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VOLUVETRI C DI SPLAY SYSTEM AND METHOD OF OPERATI ON US| NG THREE- DI MENSI ONAL
ANTI - ALI ASI NG 5 BACKGROUND OF THE | NVENTI ON The present invention relates
to three-diwengsassal (3D) imagi ng, and, nore particul arly,PQTAUS9/08618
nmuf ti - pl anar display systemusing 3D anti-aliasing for generating
vol unetric three-dinensional imges in space. 10 It is known that
t hree-di nensi onal (3D) i mges nay be generated and viewed to appear in
space. Typically, specialized eyewear such as goggles and/or helnets are
used, but such eyewear can be encunbering. In addition, by its nature as an

accessory to the eyes, sucMyﬁE(\%l?‘q{NAﬁwmé?ﬁKpﬁim&?on of view ng an

actual 3D imge. Al so, the eye fatigue which
is remedied by limting Pﬁ;m REGE- ch eyewear is
often bul ky and 15 unco ortab wear . Aﬂllé thcérLgﬂ?’g@g need to generate
vol unetric 3D i mages and di spl ays w thout the d| sadvant ages of using such
eyewear,, Ot her volunetric systens generate such volunetric 3D i nages using,
for exanple, self lum nescent volune elenents, that is, voxels. One exanple
is the system of 3D Technol oBxCRGRQAANDIGE DHE ESVBNTMINNE ai n Vi ew,
California, in which the intersection of infrared |aser beans in a solid

gl ass or pl ast iThe psantrmvesivadelaics to thrae-dimeasioinl (3R)umagipg,iaohsngepetialaly, ®uch
voxel - based irra?e However, the non-linear effect that creates visible

li ght frordmuly- disnhvesystamusing 3Dy antwhasingfapeangrating Yalyryetrie threstdimensionaly of
about 1 %, whigh results in the need for powerful |lasers to create a bright
i mage in d™P&PdRSRIFSpl ay. Such powerful lasers are a potenti aI eye hazard

addi 1 el 1y. StakARE RE3ave Bipo Y iiages e e BeRla jedSitrsifeberanaao
PCTI US99/ 08648 1988411 GR0LIADESUIC Dbl wsrmméts £0HRl 020 LhGeae! |

nat ur e of rrc mechanismresu ar ge nmassive’ Sy

are very f@awencﬁﬂl@&ﬁwgr LY divBR by fis &Huﬁphsa% a'éyezso?mofth%peé\%wﬁéybwar RURERNS,

Inc. of Canmbridge, Massachusetfs, uses a |inear array of |asér diodes that
axe refl ectheperédpliorndf viewifipartlacfuat D bge) ARY, the udcsftsach Vet icarDdtuse eye Figuel | y
spi nni ng projection screen. However, such rapidly Spi nni ng conponents,

whi ch nay Which siremddied by limitingthe fimsite dewthesimape andisueh aydwearbia berctedkytand avoi d
vi bration and ssibly catastrophic failure. Additionally, the size, shape,
and orﬁ%ntwpm%ﬂ@ble%‘é(@rs within the display depends on their |ocation,
resulting in a _position-dependent display resolution. Another volunetric

di spl ay syst emﬁ%‘ &%156@63%‘9 grpssate YRIRmeHr dBiimages ppd displays vithowghe)our ne,

Fl ori da, V\%aé scans. a | aser beam acousto-optically onto a rapidly spinning
hel i cal FEAgHS é‘rs‘é'gﬁ“c SHEXSA | ar ge spi nning conponent requires a

careful ly mai ”t%s Ol re@@ e&n@%‘ém‘i’e@&gg&{h v%iun?@tﬁcoﬁﬁY %5.189 fgiﬁ%%:ﬁriﬁ%lf-t he

scanner system on an OW Sp

number  of Mﬁ%&’e‘s&m wlgtht bl@ﬁ@ﬁtb)’thattxb%ﬂl@ %né&ﬁﬁnﬁle 1@&@ s%téﬁar%n@amafogyoxel S
within the display depends on their location, resulting in a position
dependant Uitepidies bEMohthinOView ] Galtformad, {ywhich thediitaiBition @ tnfraraNaseStdains imgar
nature of the display greatly increases the processing requirenents to

cal cul at e gofid gthiss dreplastic volnme diopahwitlorand edrﬂiﬁgpmity@ﬁs@enﬁrytpemcbﬁrombhsedgi ng
system are known, such as stereoscopic displays, which provide each e

with a sliigtees Hiveves themopdinggresiettthat greates yisible kight from menmlhlr:mnftan@sﬂamses
t he

beams has a very low efficiency of about 1 %, which results in the need for powerful lasers to
create a bright image in a large display. Such powerful lasers are a potential eye hazard requiring

25  asignificant protective enclosure around the display. Additionally, scanned lasers typically have
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separate images into a single 3D inage. Sone systens provide oﬂlgl .,H]Nsiggg@e
viewpoint and 2 0 require special eyewear, or may perform headtracking to
el imnate eyewear but then the 3D i mage can be seen by only a single

vi ewer. Al tvas oopdagaeel y, the display nmay provide a nul titudecsfusys/meisng zones
at different angles with the inmage in each zone appropriate to that point
of view, such as nufti-view autostereoscopic displays. The eyes of the user
must be within separate but -2 QL2 JUN 202 WO 991 54849 PCTI US99/ 08618

adj acent viewi ng zones to see a 3D inage, and the view ng zone nust be very
narrow to prevent a disconcerting junpiness as the viewer noves relative to

t he display. S . |y hori t al |l .ax/ d.. |
addi 11 on UL BRI BaRYarToRe-and SR PRy R b v L e goism”
tio Wik BORCPHERCE-dP SOk Py Ra ¥l BV 1 .
& <l oy TagShn Bl MM Woli Yo BNBMAIT. 0L b uced 7 eal sti cal Ly wi th

direct interacy . QEH. ! i force
f eedback int e?%dggiegT {’ﬂg%g%gn gagSg#és}gIfgélsx%tg%igbé%tgﬁ%’;%?{(o:g?%&gdr% oyed in

