadrAdridns) sbabcR PPt dind hd E3Bpublished

fromfaid LED to said second irfage sourcel and éponreebtads rdporght re- flected
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(54) Title: LOW-COST LIGHT-WEIGHT HEAD-MOUNTED VIRTUAL-IMAGE PROJECTION DISPLAY WITH LOW MOMENTS
OF INERTIA AND LOW CENTER OF GRAVITY

(57) Abstract

A head-mounted display device
(10) offers light weight, a low center
of gravity, and low moments of inertia
about the azimuthal and elevational
axes of head movement. The display
device (10) employs an angulated beam
splitter mirror (16) disposed between
a user’s (22) eye (20) and an inner
combiner surface (18a) of a visor (28).
A projector (36) is carried laterally 28
of the user’s eye with a low center
of gravity and a position close to the

horizontal axis of elevational movement Y/
of the head. This projector (36) includes -
an image source (12) and a compact f8a

light-weight relay optics module (14)
along with a projection fold mirror
(30) disposed at eye level and laterally
of the beam splitter mirror (16) to
project image light to the beam splitter
mirror (16). The beam splitter mirror .
(16) refiects the light onto the inner :
surface (18a) of the combiner (18) for joj '
reflection back through the beam splitter

mirror (16) and to the user’s eye (20).

Alternative embodiments provide for

color cormrection, or for mono-chrome

image projection at even lighter weight.

An alternative embodiment provides for

both color correction and weight nearly as light as the monochrome version by use of diffractive lenses in the relay optics module,
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