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present invention relates to optical projection systens and net hods, and,

nore particularly, to hem spherical optical projection sys hods.
| mersive virtual environments have many applications in s m] F»E@ @MS 10
sinmul ation, visualization, and space design. A goal of nmany o

systens is to provide the viewer with a full sphere (180 x 360¥!&f i mage.
In achieving this goal, there is traditionally a trade- off bet ween

conpl exity and cost. FuIIy i mrersive systens using rear ”ﬂﬁ ll ‘m
typically use multiple projectors placed around the dISp| ﬂmwllThese
systens, however, may require significant alignment and 15 upk

i ncl udi ng edge blendlng and color matching. They al so may be expenS|ve and

may reqwrearoomth r | ay surface.
Mul ti- projector front Ellrgog&‘%ﬁ %%ﬁ@&@@{%@ﬁ%@tﬁp %leqw re the
extra roomof rear projecti OAT GREATERTEHAN |§0UDEGREESal |y can not achieve
the sane level of immersion and still may suffer the same cost and

al i gnnment problens. Single proj ector, front 20 projection environnents nay

be | ower cost and may ﬁggreater t%an@gjﬁg@ls @NﬁgAI*PLtICATer systens may

not provide the user w of view (FOV) because
the viewer may needhismpplicdtionalaink the henefit of Rroyisiopd dApplicativoSedxld¥ml e, as 1
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Images at Greater than 180 Degrees, the disclosure of which is hereby incorporated

herein by reference.

BACKGROUND OF THE INVENTION
The present invention relates to optical projection systems and methods, and,
more particularly, to hemispherical optical projection systems and methods.
Immersive virtual environments have many applications in such fields as
10  simulation, visualization, and space design. A goal of many of these systems is to
provide the viewer with a full sphere (180° x 360°) of image. In achieving this goal,
there is traditionally a trade-off between complexity and cost. Fully immersive
systems using rear projection typically use multiple projectors placed around the
display surface. These systems, however, may require significant alignment and
15 upkeep, including edge blending and color matching. They also may be expensive
and may require a room that is on average twice as big as the display surface. Multi-
projector front projection environments typically do not require the extra room of rear
projection environments, but generally can not achieve the same level of immersion
and still may suffer the same cost and alignment problems. Single projector, front
20  projection environments may be lower cost and may also be more readily aligned, but
these systems may not provide the user with greater than a 170° field of view (FOV)
because the viewer may need to be located behind the projector. For example, as
1



projection of approximtely 170 achi eves an effective FOV of approximately
125. SUVMARY OF THE I NVENTI ON 5 According to sone enbodi nents of the
present invention, an optical projection systemconprises an imge source
that is coMO@uN7ess8t 0 generate an array of inmage pixel s. PEI/V3HIAEsenbl vy
is configured to project the array of image pixels onto a surface at a

proj ection angl&ufaAGe, 4 VieRerfifl s B8] BB hréfiterdr ViR UREnglogR ed | beni nd

the optical projection systemto achieve a em spherical field of
view, i.e., pfojetiohefarproximaelyfl767 athigvesaneffectiveF 0¥ nf apmerampiely 128% be
further configured to project the array of imge pixels onto the surface
such that there is a constant angul ar separation between adjacent

proj ected pixels. Mreover, tISRNMARVOFAIHE INVEYTION] ect the array of
i mage pixels onto surfaces, such as hem spherical surfaces FFgf varyi ng

radii. 15 Pn vari of6cu/BEH AR N ‘mﬁ???fﬁ%gwnﬁlﬁwprﬁ?,oﬁi i rage sour ce
may conprise groj&?ir%rgg fent E0mpr ?ﬁaén i?nr?gé SdufceafAttid &fnﬁ%ﬁﬂl'eél/o gehBfaleOdn ARy oPt her

t wo- di nensi on e array. ge source nmay al so Conprise a digital
| i ght processiimage(fixdh. A lems agsemblyiisicandigured $a priojedi thp hrsy qflimage pixgls ontand/ or a

liquid crystal on silicon (LCOS) unit, 20 Ln-still afher. L ents of
the present i ﬁ\?&#‘l‘qe&ﬁ? PTWF@“P‘%@%@?&W? ﬁggy' This sy ia@gwg V\}ﬁ‘%V e?og‘ﬁg e |lens
assenbl y and gpnihdBROplied! Piojéctibs spEaE@cNietdafulliemispheridapfiele df viewpid.j cal |y
relay the array of image pixels between the image source and the

wi de- angl 40| eatleast ad 867 fjeld phviewr t i cul ar enbodi ments of the present

invention, the W ggs ?}e{ﬂ%s%exjngl@%a@%%?m ec@éﬁ&gg?hi@&t fedhlf aRlapye opti cal

el enent that is 25 contigured to provi or”correction and higher
or der wavef r opixetsunm the surfave Sucht thas thezerisactionstartt sngyflartsepargioadeteen nvent i on,

the optical prqjection system conprjse. a nme. t hat. i

surface. The PERETERLY d\PIXRLS, lgg%e‘beﬁ’fqﬁﬁtﬁ‘%%sse’g%y&a&jpé%fcqtaﬁeeﬂé}’P gi}}%rgf: i mage
pi xel s onto tfpﬁ(eilms&ﬂbés%@h% hriSpHeIoA sadfaces, Pf Oargingiradli. angl e greater
than 180. 30 To provide an inmersive effect, for exanple, other enbodi nents

of the prlésent i ndmwariospembgdimentpef he prefent iNysRons Hig1Rage JOHIGE MY e

Cens. assenl | SOTPAE S Gyodk eB0d SR pRARl ply G RO BRI, L1
second arrays imhgé areaye The iredge satrc@may also camprisagldegital light processing (DLP)

unit, a liquid crystal display (LCD) unit, and/or a liquid crystal on silicon (LCOS)

unit.

20 In still other embodiments of the present invention, the lens assembly may
comprise a wide-angle lens assembly and an image relay lens assembly that is
configured to optically relay the array of image pixels between the image source and
the wide-angle lens assembly. In particular embodiments of the present invention, the
wide-angle lens assembly may comprise a diffractive optical element that is

25  configured to provide both color correction and higher order wavefront shaping.