virtual rgashdiMsedBPlstERtindaPgrray oF 1448 Gibded tiRbie réflectddEOoft rapiRYspinRingS ent
appropriate perspective views to each eye. A single HVD can only used by
one per safuléfacéted mifgor oatth PPV Sinndigcitoyttoncicbn.aHbwsver aflcH fapldty pinnitigew. 10
Headt racki ng nust be used to provide parallax. O her display systens

i ncl ude hopgneysh whictinsgyl teyrslatively atgedh sizéenustbgearéfslly balaiced tat dvoingbratidre
interaction of coherent laser light with a pattern of very fine |ines known
as a hol cydapssitdy eptestionhic fafhee. praditiongllnltheyize, shape.ding ecientatoneaiyoxals withint y  of
the incident |light s thﬂt, lﬁté appear, .to, cone fromt I&e I oc?ti on, of the

obj ects b&f AigPlay éiﬂea%e‘t!‘.‘ FibiRsHian, regulting,inapositionidepgndeny displaydesehitioBnt ai ns an
enor nous anmount aof information, so updati. ol agr ic display at high
rates is corrptﬁ’%?g?ef)ﬁ H“g?’1"6”1‘%’2“??&53‘?’“%09’0%69%%%018?%?8%@&3?%% LN" ﬂgvi ng a

rel atjvel ' L& [ 0 ' i : |
genord | yMeloBlHE bk, ABEH S s BegdiaEbicopethioneh B5anlly Soinfipl Blick
quality Vﬁb}é&ﬁin%&eﬁ%ﬁdﬁ%ﬁh%@ sithiiifle ERRBUHeALEQRRS h Kardfil§ lARkiRe GRS ON
processi ng systens and whi ch has i1 nhproved viewability and 2 0

i npl enent ialidpeiident Hf dishlkiyt hétion. iThe IR attie BREPRAIpobIfRgINtbn dnd GowisRedf

di screte voxels renders portions of inmages to appear jagged due to

pi xel i zat drasticallyolimiting ithl mymbepof Vozels.uAdditiatallyy tha sizt, shape, et eveatation sfvoxtls - 3
1 Z JUN Z002 WO 991 54849 PCT/ US99/ 08618 depths in a volunetric 3D i nage. A
need exi swithifighe displaytdependaioh gheirdodatiomgesultingtin apositioméeperdenbdisplpioresdlutinn. of a

vol umstric,BDimage. . . ) . i
15  Finally, the dramatically non-rectilinear nature of the display greatly increases the processing

requirements to calculate the different two-dimensional images.

Other types of 3D imaging system are known, such as stereoscopic displays, which
provide each eye with a slightly different perspective view of a scene. The brain then fuses the
separate images into a single 3D image. Some systems provide only a single viewpoint and

20  require special eyewear, or may perform headtracking to eliminate eyewear but then the 3D
image can be seen by only a single viewer. Alternatively, the display may provide a multitude of
viewing zones at different angles with the image in each zone appropriate to that point of view,

such as multi-view autostereoscopic displays. The eyes of the user must be within separate but

2-



SUMVARY OF THE I NVENTION 5 A nufti-planar volunetric display (I\/k/l:b)1 %y-gmaﬂﬂw
and net hod of operation are disclosed which generate volunetric

t hr ee- di nensi onal inages. The MVD systemincludes a nufti-surface opti cal
devi ce i nclwdpnsgsse pl urality of individual optical elenentPCTarsofosgesd i n an
array; an image projector for selectively projecting a set of inages on
respective optical elenents of the nmultisurface optical device to generate
a first volunetric three-dinensional inage viewable in the nmulti 10 surface
optical device; and a floating-inage generator for projecting the first

vol unetric three di nensional i mage fromthe muf ti-surface opti cal device to
generate a,sec e _as

T epace. MR BeuRaRrScn st AT Figh PRI PE ST PR 0T SRFO RPN Each
of the pl %ﬁk&&c@ﬂé le{;';g s's gyﬁ}? v%We} ﬁl@beﬁ%lﬁ{f?&%%heo&%&lﬂg gMet st§rH£ Elz?v%l%In Ml e

optical device es a liquid crys emen V|ng con

vari abl e Bgﬁi&ﬂial’?ﬁﬁ%lo&&rﬁﬂﬁ' fitddaflo Fm‘e;sth ORI gtoédneérlgexfce%ksgansuc fapﬁ@& f or

controlling t ransl ucency of the [iquid crys enent

single |'i gddth SleytedimthaCdtORBIHini6s vidWihg finke AdHRioRaNSsteRoRBAR URplays have a
light-scattering state to receive and display the respective one of the set
of i mageslifnitedfitldef vivagmdpamjoebd ased rautistidalle with deqiimerattichtechnologiet sch as

el enents are controlled to be substantially transparent to allow the

vi ewi ng o¥irtuhlaeality phdigifokeFeddagkanterfacche opaque |iquid crystal el enent.
The optical elenment controller rasters through the liquid crystal elenents
at a hi gh rat eHerdmoaygted displays(HMD) ate typieadiyespigyed ésvmbalséahé)cappbn@om,qm d
crystal el nt threfrg mto be in the otpa que | ght- scatterln &edurlng
a particuM }“ iaPRYi Qi‘dES’/ HSBIaySaFfase%aP@éﬂPé’é etpﬁ@P?ﬁS‘é(E]u’éWF F‘Q‘Fﬂc £ye- AS‘F‘ & B2

O 99/ 54849 NS99/ 08618 scattt grl n tat t 0, nove. %hij‘f“uﬁ%aﬁ @efll uid
crystal Usepl by ong peridigt g cpéPY} §a°f‘ﬁ§e witha GESLT AR f or

gener g i n?le&chﬁcl\’:ﬁ%%ltﬂe'lﬁeé Q,ngzvég‘%éﬂl onal images with three-dinensional

dept h. " The tor p e set of inmmges into the

rrul ti-surface ol @RplaySstenf 1h&u&q{6%g%p‘?nctd}§‘pl§y@t hr»\ﬁuéh' tﬁéiméé@'1§‘<!¥€4téd
three-dimensional image in the nufti-surface optical device at a 5 rate
greater t gasughihdintdrattibh oF eshereRtIETR lipRIWie & pdtlefh dfVegeile liltkRiownRfa exanpl e,
the volune rate may be about 40 Hz. In one enbodinent, for exanple, if
about 50 hpibgna;ahlc gtaﬂmg rfle gratingakerd thel ditectionvand umtmsrtgbﬁthaﬁnenlmﬂhgld@o that itt he

i mage projector projects each of the set of images onto a respective
optical epkpneento camedromthe lashtion afithe objents beingydisniavsfl e Bowevdrratypidaloptical
projection |ens for outputting the set of images. The 10 pro ect or al so

i ncl udes Bplogr@aRomiAins apenergIous gpawt ofi W@%ﬁ@ﬂpqaae&ghﬁlgs’@a R dsplay gk set

depthof - PG TP SOEPOR Ty RSEE. B4 URRseris SAEY Eevie Babr o s

Al ternati Aéﬁff?&eﬁt’hefdd&‘dé&’% C,% cblﬁﬁ%egeﬂér‘&hf]gxtegtrﬁﬁ{hg]fb&bj@ﬁh& plurality of

| aser Ilg sources ftor projecting re gree aser |ight,
respectively, h@ccﬂﬁﬁ@&%&e&@ﬂst?fo?h&ﬁhu&lﬁ?vél%etﬁﬁ 3DIRSSAg bvﬁh@oxﬁﬁdﬁtﬁshbﬂyy of
colors. 15 In addition, a 3D anti-aliasing nethod is enployed to snooth the
portions eaéceptasle aém;uﬁi@bﬁﬁrobmgSys&hnstahawmlhmﬂmw@ﬁmﬁmyl @dl elements in
the mufti-surfaced optical device. The antialiasing adjusts the display of
voxel 80i nimplementstidni on bet ween optical el enents, such that col or val ues of
the voxels are nodified as a function of the distance of the voxels from
the optical el brasitiop, irvhlge-dbnmsienai imagiug, thetusapfaliscratavaxelswenders portiphsofs  of

t he volunetric three-dinensional 0 i mage. BRI EF DESCRI PTI ON. OF THE

DRAW NGS fmages 1o appeas dagged dus to wéelmaw &3 example. dorfeaturanat taptitions betweernydisgseteyy
system



-5 '12 JtIN 2002 WO 99154849 PCr/U599/08618 FIG 2 illustrates f2l JuNi 2802
crystal based optical elenent having a transparent state; FIG 3
illustrates the optical elenent of FIG 2 in a scattering opagque state;

FI GS. 4-7 iwbuwsesssas e successive displays of inages on nul t pgimesops6sal
elenments to forma volunetric 3Dinage; 5 FIG 8 illustrates a nenbrane
light nodulator; FIG 9 illustrates an adaptive optics systemused in an
imge projector; FIG 10 illustrates the adaptive optics systemof FIG 9
in conjunction with a nmultiple optical elenment system FIG 11 illustrates
a side cross-sectional view of a pixel of a ferroelectric liquid crystal 10

Or i ont at | B8 & PRIEmEREaD e o R et mitedd st e b uiipfipaBruemy o
fl ow char é%rﬁérﬁ%fg%@ﬁgtr{c%ﬁ) ig]%ggr ating a nulti-planar dataset. FIG 16

illustrat antr-alrasing a voxel in a plurality of optical elenents;
FIG 17 illustrates voxel display without 3D anti-aliasing; Z5 FIG 18
illustrates voxel display with 3D anti-aliasing; FIG 19 illustrates a

graph conpari ng apparent deptédyvmArReqE THE ROVENSIORNtI -aliasing; FIG 20
illustrates a flowhart of a nethod inplenenting 3D anti-aliasing; FIGS.

21- 22 51| ust r apendifiplagaivehaietritntipiayIMVIDBgasm hay metol bBsiRtates ik diselog@r ound
objects without anti-aliasing; and 2 0 FIGS. 23-24 illustrate the

gener at i owhigh g&drateredernethiathrevgdimemsitmalionpes. The MVD systenoincledéss: nmiltiBurface
anti-aliasing. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS -6  ~ 2
JUN 2002 \micaldesiegingludmg apbagitp gbingivideplaptival glements awangedin ap array;gnfmagepl anar
vol unetric display system 10 is proyided which generates three-di nensi onal

(3D) i magBROISRIOF E95 SEPRUVELY PERSHiRgG & 55 AT ¥nsse o respRgitveioptica] Hematts ofthgmtltioccupy a

e e byl e % S 10 A ibnl s WSeb RSPt B hoge
mage g T opdes et L TLETe :

St o onhr apife” ot e ol Ao ke e RR pRic R Rl BBe B v

very i 0N qinRabil e #th e fhuRPsuit SRR AdeiBe ﬁﬁkﬁéﬁsa%ﬂg@v@?&gt%% and

so can have the c_haracterl stics assocCi at eq W th view ng ar . For
exanpl e, ginsidhal iriEpe SfewaBl af BYARInB M Pabtoit a It sepidsle KB thE€MLltRHhGRN

paral | ax or
optical device.
Each of the plurality of individual optical elements of the multi-surface optical device
15 includes a liquid crystal element having a controllable variable translucency. An optical element
controller is also provided for controlling the translucency of the liquid crystal elements, such that a
single liquid crystal element is controlled to have an opaque light-scattering state to receive and
display the respective one of the set of images from the image projector; and the remaining liquid
crystal elements are controlled to be substantially transparent to allow the viewing of the displayed
20  image on the opaque liquid crystal element.
The optical element controller rasters through the liquid crystal elements at a high rate

during a plurality of imaging cycles to select one liquid crystal element therefrom to be in the

opaque light-scattering state during a particular imaging cycle, and to cause the opaque light-

4~



9
| ookaround, allow ng the viewer 12 to nove yet still receive vi saaﬁ Jytg‘leguqzo
mai ntain the 3D 10 appearance of the 3D inmages. In addition, a viewer 12
does not need to wear any special eyewear such as stereographic visors or

gl asses to woewsase 3D i mage, which i s advant ageous si nce BUKUSINENMear i S
encunbering, causes eye fatigue, etc. Furthernore, the 3D i mage has a
continuous field of view both horizontally and vertically, with the
horizontal field of view equal to 360 in certain display configurations. 15
Additionally, the viewer can be at any arbitrary view ng distance fromthe
M/D system 10 wi thout | oss of 3D perception. The nufti-planar volunetric