In further embodiments of the present invention, the optical projection system
may comprise a dome that has an inner surface. The lens assembly may be configured
to project the array of image pixels onto the inner surface of the dome at a projection
angle greater than 180°.

30 To provide an immersive effect, for example, other embodiments of the
present invention may comprise two image sources that are configured to generate
first and second arrays of image pixels and two lens assemblies that are configured to
respectively project the first and second arrays of image pixels at projection angles
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2 WO 02/ 079858 PCT/ US02/ 09706 that are greater than 180 onto a surface in
opposite directions of each other. The conbination of the first and second
arrays of image pixels nay cover a continuous, 360 portion of the

hem spheri s 02aedsgice. Al t hough described primarily abovePQi/U$n2oedpect to
system and/ or apparatus 5 enmbodi ments of the present invention, it should
be under st 00dylyhgk gdfer Haf 380" ontd AUEAEE %_Fgﬁéitctlﬁrc@tm%@f%h%ﬁxeﬂefﬁkods of
optical projection.” BRI EF DESCRI PTION OF THE DRAWNGS O her features of the
present i nventémbinatidnl ofthe firstrand second hiyays od image piels masngoves omtingays) owi ng
detai |l ed descrintion of. speci.fic.enbodi pents thereof when read in

conj unction mﬁ%(ﬁaoﬁéonaog&eﬂbegﬁmhﬁacagg ﬁgs, in which: FIG 1 is a diagram
that illustrates aAthsuphrescoibed privadrilg aboviervdiharespeoito Systdne and/driapparptugj ect s an
array of ipage pixels at an angl.e of projectjon |ess than 180; FIGS. 2A and
2B are bl oék EmAHEmAR!s ORtE ProsertdaveRtien, Hﬁiﬂ?lﬁéi’e b‘?‘{ifsé‘lﬂditg"ﬁ ERIEERs 15 and
met hods for pgQlaciif JHRY 29 fnelhdBISE dhik& InfoiédtiogN angl e of projection
greater than %g&%ﬂn %c%rn%nce Whe sorre&ygnbg?ﬁjnelr?ts of the present
invention; FIG 3 is a schematic diagramthat illustrates enbodi nents of an

| mage source and |ens ass | kcal projection
systens and net hods for pﬁ@%?#mm¥%¥gﬁq?ﬁnﬂa\é@g§?xel s at an angl e of
proj ection great er OiepfeafB of thedResRBGAVEREDE @ilbé Mofeqealilgunddstorfromof t he
present invention; FIG 4 is a diagramthat illustrates an optical

proj ect i o0sy thedriloving detailedylesesiption pEsnesifis ambediments thergof whentsadin i nyent i on,
proj ecting an_.af; . o | en.0f projection of 240 to
SBURoR L TRORRob B Bl oA

provi de a vi ewe a erica dof view, and 25 FIG 5 is
a diagramthat il | FBGrhisasiiagran fat dlastratesej woventinna ppticahprojestion sjistem t o sone

enbodi nents of the, present ipvention |ncorporati.ng dual i .sources and
| ens assenbl i é‘?.tB‘?"dﬁ%@@.f‘iaﬁay Sflf%ﬁ%p‘é?ls' Lﬂb@g Ig@r@ecglpng Sﬂﬁgﬁg&m proj ection
of 240 to provi deppcyiBWRld 2B 4k bibcR BRgfahflthht usithte WptichD plafeEAbrl-&ylskems

DESCRI PTI ON OF PREFERRED ENMBODI MENTS ile the invention | s susceptible to

vari ous ndai f andmethads fonproidcting amarrayof image pixels at an angle of projection greater
than 180° in accordance with some embodiments of the present invention;

FIG. 3 is a schematic diagram that illustrates embodiments of an image source
and lens assembly that may be used in optical projection systems and methods for
projecting an array of image pixels at an angle of projection greater than 180° in

20  accordance with some embodiments of the present invention;

FIG. 4 is a diagram that illustrates an optical projection system, according to
some embodiments of the present invention, projecting an array of image pixels at an
angle of projection of 240° to provide a viewer with a full hemispherical field of view;
and

25 FIG. 5 is a diagram that illustrates an optical projection system, according to
some embodiments of the present invention, incorporating dual image sources and
lens assemblies projecting arrays of image pixels at an angle of projection of 240° to

provide a viewer with a 360° field of view.

30 DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
While the invention is susceptible to various modifications and alternative
forms, spccif;c embodiments thereof are shown by way of example in the drawings

and will herein be described in detaijl. It should be understood, however, that there is
3



forms, specific enbodiments thereof are shown by way of exanple in the
drawings and will herein be described in detail. It should be understood,
however, that there is 3 WO 02/079858 PCT/US02/09706 no intent to |imt
the i nvent mano2ea9astie particul ar forms disclosed, but on tPE/EWA@6y, the
invention is to cover all nodifications, equivalents, and alternatives

fal ling wi tNi o ik 15 Rinfd the AOEhRAW e Phrellier foBHEBisIORAM 4R etBfhrdty, t e
clainms. Like re#erence nun%ers signify |i ke el ements throughout the

descri pti on ofthe ineertioy iste soves alkafodificationspeswivatents) @@, altematives ralling withini | t abl e

optical projection.system hayin constapt angul ar. separation of projected
pi xel s, accor gl?%sé’"ftc?.xé Shee 8%86’%&3%"3”(9?5?@%? églgﬁt q‘?lf]evrgﬁ?ﬁng%?urgﬁ?% E(r:m\(/av
be dlescr1 |2 bﬁd' _si‘éﬂif?ﬂkéflainfﬂﬁﬂﬁ@.fﬁlxbmnhéd/ﬁé@ﬁoﬁﬁfﬂkdjgafb&s an array of inage
pi xel s avi ng constant angul ar separati on apong, adj gcent pixels .a
|1 gdl c% e(lil/b By the aRgfesring nawhiodiGSs243nd Bt hl&%@%aajﬂa@sﬁma?&w gg‘ﬂé -

n, reo : Are| eIk | [ roj ect
the array of ol Bl skielyioloP b R o S B B e
shown in FI GSpré3éntanenfidr, will hew begdescabéd. phropmichl projestymit systern 0 praj¢atcans t he

array of inmage pixels 12 havyi , t ant I . ' [
U face 205 oFTHY OF HHEAPBEGRRURETISCH eORE P oR RE T e R L0
opti cal proj egidiofecithemelOn e obRidh iibhd Rjaempixels Balizhnver se

e

tel ephoto | ens, Is the focal length o he I'ens and 0 is the angle
of proej dfi oMorébvenchebptisatmudjectiomtsysterh 10 iecopfigered to prajeetthe yraynfémage

Il lustrated herein t he context of projecti ' i X Gl 0

heni spheri cal pé’_[f:lsfngcagf‘W?Jewop!wiéggeﬁtﬁﬁ@?@{lggd ‘A{l%g ‘U;g%ymrs&cgr('géﬁmggh g‘ge may
be used, incl wgtieg prdjettion Sfstént 10 projectsahe dipupf imdpe pixel X iavig constdmaces and
el liptical surfaces. 20 By maintaining constant angul ar, separation anong
adj acent pi xelapgular sepagation et ihe inggr $ 20a:0f agpingated }é"iflﬂ‘éﬁf‘eﬂﬁdaﬂ%‘e gﬂt i cal

proj ection syste ). . | ' IhSic bt Flastrated b
St ace 20 - Dkl Wb b iR toie Rt 18 Hay b WA bR w2 (2 2 BY
accor dance swi tihvestelesHot®Rhs Bvbete f§ the lfecapleagth of theemsand 61ds thf anglmofit ai n | ow

distortion with constant angle of separation, the opticgl 2 roj.ection
system 10 may psesi¢tinnnddough emhodimsntsn! the preseat inpeption “%Feaé’g@‘ Ha so as

to radially pripl &flesd E@k iffagé PRES oftb%SHethishRerfal SurtaB8 id Wige dorre
surface. Still r‘g%e?rpﬁ%ﬁeoﬁélé.g %2\ aﬁd Zlf Ssi?o?re enbc?di’rlrents of the
opti cal understood that any screen surface may be used, including, but not limited to, hyper-

hemispherical surfaces and elliptical surfaces.

20 By maintaining constant angular separation among adjacent pixels, a low
distortion image may be projected by the optical projection system 10 onto domes of
varying radii, which is illustrated by surface 20'. Domes of radii from 4 to 8 meters
may be accommodated in accordance with some embodiments of the present
invention. To maintain low distortion with constant angle of separation, the optical

25  projection system 10 may be mounted at the center of the inner dome surface 20a so
as to radially project the array of image pixels 12 onto the inner dome surface.

Still referring to FIGS. 2A and 2B, some embodiments of the optical
projection system 10 also comprise means for tilting or aiming the array of image
pixels 12 so that the optical projection system 10 projects the array of pixels onto a

30  plurality of selectable positions on the inner dome surface 20a. For example, as
shown in FIGS. 2A and 2B, the projecting optics 14 may be pivotally mounted on a
base 16 using a pivot 18. The base 16 is located on the floor 24 of the dome 20. The
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projection system 10 al so conprise neans for tilting or aimng the array of
I mge pixels 12 so that the optical projection system 10 projects the
array of pixels onto a 30 plurality of selectable positions on the inner
dome surf as® @@aosss-or exanple, as shown in FIGS. 2A and RB/usokedTps oj ecti ng
optics 14 may be pivotally nounted on a base 16 using a pivot 18. The base

b B O b S

PCT/ US02/ 0970@“’&( wpivoting w ane or Fti pl e

pl anes. The deicyns ifgehdtally Riowatto iibse skilfselnaniad driyandmesdndt be dbsasibedski | | ed in
the art and need not g,be described further herein. By incorporating tilting
or ai nmi ng neaddther ReFeiBpt i cal projection system 10 may 5 project vertically

upward in a planet %ii%mn?‘iﬂtii rafnidp HeEnd, the dbfieal BRI EYtenPIPIgEt at

an angle (for exanple egrees)  fromvertical in a theater projection
position, &s phgjewt vemicallyGpwar! inmyplanstarinm projaetiongs shavm indd G BA#T plasinet ar i um

style as shown.in FIG t he ' . r nEe.:Qr O] ection
system 10. | n P'YY P{:%{ge{n,gﬁeaﬁ%ﬁxgp@?g%? ?égesfﬁgrgtvgﬁmglﬁ {1/ g@%ﬁg;ﬁ%&?&ence area
22" i's typi calgoyitibghk Bebviria FIG. PBI Typidallpvitief pidjeting jt5d planctirivamnstylehe

audi ence area 22' is raised so that the audience can, see the eg{]i re field
of view in fr@shewnin FliGe2A, theaudienterarea 22 surraunds diguoietivnsyyem 40i bhs may be

acconmodat ed. . r vt ahiy ol se of
assenbl y and CAPdesk R ptbictRle URHEARAL ME Rienk e g2 Plblcal bld 62

descri bed 1ion ptidal pRaéceibh sysiém Npandihe 2dljchcSarea@2'iis tagsdd Sdvthiat the Pudiered,

Portabl e Projection Done t had of se I ng.the Same" and assigned to
t he assi gnee (?F“F??éh?ﬁ'@’é"eﬁaga WWd’éfrPBWésdf%nqlha?’gﬁ%%P%&%fcemhi ch is hereby
i ncor por at ed Qgﬁﬁé@attbylshﬁg,%gm&moﬁg&@,rri ng nowto FIG 3, a |lens assenbly
30 that may be used in the optical pr%ection,system 10_to pr.oj edct an
array of image pi xdhedame 30 maybe sensyuctedhior porability and easgof gssemblypnd j
accordance w t} i en 3 ' QLY 1A | be
dosri bed.  ThaeRToLE SIAIRLb@imbiteoRhe BGHRE 20 B GELCHAR inty S PREI DU 5,
and a Wi dig- angd. s, 712¢)135 aatded| MulBPidcad tPoatablepRygieticmBamé anddMpthedofof  an