0 P12 o1k B 055,80 T A 58l L B A P e
DT Po" i RS el L SR B WL

remote | ocat i Ofpyaiithef QRIREL BHLjQNThe EORMEBALIHB L RIESHINBHAAL dARF | NKS oF

over any networ nt er net . Interfac e a PCl bus,
or an accebhal i chtirdBbh SSuRekk AR InehdMRI hRGE irkemuRD:RfEd Gicdl Wl Fite £5
Santa Clara, California. OQther interfaces may be used, such as the VME
backpl gne raivpRaeOMALTS HOd paesent humbd-pdidbivaklO inBOfRRED 404 Skafpld, HSIBILAB ¢S
system st andardi zed as the | EEE 1014 standard, the Snmall Conputer System

| nt er f ace nfagE8hpout B0 ElzNitBare embgdineat, fo exapde ifabpatridiopticdb ulements sre nsedseth a n
Appl e Maci ntosh conputers and other systens, as well as the Industry

St andar d Aelietrate pfiaboui 4034, therimagd projecton prejeeix tash abthe s@AS rEIgeyYNto A respectivee,

t he Uni versal Serial Bus (fUQS;?z interface, the FireWre bus interface now 5
st andar di PBHcahelempnt af gxate qt 34zt andard of feri ng hi gh- speed communi cati ons

o oMo Sl b 5B MBS 51 e 18" O,

i o a5e o s aETcis S RRORE opUElock Rl R br Alsinilalon et iRalty' " 0°
VOl UMt [ 1 32 JolRRelopiGPOMREH cibird) . AR AhASe rbBlRydr LGP

of
two 10 di nensio ge slices at varying depths ough t D 1 mage. The

frame dat amagdsRRENROlofetidndets A licFRE 1P b if A8diAdHE tHe MR e Rjeélbdinéliidept from
t he high speed inmage buffer of the MVD controller 18 to an inmage projector

20. The Mgraliznbf lasek Hght SGuressdort faejedting ecd, green, hrid blay labee lighpiespeetitelyjtd n a
conputer, such as an OCTANE graphi cs workstation commercially avail abl e

f rom SI LI @eneraRamrHprojectdlic secoflimageasan mpviadity, of€aloisf or ni a. Ot her gener al

conput er - based systens may al so be used, such as a personal conputer (PC)
usi ng,15f or exadppddition, a 33 awj-pliasing methedjinemploxeditosmeath the pagions (rfgﬁe(ms@yd

m croprocessor. Accaordingly, it (s to be under.stqod,that. the disclaosed MD
Syst em 10 HAEFSie CSrSRpRATYRCG oBtvel fgmenty iy BeaoE ugaksd RicaLetiee; FBY Bant at | on
or realizag. ; S‘Pﬂ( . (e, c j rce 16
may opti o?gw@g %c{éusg@%gggﬂ?%s aﬁ{g{si@gk onloglr géyeg%zgﬁcagélg%?r}ﬁt&%gm %Eﬁl

operat es apnRPBf th€ dleW hrOmBdH R hS MRBEEAE the HbtinR1E 1R vORMS FBmARE Yftfcall OF

elements, to generate a smooth transition between portions of the volumetric three-dimensional

20  image.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates the disclosed multi-planar volumetric display system;

-5-



providing the 3D inmage data in an appropriate format to the MD cqdrt rjpN 9002
18 of the conputer through an inputloutput (1/0O device such as the
interface 14. The MWD controller 18 may be g , 12 JUN 2Q02 WO 99/ 54849
PCTI US99/ 098 8y/$u&4dwar e and/ or software, for exanple, inplraOTEIsOPEB6IN a
personal conputer and optionally using expansion cards for specialized data
processi ng. For exanple, an expansion card in the MVD controller 18 may

i ncl ude graphi cs hardware and/or software for converting the 3D dat aset
fromthe graphics data source 16 into the series of two-dinensional inmage
slices formng a multi-planar dataset corresponding to the slices 24-30.

fates for realliiior Histsmioa e Bt Saheal i M e S ssh S5 ™t a1 c
control | of myib! i RN RILERR IO S CRIRALSHAD. SAESS, MY al so

i ncl ude a geonetry engi ne rmani pu nd Texture nenory
for doi ng textuss, 4mARisRge AlccdsSive a%awﬁﬁa es-On Rultiple dpfcdi ERARHE o2 Of the
i mge data to the image projector , the I\%\/D control I'er 18 or

al t er nat i yoinyetfid 8D ghagehi cs data source |16 may perform 3D anti-aliasing on
the image data to snooth the features to be displayed in the 3D i nage 34,
and s& to avoiRIGahillupteagyedndmbras light slequildior; f or exanpl e, between paral |l el

pl anes along the z-direction, due to display pixelization caused by the

i nherent |y di S36e% Blustoateslanadapsitve optics systeof useten duldfhagkeprojeeto82 wit h t he
optical 15 elenents 36-42 aligned in x-y planes normal to a z-axis. As the
dat a corr esporfdfnlf Hlustrates therpdaptive optics system gF1Gs 9 ifeenajuactian witre nttiple el enent
may appear _neiakggn edce]e_of a plane transition, that is, between opti cal

el ement s, °BUGH CERRALYEE™M; he optical el ements 36-38. To avoid an abrupt

transition at e,specific imge el enent., both of slices 24, 2 be
generated suc r#l{}hgflﬂggt@;}es 8f ldle ﬁg’s?'?%g%?pﬂﬁwga P‘ngll %85?%%8m§ Bg‘&'?ﬁr;’g%\ mage

el e , : mg t is shared between 20 both pl anes forned
by {Tﬁlerv op@?g?&g%%ﬂnts %&13@ Whi ch softens the transition and allows the
3D i mage 34 1 1&RPEA{4 MBéRCABFGHRHBtionsE tRASUIIRIL.OSLMREFIGRYS el ements
on respective consecutive optical elenents is varied in accordance with the
| ocati on of t Gl IBilestekes adldiv dhart bfeméetiedifor dédeating @ multi=planal WiMas02 WO

991 54849 PCT/ US99108618 The graphics data source 16 and the MD controller
18 may al so pdilGotaillpgrates 3imantratiadingaf atvioxe irginplutadityi ofoptidabelemdnts;i N order to
maxi mze the rate of transfer of inmage data to the WD controller 18 for

i mage gener at i136: 17 illusteates yoxad displae withe dDtantialissinger t echni ques for

transferring the i mage data nay be ,enBI oyed, such as the Motion Picture
Experk®s G oup HG( Motlestratesvaxel disalay with sPchtiglissingar ds as wel | as delta (0)

compreset on I B T RS AL RS SRR
than 2 GB/ sec b0y Py dl:alladShartbSiindnd MM RIS afiMliaiiS] 0Nl 1 cantly

reduced by not transmtting zeros. u ric Image 1stypically

represent ed bypigs! AL 0sREhe BéneaBbPSE 15 ML AlaS the WahdludeRSoleBRUREH Ects
obj ects, background objects 10 obstructed by foreground objects, and

sur r oundi withcwefdtialiagiag;aand The graphi cs data source 16

20 FIGS. 23-24 illustrate the generation of 3D images having translucent foreground objects

with anti-aliasing.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS



may encode the imge data such that a run of zeroes is represent ed" %yJUN 2002
zero-run flag (ZItF) or zero-run code, and followed by or associated with a
run | ength. Thus, the count of the zeros may be sent for display wthout
sendi ng t hewoesos®. A 3D data inmage buffer in the MWD contrarfuses/ st nmay be
initialized to store all zeroes, and then as the inmage data is stored in
the image buffer, a 15 detection of the ZRF flag causes the MVD controller
18 to junmp ahead in the buffer by the nunber of data positions or pixels
equal to the run length of zeroes. The 3D data i mage buffer then contains
the 3D data to be output to the image projector 20, which may include an
SLM dri ver for hea. -gi k [y . The
i mage proj ectorq%hg}é%‘pg)s@gc?;a% ‘(51185% Hﬁ?{'&@e#lgﬂl%yag'sggt{m%Hsoﬁgvldémgﬁ

tvio- di engl ARk it ffRndofhl %foﬁglagés ey A0vbIRARIAh nitull s £ A0TDI RSN

in a tinme-sequential manner to a nmultiple optical el ement (MOE) “device 32
for sel ectdcupy i BHHI8And BmBeNeslahe of3Ih ek, analss BEibt ﬂanMaﬁBn hére AR lﬁiagé

i mge 34 which appears to the viewer 12 to be present in the space of the
MCE devi cgppdad. This sMdHBDIRNdgesard Zruk AD| asctgpposedpd b mhdge perabivepioibedD deedamt s
36-42 which, under the control of the -10 a z ~uN zooz WD 99154849

PCT/ U9/ o8izalgiliMien clonsiomsuch as bBstersegrapttic nethpds.ecei ve each of the slices
24-30 as displ ayed two-di nensional images 44-50, with one optical el enent
recei ving and Hies}h} @Wmeaera@ébb&wwr%ﬂ@e@@uwmybmbmespluamandmb@ycl e.
The nunber, of depth slices g nerat ed &; MVD controller 18 is toQ be
equal to tipRlaxsdibelargsrangsef eprs.and s andhanpthy sharadfpgistigsassogiated witpviendne 2

oL SALSTE oSO 0 S Bt A el
crystal displays SR &stﬁgw% A e @g PG oL K SEhERIGL Sp O

chol esteric erra

chol egg erh@e%wgﬁ3mhﬁg¢sa m)dl fi ed Kent State fornmula known in the art
for such conpositions. The overall display of each of the slices 24-30 by
the optical el gaaition, aGiewer 0 déds Aotk bOveaeaiyesPecial eydfeabsiR bs Mredirdphicay ed

i mages, occurs at a suffici ently high frane rate as set forth below, such
as rates yiseabegladserto viehahe 313 tmade, whiclh sativantagedus simoe sich epawedis preumberigs  a
continuous volunetric 3D image 34, viewed directly and without a

st er eogr apdvises eye fatiges, etcaRurttiermerecthe ¥ imags hamlmnﬁaumls fieldof siewehoth homiaontallyages
44-50. Accordingly, .in the illustration of , the images 44-50 may be
Cross- secmdomtwe\iy,w@ﬁheh@zoatﬁhﬁ%°f Yiew sayal Fm{;@ mcecrﬁusdlwé}oa{l@aawwh

woul d_ 15 a sphere to the 1 ewer, pSiti m dst of the
oot 1 cht e BRERTLBSER SENEE g i ey oe Bisdints BOF theIyH{ ol 10

enbodi nmen 0 may be generated to display an overall inmage
havi ng a ﬁ?%&qﬁoggg%g élfatpgear ance, such as 2D text as a caption bel ow the

sphere, or ;ﬁ‘é‘ﬁmﬁ lix{&Pv@lQJﬂ@trri% dlsg‘ég s§dith 116 &chRies %Mte*?ﬁc@l@foﬁ%bﬁmg%ﬁ

interface (GUI control pad which as both 2D and 3D i mage
charact er Eﬁbhl@§d5t9fraﬂn al gPaphidiQatdis6wyeE 16, 2udttas\al BiipateShich migibe afcotfotdrtdSatol
W NDOWS 95, with 2D screen appearances as a virtual flat screen display,
and with #8i8systagd$, arwdiicharmayt breopepitiecle cameeted itorthe oystan V0 throwgh chmatunicati@sn
di splay. -11 12 JUN 2002

20  channels from, for example, a remote location and connected over conventional

telecommunications links or over any network such as the Internet. The interface 14 may be a
PCI bus, or an accelerated graphics port (AGP) interface available from INTEL of Santa Clara,