AT ay of i MQABIRAIS Hess SRRt BN S RS RO FRUTOR At er ¢ han
180. The arr ayyiQioshfeRFVHRIDIEhéebySincorporated herein by reference.
Referring now to FIG. 3, a lens assembly 30 that may be used in the optical
projection system 10 to project an array of image pixels at a projection angle greater
20 than 180°, in accordance with some embodiments of the present invention, will now
be described. The lens assembly 30 comprises an image relay lens assembly 32 and a
wide-angle lens assembly 34 that are positioned in a path of an array of image pixels.
The lens assembly 30 is configured such that the array of image pixels may be
projected at a projection angle greater than 180°. The array of image pixels is
25  generated by an image source 36. In accordance with various embodiments of the
present invention, the image source 36 may be a cathode ray tube, a field emitter
array, or any other two-dimensional image array. The image source may also
comprise a digital light processing (DLP) unit, a liquid crystal display (LCD) unit,
and/or a liquid crystal on silicon (LCOS) unit. The array of image pixels may be
30 formed by a single light path for projecting gray scale images, a single light path for
projecting color images, or by combining separate red, green, and blue light paths as
described in U. S. Patent No. 5,762,413 (hereinafter "'413 patent"), entitled "Tiltable



25 generated by an image source 36. |In accordance with various enbodi nents
of the present invention, the inage source 36 nmay be a cathode ray tube, a
field emtter array, or any other two-dinensional inage array. The inage
sour ce nay w0 6x079858npri se a digital |ight processing (DLPPCTES@2/09H6] i qui d
crystal display (LCD) unit, and/or a liquid crystal on silicon (LCOS)

uni t. The a”ﬁém‘?%ak R&a?f?lr ectioy S s‘%eﬁ?mﬁ%&ﬁ%ﬁ?v% FOSMaf AbGld: Path for
projecting gray s ges S|ng t pat proj ecti g col or

i mges, or by Sepmimomdf@rqequhkds‘fad assggrmqu thaaskigree ef lhegtdsemap}ﬂmaw

described in U. S Pate t NQ., 5, 762,413 ein fte 413 patent”),
entitled "Tilt W%@gggbyﬁ&ﬁ? g’fﬁé {?fe%ﬁerl cal Optical
Projection Syst emm&@:&%@&d&s@ém $PoHipiRts A@wdsaémblﬁsver@weﬁantof
Projected Pi xel s" and assi ?ned to the assi gnee of the present application,
t he di scl o§ur ehapingienscassanp héz,@nqamectpsdmtawmbéyy nfhgywavefrentshening The
w de- angl e Ie s asse Y ont 5
shapi ng | ens V@B’& rﬁ gﬁzﬂg&tkﬁgﬁ%&gég@g%ﬂ?%%inﬁ* \k%@é{%é/ef ront

shaping |ens c@l@ﬁ%ﬁ&c}loxﬂ&dmmlglﬁfmﬂeﬂﬂa\efrdntfshmﬂmg based apthie field of lviavetot 46
that may all ow for , color correctlon acg/or her orde%Bwavefro shapi ng

based on the PF@rayidsd. Exemplagy emhodisests é'EF“@S‘? H‘E)‘ISQ?R}"% Lepssbly 820f t he
wavef ront sha I £1%p enbly 44 are
described in Eh?g}eln?%hﬁsctaiﬁﬁ%% ]fo}%?‘eﬁlt%ms%mg&irﬁde%ﬁlﬁgﬁs | n\?ger%ge t el ephoto
proj ect i orl0syst ens Conyentirinl ivierse telephotoqrojectiontsaisterns may sxhlbt thagenardle back
focal distance

assenbl y and tch%rg?tf‘%@t% ];,bg‘}l;[ °§§ld édé%a(?%gwg‘fw‘&e%&*s ? %‘c%ﬁtegﬁeelng? ?1

(i.e., the fegaknd REGHYlY dd e iifRIsElrc€)as lonpetghdn tﬁé efferive foememv(z Rg the
sane optical characteristics as the lens assenbly) because OL space
occupi ed by ophd fosa! length ofs thersetieal single EISW%H%t@V‘nﬁH\Fa?ﬁWSQB% ly, in

accordance w %Eyﬁ&@ﬁstﬁ%é [E%P hstedibly) ﬁé&@u%ro?gﬁ’a@é oéc'ﬂ}:ﬁ%@’o& QﬁmcaI 4R i mage rel ay

| ens assenbly conprising enses”48 an may optically relay the
array of ilfagenqehardta coreponents. Aldeantawg@lssaumerdmeawdl soms emhodimentsgife | ens
assenbly 34. The dispersion jin, the i xel.s

i nt er medi at e |t}i’FaEf§S°BF‘§N%m’HEa °F’f\3@e\m Ia é‘ﬁ@ﬂse&mﬁa% ‘%E? ‘RO ené%r]‘lssanglsrﬁ lar to
the 20 disper %é}%p‘tl@altyh@laﬁmeaa)‘ra?f)f 1hf§§@§1x§ls>b@ﬂv&eﬂ&ﬁﬁmh£tﬁsohf&90 afdthece 36.
Advant ageousl y, his may all ow the conflict between back focal distance

and effective Wld@amglq: engessembly 34. The dispersion in the array of image pixels at an
intermediate image plane near the wide angle lens assembly 34 is similar to the

20  dispersion in the array of image pixels near the image source 36. Advantageously,
this may allow the conflict between back focal distance and effective focal length to
be reduced.