California. Other interfaces may be used, such as the VME backplane interconnection bus
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VD 99/ 54849 PCTNS99/ 08l SI 8 The first volumetric 3D image 34 is vi ewhf JUN 2002
within a range of orientations. Furthernore, light 52 fromthe first
volunetric 3D image 34 is further processed by a real imge projector 54 to
generate a weoossswol unetric 3D i mage 56 whi ch appears to p¢wUSHEsRE 12 toO
be substantially the sane inage as the first volunetric 3D i nage 34

floating in space at a distance 5 fromthe MOE device 32. The real inage
projector 54, or alternatively a floating i mge projector, may be a set of
optics and/or mnors for collecting light 52 emtted fromthe MOXE device 32
and for re-imaging the 3D inmage 34 out into free space. The real inage

"ol udes. 8h b G SHHERFADN R f&‘é&%i ém%%%?'%e%ﬁeﬁ%&%@%na:
Vi ewm z | F ,
Uhe r el - UG R R ReRt BrishioBhkd Baretb-d ity eSatneiBul®ha® s ©
Pat ent Nogy eﬁs,géﬁxs%’ﬁvélpas the massé@@alﬁm%@mﬁa?e% \ﬁ@%?A?m&Fa@e tﬁe\@xt&?&m@/{

t hese paten el ng i ncorporated”hereln by re erence. In dlternative

enbodi menysis A phiagcanhé OnRetshioSeraEYuNOISBYRaYRE, thY FirdWirk 8& inteff@&iendi O ect or
54 with the sane functions as conventional spherical or parabolic mrrors

t o gengr ak@ndardiz@PdsitROIEERRAS4 Sanduid offeriry HitH-$epd ConvinBiibAldnE BEiSochedhdls as
one 15 viewing zone in a center area aligned with the optic axis, and

Vi ewi ng zesabsinerlanistivives & dbenpofergns ol ac@ien ax pioprigaryrintetfages.e 3D £ oati ng

i mges 56 may be viewed by nultiple viewers. In other alternative

enmbodi nent s, t fibe mtcaface irhpassysiteg H2 pophiszdatmtp 4 melticplaahwologetas display M)

el ements (HOEs), that is, holograns in the conventional sense which do not
show a r eComtERiar | $ravichgncludesadargg high spred dmpeschutter. The duee-dimensional ipags ta ke a

fg;'rzzti N I R Y R
o gk, SRR hBaE e A S AaBSHL B bl ARl rponin
charact er ki Gaa {é‘%hc@sveﬁ'é ih@Pl-a? dl?geﬁﬁi‘ﬁdﬁﬁ{}% hsBPéd Fn'%ge Eﬁergl‘%ﬁh?D an HOE

can produce mul t e | mages sanme o N 2002 WO
99/ 54849 ng»j@{i,%anﬂggé@fe@@n@ngl es from a predeterm ned optical axis,
and so the field of view a display enploying a relatively small HCE can
be dramati cal | Theé MV astfbllét 1§ idithe intifaesi Nga beingidémentesli in @ camputes] sached f or
conventional optics. Accordingly, using at | east one HCE as the real inage
proj ect or abHCTANE ptaphisy workstation cayméreialln byaileble éomt JLHCONI GRABHIG oft | vel y
conpact systemwi th 5 a 360 field of view In addition, for an inage

pr oj eébor e Yigyo Catiforgjal Qther eqnietph eompyierchased syetergs mey alse be used) wh asa

tible f t h ht d th
waver engt rex’eg*&r'aée?'ﬁwt%i?%%gﬁ@ oo (S MBREr e L paRin i SompingD | nzges
34, 56 h
al so po?ggﬁﬁ(ﬁéﬁ gﬁi)f(’%es\é{)e °°°r gfgu’pr‘rettl?%ebed‘%dgrg%ogg%q S%sefrdaqgvpoéyli%m apt ed
for virtu Fx?@é ,S&ﬁeﬁtgqre thnﬁé& %ﬁahﬁuw%ﬁlgﬂkﬁt&% or§% tfbon otf'ﬂ dpsRTP! €

descri bed tactile animati'on to teach surgery. e rea i mage

pr oj ect or aﬁd/oﬂdfm@e.t he floating 3D image 56 to be direct I y accessible for
virtual interaction. The MVD system 10 may include a user feedback device S
8 for 2pecei vi nThegrghioeiaissirc f6may dptienallyebser graphicsappliatiompiopent 6f & he
viewer 12 attenpting to mani pul ate either of the inages 34, 56. Such hand
nmovemnent s computeewiish bperatss ait gppplibation ipeogmae intéréasel HARIY anfba devicesBivasfor ont r ol
signals which are conveyed to the interface 14 to the mvD controller 18 to
nodi fy on@rexdipgthe 35¥ imdge dtimansapprppria formnah pybeaM VI consrolieht efdhe mnputer
novenents of the viewer 12. Alternatively, the user feedback deyjce may
be oper at itHergh abinpeauiRgt (YD) dexice suchies de intgrfaceddy Tbe MED cpfroller 18 pay EI ude
a 3D graphics processor, to nodify one or both of the images 34, 56. 2 0 A
nunber of new interaction technol ogi es provide i nproved performance of the
MD 10 -8-




using the real inmage projector 54. For exanple, a force feedback‘lzmlwvf%ﬂ&
devel oped by SENSI BLE DEVI CES, I NC. of Canbridge, Massachusetts, is a

power ful enabling technol ogy which allows the MVD system 10 to provide the
ability to wotwusdshy feel and mani pul ate the 3D -13 ~ Z ~pOy/usowRs6YED

991 54849 PCT/ US99/ 08618 i nages 34, 56 by hand. Wth appropriate

programm ng, the viewer 12 can scul pt threedi nensional imges as if the

i mges were clay, using a systemcalled D G TAL CLAY, a conmmercial product
of DI MENSI ONAL MEDI A ASSCCI ATES, the assignee of the present application. 5
Anot her application of an M/D system 10 with a force feedback interface is
a surgical sjmulator d trainer,_ in which the user can see and f e?l .

t hr ee- di meAKEFANHT 5 V&?e,&ﬁaﬁw}e’ IRRIPEA P02 ARATH SAMB e RAraOPtoRAY g
heart beating and re?ctin to,virtual .prodding by a user, in order to
obtain certPFFRICHSH oégpeacgaéﬁ?cbé%?@mf%s‘gﬁacti ce innovative new procedures,

t . . i
O e, 2, Per ERF Mael S IPLGRAUL OB j LK B0k BBk [0k BHBSEklBh
Wi th ani mhiBPsdivaR! RY bélfefifgind ITTBatdde oA hOF AR Bild BUIcRl b R0 e sEHRRT0P
working with 3D i nages generated by the MVD system 10. For exanple, the

vi ewer 512 tWB—)dirﬂ&sﬂm&ldfrﬁﬁ@ﬂicE@ﬁﬁxﬂlr@& hisleliphabar &dtasdeddi@sponBinghd GB sidee 2530 9€e0n
views and mani pul ates the first 3Dinmage 34 in virtual reality, while the
student s dimethe8D)imgs 34 orpEndbled nagal-thfic arateneepotivde npfaye s fqruéahwetld and
nodi fied due to the real inmage projector 54 15 responding to changes in the
first 3D iapplipatiGes sudthes swrgickd simmlationpintsaffic admrol, wr militaxy donohani dudEdngrol.

mani pul ate the i mage 34, such as the inmage of a heart, which may even be a
beat i ng hewek expansiomeardgmantleminclyde ageampiry3ngingéeyeranipplating 3Dfataseteanthi ng
surgeon may then observe and grade students in performng inmage

mani pul at it “rﬁénq“for%g’éﬁoinﬁé‘a‘é e figpRing ghihe 3 u‘Eﬁgg?s a sinmulation of heart

s cor *53353 of THoC LA igh BB ﬂ%%g%%e%ﬁ? B SR eieEE” o s Sy Bl 8 >
- A0k ] _ 42 hich y UN
2002 v o007 S R BaB BRI E AR 1P TR i I eblalihul bt Mowe i L

or air spagRbfhthéeafidddb by Bkdlayddif tHRBD Mmtlge 84.AMBRS fo ABidahyBpedBndsGiPOSEd

of plastic or other substances with various advantages, such as |ightweight
const r uct idepth, foihexampls detwekm pirallel pRinel Addngathé z-dffa@hsduzRy displag pixblizaden Wi t h
the glass LCDs in an optically continuous configuration to elimnate

refl ecti orrgusat by theanieadntiyndiseretavms] conkteucsion bfithe MOE dévice32 wilDhe apticabpacer s
may be optically conbined by either optical contact, index matching fluid,
or optlibcalelaeansi6-42mligaedhing-y plages noprealdpagaxis. dyheaxiata estespoading yo the imegs
such as wat.er,. mneral oi i ndex matching fl uid, vm't[h such | quids, able

ol)], Oor In
to be cir cliFsst aﬁﬂtlﬁswgﬂﬁe‘%ﬁ“ m9aes ciFRIenRRY PRRSH ngakAncedes of plate ransitihhalis, | ceo

nst g:j Fga iy opB SmBRS T atnalenite Silloal el d ohe TR 08RG SriRrmsiiey be
in °t . ) i
added gk oo Lot alds2LiA, by Br BIE! £ DR ETRUAIREN vt ORI o B

el enent s nar and rectangu ternatively nay be curved
and/ or of igayesIAMBANCIGALS thespe &ttt indheichedlent, BRI sEthe AR eldn¥ent RAhdrEdbetivéda

di spl ays nmay be fabricated by difference techni ques such as extrusion, and
may  be one Shosttiplunds fbried &g ltheadphiesl.clehients36:88, ictisoftéhd e thakitor and 1w iid 3l

el enents 36-42 may be constant, or 15 in alternative enbodi nents may be
vari abl e smape 3mtappéae mpepedmtiohoushdhd/biighdmess ofths Enape elepentyropatdpyctivacr eased
W t hout increasing the nunber of optical elenents 36-42. For exanple, since
the eyes cfonsequtivgiapliesl elementsdevatied imacserdanaei with the lication of shesimagelelomentiimg

di stance, the optical elenents positioned further fromthe viewer 12 nay be
spaced furthh#naggdadt . Logarithm c spacing may be inplenented, in which the
spaci ng between the optical elements 36-42 increased 2 O linearly with the
di stance fromthe viewer 12. The optical elenents 36-42 are conposed of a
liquid crystal forrmulation with the propé&ty to be electronically swtched
rapidly, for exanple, by an MOE device driver of the MWD controller 18, to
be switched between a clear, highly transparent state, as shown in FIG 2,
-15 ~ 2 JUN 2002




WD 991 54849 PCT/ US99/ 08618 and a opaque, highly scattering state,1ék~&Mbgmu
in FIG 3. Referring to FIGS. 2-3 with a crosssection of the optical
el enent 36 being illustrated, liquid crystal nolecules 60-64 my be
suspended hyedvmeg4ot he substrates 66-68, which may be gl asecrpisemisss, or air
spacers, and may al so have transparent conducting layers 70, 71 applied to
the substrates 66-68, respectively. 5 The conducting |ayers 70, 71 may be
conposed of a sputtered or evaporated thin filmof indiumtin oxide (1TO,
whi ch has an excellent transparency and | ow resi stance, but has a
relatively high refractive index conpared to the refractive indices of the
gl ass or plastjc substrates 66-68. Th fractive, i ndex difference between
these materi al iﬁmplﬁ%@&@umﬂ?ée@ eV Breopiale T by e et BHHns
addi ti onal_caoatings ,or | rs,of anti-reflectjaon (AR 1 terial
opt | onal e EpReLle TS 18 n, S BE ARt Rl o Pkt B e
| ayers 70, - G8. | ect ed
1\@76 Bfoifel fse ﬁdﬂ ?@Me?gﬁéa@o%. 48isi@bé @%fsgc?otdgﬁat ig}ér{%hﬂ?&ﬁg Rl

| i ght, such ‘as unwan Ions. For exanp ayer "havi ng an

optical tRi.cHOBAS tH\imANEIAHRARY BE erRblofed! ¥Rh G@ine AV RININELR: Kpettd @J&h? such as
76 nm, and having a refractive Index of about 1.8 reduces the reflection

at t hessubgipkah Qs ARG hickfor @Bhrds I WEIT ARIth 0A)@iprds@idn) evel's. 15 By using
the AR coatings, the spacing material between optical elenents 36-42 may be

removed to | eaysiniaglimayR6HHIR dnhifd SRELWSHRVAEAKSoRuBIN fhddds bliBte@Ued Ald of
wei ght of the MOE device 32. Such AR coatings nmay be vacuum'deposited, or

may be evapelaiviith dsulPinta reweidiadhte bEmbrd then 2 GBYRENabE URbMyed BAcHRraO@itd NgS
may be applied by spin coating, dip coating, or neniscus coating with