Referring now to FIG. 4, an optical projection system 60, in accordance with
some embodiments of the present invention, is illustrated as projecting an array of

25  image pixels onto an inner surface of a hemispherical dome structure 62 at a
projection angle greater than 180°. The optical projection system 60 may be
implemented as discussed above with respect to FIGS. 2 and 3. As shown in FIG. 4,
the optical projection system 60 projects the array of image pixels at a projection
angle of approximately 240°. Advantageously, this may allow a viewer located

30  behind the optical projection system 60 to achieve a full hemispherical field of view,

i.e., at least a 180° field of view,



be reduced. Referring nowto FIG 4, an optical projection system60, in
accordance with sone enbodi nents of the present invention, is illustrated
as projecting an array of 25 image pixels onto an inner surface of a

hem spheri 0 0S8 st ruct ure 62 at a projection angl e gr eB€BHUSQKWATI61800.
The optical projection system 60 may be inplenented as di scussed above

with respect 10 Fl ff3hther efbdditnenor iePieht Intention flustrdt@PinQIG, §3hwoPr Of €cti on

system 60 projects the array of image pixels at a projection angle of

appr oxi mat el y optd) pragbetion sygtsmsI0and Thieschnefywhich may be implernentddrs diseussed
behind the optjcal .project.i ystem 60 to.achieve a full m_spheri cal
field of vi eW’a{aovle.ngx, respecy tgﬁpgafﬁrg@,ﬁeeqoaﬁ%\fre F’eRKPJe%‘ %%@?ﬁ?@ggﬁws

PCT/ US02/ 09706f inﬁhg@}pb@[s oakdme infeniusfaéd oftd iRenfisphenddl dormy sthichee74 bt ustrated in
FIG 5, two optical projection systenms 70 and 72, each of which may be

i npl enent ed agespeive srtstion prales grfates thaad §8%t As $hopmdsFIG. 3 gachxoptigale

configured to_pr9j.: i h i: DLixel t he
ner “sur face PR B st 10, o0%% GEASH r@pEAS anlof iRBEDRUE K LpriBlfon

proj ecti on anghgle ofjappadximately2d40%1 8The cmbitatiomof the FirsBandbsecamlciwagpef ioage
projection system 70 and 72 projects a respective ray of imnmage pjxels at
a projection PH‘ﬁ&!¥°Jﬁ?te‘g%$‘6>‘?PMBﬁ°§F°‘Zﬁb§y5‘%ﬁ’é%gm%ﬁcf‘%ébsrf" ?S’f‘t"t“ﬂ’éls’ﬁGisst and
second arrays nghioh SRR hefispéricaPiRtrRGHRAE d?¥hel ddtheQRthbER) T4DRIVBRb RISt ems
70 and 72 covgrs a continuous, 360 portion of the hem spherical inner

sur face ofl0t hehislonap adew avieweelozated between the buentical projectivinsysiems 20 anslv2a

vi ewer | ocated betwee ol tical.pragj i tems 70 and 72 to
achi eve a ful ?0 ?%’&VFPET‘ILQ@ e{?\a’?deﬂg/t%ﬁ%H’bt[}?utggsglﬁéﬁgg%d%ﬁladow In somne

embodi ments of t helpsonsecsniboditiets dfale predetisinvaitio illustrhteSm FGSadAnd 5, one or
nore of the optical projection systens 60, 70 angs72 may respectively

project an alcR&Yr BPre; PHiFal Prajection systrsns 60y A9:2nd 72 128 cEsPerivEN QFUEdr eat er
t han 180 and 1 : | £13d : ' lgye . Such
proj ection rra?}n %ﬁ%’%ﬁﬁﬁﬁ%ﬂ% o use Zg?agﬂ}gti:egn@n%gg%g%ﬁé% ?(g?i %dg? ten used
in video fSesansttizalippojsctioktanglewé apmoximatelyakfd®.nBebhfrirgjattionmsayonakelséiiomutie t o
the preferred engtod*gent S W thaut subsbant.i al I% dfgarti ng fromthe
principl es of Yhet 412 IBsge 3spRELTAIP gffen ygef I yideo PROSERBPP% s and nodi f i cati ons
are intended to beMdngvadRbNY SiEhEdificdtidhsicdn R rhfiepethe fprdféreed embodiments

without substantially departing from the principles of the present invention. All such

variations and modifications are intended to be included herein within the scope of the

20  present invention, as set forth in the following claims.



20 'present invention, as set forth in the followng clains. 7 WD 02/ 079858
PCT/ US02/ 09706 . CLAIMS W claim 5 1. An optical projection system
conprising: an inmage source that is configured to generate an array of

i mage pi xeve) 0207p88s assenbly that is configured to proj eBET/USR/0AMpay of

i mge pixels onto a surface at a projection angle greater than 180
degrees, the |ens assenbly conprising: cLapvkde angle | ens assenbly; and an
imge relay |lens assenbly that is between the i mage source and the w de
angl e | ens as¥etlaiyn: 2. The optical projection systemof Caim1, wherein
the lens assenbly is 10 further configured to project the array of inage
pi xel s onto the surface such that there is a constant angul ar separation
bet ween adj acent pnoj ecm@pm@m}og;gcuan sybiefh, Ofrhprisilg: pr oj ecti on system of

Claim 1, wherein the surface is a hem spherical surface. 15 4. The optical
pr oj ection syst em 8% inmegispyrge th%‘éf«‘%‘iﬁﬁ“ﬁﬁ‘éo s@matea%rs%rﬁmf%ge PiXFl$ her
configured to proj surfaces
of varying radii. gg%" %mgﬁ%rgt%t‘fé:ogﬂ%rggfog%r?‘?gﬁhés)%%eﬁgh all%&?& avvher ein
t he i mage soursurface(aoarpmnaseen mgh@grhaictehmaw&dﬂmes,ﬂﬁlﬁls Wbdjmqu@iismg

proj ection_system of C a| %AI] rei npﬁ)ﬂe ge source conprises a field
emtter Pay 7. The oﬁf’v aﬁ“g ‘Eﬂsé’ﬁe em of Claim1l1, wherein the

i mge source conpr i Seswﬁlmﬁgbfrelﬁyelbﬁ!scésﬁdntﬂyﬂmffsfbetv@en)th@ imhgesouice andtsi st i ng
of a digital ht processing unit, a liquid crystal display unit, and a
liquid cryst alwlgﬁamﬂlq leevassambly. 8

2. The optical projection system of Claim 1, wherein the lens assembly is
10  further configured to project the array of image pixels onto the surface such that there

is a constant angular separation between adjacent projected pixels.

3. The optical projection system of Claim 1, wherein the surface is a

hemispherical surface.

15
4. The optical projection system of Claim 3, wherein the lens assembly is
further configured to project the array of image pixels onto hemispherical surfaces of
varying radii.
20 5. The optical projection system of Claim 1, wherein the image source
comprises a cathode ray tube.
6. The optical projection system of Claim 1, wherein the image source
comprises a field emitter array.
25

7. The optical projection system of Claim 1, wherein the image source
comprises a unit selected from the group of units consisting of a digital light

processing unit, a liquid crystal display unit, and a liquid crystal on silicon unit,



WO 02/ 079858 PCT[ US02/ 09706 8. The optical projection systemof Caima1l,
wherein the wide angle I ens assenbly conprises: a diffractive opti cal

el enent that is configured to provide color correction and higher order
wavefront Naga198585 9. The optical projection system of EUEHUSN29706 urt her
conprising: a donme that conprises an inner surface; and wherein the |ens

assenbly is furtheg confhdiiesl hfedtioRisitim bfClafh | A¥hékintiPORe afdI¥ fhs ONt O
the inner surface of the e!(;‘(;)Hnle gtmg Br(gjﬁgcntli on angl e grlgater ?ﬁgén 180 10

degrees. 10. %semblytcougrisgst oj ecti on systemof Claim 1, further conprising:

urace. 15 11 an® SERARY offos) BRARuL R ol A FEIGRS BRbbeh I e

source that i sigherdri@uaefrém sBepivgr ate a first array of image pixels; a
first lens assenbly conprising a first plurality of |enses positioned in
series, tRat is configured to project the first array of image pixels onto

a surface at a 20 groj effd SRANMREBNSHEN of Oflln 18AHELRRRSE: 2 1 1St

direction; a second inmge configured to generale a second
array of inage piadbme thanchmprisecaridndrengacesadnbl y conprising a second

plurality of |enses,positipned i series that i ni i aur : ject the
second array of irrﬁ’a emtgz%fégs ?Ssﬁ?rgbl?'ﬁse ?fcggzgué?dsto%%%a%’lréoaj%ggtto?glﬁgggngl e
greater than pRQIsdRE e mnefsudfabesfahslddhhd &alprajection ANEIE gieatet than 80 st
direction. 12. The optical projection systemof Claim1ll, wherein a

conbi nati dA oflegresse first array of image pixels and the second array of
i mge pixel covers a 30 continuous, 360 degree portion of the surface. 13.
The optical projection systemof Claim1ll, wherein the first and second
| ens assenbl i es ar ¢0.f ur Thespticalnfrojeetioadystem pf Glagutl, furtberfdomptisingd second
arrays of inage means for aiming the array of image pixels at a selectable portioh of the
surface.
15
11.  Anoptical projection system, comprising:
a first image source that is configured to generate a first array of image pixels;
a first lens assembly comprising a first plurality of lenses positioned in series,
that is configured to project the first array of image pixels onto a surface at a
20 projection angle greater than 180 degrees in a first direction;
a second image source that is configured to generate a second array of image
pixels; and
a second lens assembly comprising a second plurality of lenses positioned in
series that is configured to project the second array of image pixels onto the surface at
25  aprojection angle greater than 180 degrees in a second direction, opposite the first

direction.

12.  The optical projection system of Claim 11, wherein a combination of
the first array of image pixels and the second array of image pixel covers a

30 continuous, 360 degree portion of the surface.

13.  The optical projection system of Claim 11, wherein the first and second
lens assemblies are further configured to project the first and second arrays of image
9



9 WD 02/ 079858 PCT/ US02/ 09706 pixels onto the surface such that there is a
const ant angul ar separation between adjacent projected pixels. 14. An
optical projection system conprising: 5 an inage source that is configured
t o gener at vaoe/@9858y of i mage pixels; a |lens assenbly thaPCT/EHS@®ATEguUred to
project the array of image pixels onto a surface at a projection angle
greater than 1BRIsARE BE Surfdch Such Wt HRESS ARbNst40 Bful Iséfrationl bééwden angl e | ens
assenbly that conprises a diffractive optical element that is configured to
provi de col or adjaeentprojesi¢d Bixglshi gher or der wavefront shaping. 10 15. The
optical projection systemof C aim 14, further conprising: an imge relay

| ens assenbly that is between the inmage source and the wide angle |ens
assenbly. 15 16. Ti4d opAhopficapprojeetion systesy sdreprisirig: Cl ai m 14, wherein the

| ens assenhly is further configured, to ect the arra O]:frixié"rsi?ge pi xel s

i pro
onto the strface sHtHNAERAPUC] %‘3%“? ‘gélfeéé?\g "&F?_Ltc%{‘rfj{i’P'é?f‘ on bet ween
adj acent proj ect edawngsésémb%%haﬁsr&nﬂg&r_bmprsj@ém&sﬁ@rbfw el orfed @i M 14,
wherein the surface is a 20 hem sphérical surface. "18. e opti cal

proj ecti on sy sarface of a Mojectionanglef great¢rdhanciPhdesreesn e lens agssmblyt ¢omprisiogpr i ses
an i nner surface; and tein the | 1S . fi i to
project the array of i%&(’a‘{% aﬂgl%éﬁgggsa%gﬁ'?g&%@fl#ﬁgr&%{a}g gcogﬁgkp e? gﬁgome at
a projection anglsopfigaédto prévide cbldt cottegioaand hipBer ofderstabeftom Bhapingj ect i ng an
i mge, conBri sing: projecting an array of inmage pixels onto a surface from
a lens asd nmbly 30 conprising a plurality of |lenses positioned in series at

a proj ection angl e;gr eaid odtRAbroje@iondGHER 88 Claill 1 RuRReQERBASNg:
PCT/ US02/ 09706 20. The net?é)% (’;t}rmcl ai m?§9, wherei n proj ecl?ll%ng %hq array of
i mge pixels an image relay lens assembly that is between the image source and the wide

angle lens assembly.

15 16.  The optical projection system of Claim 14, wherein the lens assembly
is further configured to project the array of image pixels onto the surface such that

there is a constant angular separation between adjacent projected pixels.

17.  The optical projection system of Claim 14, wherein the surface is a

20  hemispherical surface.

18.  The optical projection system of Claim 14, further comprising:

a dome that comprises an inner surface; and

wherein the lens assembly is further configured to project the array of image
25  pixels onto the inner surface of the dome at a projection angle greater than 180

degrees.
19. A method of projecting an image, comprising:
projecting an array of image pixels onto a surface from a lens assembly

30  comprising a plurality of lenses positioned in series at a projection angle greater than

180 degrees.

10



conprises: projecting the array of inmage pixels onto the surface fromthe

| ens assenbly conprising the plurality of |enses positioned in series at
the projection angle greater 5 than 180 degrees such that there is a
const ant amguézn7Issepar ati on bet ween adj acent projected pPOEUN2/0206 The
met hod of Caim 19, wherein the surface is a hem spherical surface. 10 22.

The nethod of d aipp21, Tﬁ\é‘ﬁ&@bﬂ‘oﬂl‘ﬁjrﬁ‘%,ivﬂﬁ_réiﬁ‘?ro?écﬁﬁé’th@fmbm&aﬂé BiRkIS
conprises: projecting the array of inage pixels onto hem'spherical surfaces

of varying ra&dmprifasomthe | ens assenbly at the projection angle greater

conpri sos & wi de. Breirans HREATLORebinth B uurEkFinded B s oo ¥

oEti cal Lly rel [winPﬁsmme@Mriglw oflehmgesi%melirssebies seknprajectioreaglegpentse and
the w de-angle |ens asse .. 20 24. The nethod of Claim 19, further
conpri si ng® aithatn§0dgeresssiyeh é@%‘éﬁ‘ﬁl‘@a cansigniang %B‘F‘én?ig}?eﬂv?ﬁ‘? agfacer e
surface. 25. edi®i figds.of G aim 19, wherein the surface is the inner
surface of a 25°donme. 26. The nethod of C aim 19, wherein projecting the
array of inmage pixels conprises projecting a first array of image pixels

onto the surface fopm arfl Lghoh §PElirR 5 3Rkt BRTRIAROTndnisieRbalP! ural L1y
of lenses positionéd in sérres at a projection angl e greater than 180

degrees in a fsuifsde. di rection, the nethod further conprising: projecting a
second array of imge pixels onto the surface froma second | ens assenbly

conprising®a second plurality of |lenses positioned in series at a

projection angle gpeat ghe (amBd sBOIHR AN AARrdifl pRIGARLTHE afthy SFiia@PpixOBPOSI t €
the first direction. 11 WD 02/079858 PCT/ USOZPO 706

comprises:
projecting the array of image pixels onto hemispherical surfaces of varying
radii from the lens assembly at the projection angle greater than 180 degrees.
15
23.  The method of Claim 19, wherein the lens assembly comprises a wide-
angle lens assembly, the method further comprising:
optically relaying the array of image pixels between an image source and the
wide-angle lens assembly.
20
24.  The method of Claim 19, further comprising:

aiming the lens assembly at a selectable portion of the surface.

25.  The method of Claim 19, wherein the surface is the inner surface of a

25 dome.

26.  The method of Claim 19, wherein projecting the array of image pixels
comprises projecting a first array of image pixels onto the surface from a first lens
assembly comprising a first plurality of lenses positioned in series at a projection

" 30 angle greater than 180 degrees in a first direction, the method further comprising:
projecting a second array of image pixels onto the surface from a second lens
assembly comprising a second plurality of lenses positioned in series at a projection
angle greater than 180 degrees in a second direction, opposite the first direction.
11



27. The nethod of C aim 26, wherein a conbination of the first array of

i mage pixels and the second array of imge pixels covers a continuous, 360
degree portion of the surface. 5 10 28. An optical projection system
conpri si ngwo eeagsss f or provi ding an array of inmage pixel SPCTESROINOr
projecting the array of image pixels onto a surface froma lens assenbly
at a projection angle greater than 180 degrees, the | ens assenbly
conprising: a wi de angle lens assenbly; and an inage relay | ens assenbly
that is between th@7i nafke wethodef Glaiin 2hovherdinie cembjh@ionaf thefirstaamay 9f 29. The

t is betueen the bt el Gt phorherin 29.
comr 1 seb: o anesriFeiE i heteo Ry oy Pl ok o SFMRab S R00 e 2L T e

such that thepsrtionof theG@ifedeant angul ar separation between adj acent
proj ected pixels. 30. The optical projection systemof C aim28, wherein
the surfacé is a 20 hem spherical surface. 31. The optical projection

system of C ai m 3045gWhepei 0. 3 &t i ng conprises: neans for
proj ecting the arrg§/' of Fxlﬁr?gt&a?grloi%ﬁéﬁs ﬁ?@ﬁ@ﬁnﬁép erical surfaces of 25

varying radii at t eapfoi povidong aanghpofimage pixelshan 180 degrees. 32. The
optical projection systemof C aim 28 erei.n . the i mage rc conpri ses
a cathode ray tube™ fg&?m %n@bf%%?ioﬁ?%%ee%ﬁl%ﬂ&gﬁg e%%e(?%) geln?n 28,
wherei n the i EB@mMbHOMEGRojectioNRAGIE Batr thael 80 dugidet,alie 18n3 dgemblp coibrixdigd 79858
PCT/ US02/ 09706 34. The optical_ projection systemof C aim 28, wherein the
i mage sourl®e conpri sesa¥idgangledensaeserplys the group of units consisting

of adigital light pr Oﬁ?ﬁruﬂﬁ??e]mieﬁs asSenbI{tHatlis BethrEbRthe Gnagd R¥rck Bhd theand a

liquid crystal on silicon
wide angle lens assembly.

29.  The optical projection system of Claim 28, wherein the means for
15  projecting comprises:
means for projecting the array of image pixels onto the surface such that there

is a constant angular separation between adjacent projected pixels.

30.  The optical projection system of Claim 28, wherein the surface is a

20  hemispherical surface.

31.  The optical projection system of Claim 30, wherein the means for
projecting comprises:
means for projecting the array of image pixels onto hemispherical surfaces of

25  varying radii at the projection angle greater than 180 degrees.

32.  The optical projection system of Claim 28, wherein the image source

comprises a cathode ray tube.

30 33.  The optical projection system of Claim 28, wherein the image source

comprises a field emitter array.

12



5 35. The optical projection systemof C aim28, wherein the w de angle

|l ens assenbly conprises: a diffractive optical elenent that is configured
to provide color correction and higher order wavefront shaping. 10 36. The
optical proy@exi79858system of C aim 28, further conprisi ngPCT/ES@OAW6t hat
conprises an inner surface; and wherein the means for projecting conprises

means for projecting thensgiRM @bjectiofBPferior €lain 28! Wherélg umﬂﬁge sodkdeace of
the done at a projection angle greater than 180 degrees. 15 37. The
optical proj ecomprses g3t seledteddirem thexmourf efruniteeonsisting of digital lightans f or
aimng the arr f 1 mmoe.: Pl {}, . SEhe . e . ] .. surface.
20 38. An opt P%F&b"rgo@tﬁugdﬁég gtfg&ﬁqua orrf)tf &Q?J;lé&l&)%%t%\lg&fsgﬁm%:&gl\h ding a
first array of image pixels; means for projecting the first array of inmge
pi xel s ontQ a surfgce froma first .lens as | y conpr.ising.a first
plurality gf | ense g;'pos' Bs ontisel H’?ie‘étlé’lniS¥§°%P?§H‘§P§Pe@rﬁqg8ﬁ%hea‘ﬁ‘&ff8“%7 %ﬁ? er
than 180 degr @e3mbly @nipris&t direction; 25 neans for providing a second
array of image pixe€els; ‘and means for projecting the second array of image
pi xel s onto the sunfiffractiveoptical clemeniribatlixseniigered tehprovide egles evmsefian asdcond
plurality of Lenses .positioned i.n series at a projection angle greater

t han 180 degr&égg’q?{d ”gaevc?%ﬁ@sg?pﬂ%ti on, opposite the first direction. 30
39. The optical projection systemof Caim 38, wherein a conbination of

the first array of _i mage pi xels and,the sec .array of inmage pixel covers
a contind8us, 36038egr &be mcﬁ'isteafontsme@&?&ge@.28%*“3&5_%2%8?9558 _

PCT/ US02/ 09706 40. a‘ggﬁe%%&ﬂﬂ,risgggiﬁﬁysgﬁa&y%@m of Caim38, wherein the
means for projecting the first array of 1 nage pixels conprises neans for

proj ecting the fir siherinthg means for projecting comprises means for projecting the array of
image pixels onto the inner surface of the dome at a projection angle greater than 180
degrees.
15
37.  The optical projection system of Claim 28, further comprising:
means for aiming the array of image pixels at a selectable portion of the

surface.

20 38.  Anoptical projection system, comprising:
means for providing a first array of image pixels;
means for projecting the first array of image pixels onto a surface from a first
lens assembly comprising a first plurality of lenses positioned in series at a projection
angle greater than 180 degrees in a first direction;
25 means for providing a second array of image pixels; and
means for projecting the second array of image pixels onto the surface from a
second lens assembly comprising a second plurality of lenses positioned in series at a
projection angle greater than 180 degrees in a second direction, opposite the first
direction.
30
39.  The optical projection system of Claim 38, wherein a combination of
the first array of image pixels and the second array of image pixel covers a

continuous, 360 degree portion of the surface.
13



of 'image pixels onto the surface such that there is a constant angul ar
separation 5 between adjacent projected pixels, and wherein the neans for
projecting the second array of inmage pixels conprises nmeans for projecting
t he second v 02479858 | nage pi xels onto the surface such tPEI/USKEPWS| s
constant angul ar separation between adjacent projected pixels. 10 41. An
optical projection system conprising: neans for providing an array of

i mage pixels; neans for projecting the arra}/ of image pixels onto a surface
froma | ens assentdy aTheopticaljpseiestion susieyn el Glaim B8, whenein thegueagefprees, the

| ens assenbly i Si.Ng. | I - ' a

i T acti ve oBtoeare Hedt sy B Ahef BRER chpR R agitol plolEhnE AR Sy
correcti on andf imagb pixelroner theveuéice suvh tisd dhpreniy a cdistant hegulgyisemedtiopr oj ect i on
systemof Claim41l, further conprising: an.,inage relay Lens assenbly that

i s bet ween?t h&eteshadipcgpt RSPJSQ/‘FQiP‘I’fﬁlsth "ﬁ}efeé%/theg?eaf‘%‘lﬁbémiﬁcﬂﬁﬂ @eé‘?ﬁ‘}n he wi de
angl e | ens asggmpbimagOpidds cIMprifeP et foprejeirg RO sceRd AFayQ irkdgdipiedsl
wherein the means for~ projecting conprises: neans for projecting the array
of image pi xebstoghesurfapgsuch that thefeds gonstansanghlar sepagtivmbetyeqadiace®n bet ween
adj acent proj ecteg pi.xels. 25 44. The optical projection systemof Caim
41, wherein t RIS is a  hem spherical surface. 45. The optical

proj ection systemof Caim41l, further conprising: 30 a dome that
conprises an inner surface; ,and wherein the nmeans for projecting conprises

means for Brojecti Al t hBNAPHEH PIeCUPRBISEMy FRBPESINt 0 t he | nner surface of
the dome at a proj ghhr AOMdTheInGRbEbf inl@opikeR, degrees. 14

means for projecting the array of image pixels onto a surface from a lens
assembly at a projection angle greater than 180 degrees, the lens assembly comprising:
a wide angle lens assembly that comprises a diffractive optical element

15  that is configured to provide color correction and higher order wavefront shaping.

42.  The optical projection system of Claim 41, further comprising:
an image relay lens assembly that is between the means for providing the array
of image pixels and the wide angle lens assembly.

20
43.  The optical projection system of Claim 41, wherein the means for

projecting comprises:
means for projecting the array of image pixels such that there is a constant
angular separation between adjacent projected pixels.
25
44.  The optical projection system of Claim 41, wherein the surface is a

hemispherical surface.

45.  The optical projection system of Claim 41, further comprising:
30 a dome that comprises an inner surface; and
wherein the means for projecting comprises means for projecting the array of
image pixels onto the inner surface of the dome at a projection angle greater than 180

degrees.
14