SCL- GEL. 2at cdefecvignifigntlpredhiéad b notisamsmitting kereo ndl wollimetricl 3y image ®Qypidally a
source 72 of voltage therebetween, for exanple, fromthe MD controller 18,
gener at es represented by a darge mingber af dveas\essogiateadavithtbe insisde ©f objgcts Sadkigrauingd objeets c al
el enent 36, which causes the liquid crystal nolecules 60-64 to -16 i 2
JUN 2802 \Abstogted by foregrownd eiiests ged Siriounging smptyspacer Jhe graphics dat sorretlfr ough

th ti | | t 36 wi,th |ittl tteri , d t | |

e o o e SOt bbbl 01 o SCRLLCEL A S b B PR

th | t 72 i t i i {
(e 1 205 T8 S ol 0B SRR, Tl Sl ORISR

5, contr ol lyadepod dSINNRRANh b e obfbes. JRAD GHEflE Rtaln e NUD YRLIRAFS 72

the liquid crysta cul es are orient Y, so the |1 ght
76 i's rangylvé iniialide8 iesloleQ11GBIES, Ah®theh ad the ifsbel dathhit st8fed ih thelikage buffer, a
configuration, the optical elenent 36 appears opaque, and so nmay serve as a
pr oj easi orleeticasT thaZRE feg vasasithe BIVADtaigrolléxel 8rte jyreys hlieud in thebeffed by tlecused

t hereupon by the imge projector 20. 10 In an alternative enbodi nent,

r ef er ri ng numbgy afSataositionsr pixelsequalde the raplengthlof e¢reere fihe 3O detajimoge buffervat ed
to be in the transparent state shown in FIG 2 by conpecting the conductive

| ayer 70 dbgnoatsinsithy 3D data to becquiput fothe imageprpigftes A0 Witish neay depkeds aniShd t he
conductive, | ayer 71 adja to a second substrate 68 to a supply voltage,
such as a ‘\‘/"SF‘%ltgb‘épqraﬁmEJI‘?B%igf]b’egeﬁ?mﬁm °5‘§m?f‘5395’a<[;\ $:250 V. 'FI)'(F; gvm tch 19 he
optical elenent.36 to be in cat. i t i.n Fl 5 3,
Ohe. aapl tcat ora futsardiaktt J0'Hs BEBLMEA bifks 2IREPIGieRled e A diflelyhat dited |

grounggd fx0rs &%f%eeBIS’ F‘Agf% rr_ﬂ @ﬁi‘gh Ba@ Yare ma%irﬁ@%éihesrﬁuiggﬁaﬁ&r Fffé;rggl-ﬁﬁl%@ﬁcﬂ nd

t hen the conductive 0°1s connected to t y VO

procedur e elémehd BMOE) 848deS2d0f R1dchVeiiaging Qo Pttt fifst PoTBMEri3 Chrbditfdfsional
transparent state. Accordingly, no average direct current (DC) or voltage
i's appli edmage 34 @hiopbppeads tethe Vivver 3510 bdpredentiarthd spack dfahd MIOELde@icb$2.nTBWe Ng a
constant applied voltage. Also, there is 2 0 no continuous alternating
current (AdDEglevicoB2 aghdeda plhraligndoptied clemants 3§-42rwhicin ondea escomtonlef the
requirenents to the optical elenments. In operation, only a single one of
the optical elenents 36-42 of the MOE devices 32 is in the scattering
opaque state at any given time, thus fori-ng a scattering plane or surface.
As the -17 12 JUN 2002




WD 99/ 54849 PCT/ US99J08618 i mage projector 20 projects the slices]24JUN 2002
a high rate through a projection cycle, with one slice emtted per cycle,
the scattering plane is rapidly rastered through the depth of the MOE

devi ce 32 two¢us4Md%an effectively variable depth projecti oRCTRISEAHIBEI80NI | €
the remai ning transparent optical elenments permt the viewer 12 to see the
di spl ayed image fromthe received inmage slices 5 24-30. As shown in FIGS.
4-7, as successive frane data is fed fromthe MVD controller 18 to the

i mage projector 20 to generate images 82-88 therefrom the M/D controller
18 synchroni zes the switching of the optical elenents 36-42 such that the

el . . . Ry L HG
oot ol oLl RN 35 LTI, GRS A ISLETT B,
as in Fl Gyahes %F%),Qgﬁﬁ Gl opBikdl @E%nﬁ@féivzngmgpl%ﬁné DR sHITBAESIRE dlinSkh t ed

thereon as I'n , and'the optica l'enent 4Z 1'S opaque as the 1nage 88
i s em ttegahbedi€eytladSTHehultlber of depthRBcdYibh& B bPHeMVD&on®illek 1§ 1sQ6 BE Bqul

del ay between feedi ng each set o? frame data to the inage projector 20 and
causi ng atthy aimbgriof opticabelements 36-92,hkat i) aspherpsical kleaient fepresen@geuniy aijdesthor 20
has enough tinme during the delay to generate the respective inmages 82-88
fromthe ssolstiof ofitbe olametrid3Dainbgelto beegspareted and gisplBetlerring to FIGS. 4-7,
whi |l e one optical element is opaque and displays the respective inage

t hereon, the rEhmonicalglamntcif-4emnanbnlicridewstal displayscemposed afl farexamplei nage
82 in FIG 4 on optical elenent 36 is visible through,,f(gr exanpl e, at

| east opt Pempticefeaglsetriar chplasteriomaterials, or pligpadvmerstabilizedymaterials sgthas

| ical el 40 in FI. , i 86 i i Si h h. 20
oot Pt LGRS STRR 5d rer B PR B M S
(ot DY 1 | TAEL LR 58] AB0, B, 9P s SHATPBRACAESAR: W g

| mages) 82387cd 7, M Aset b@isHayeRl ikaEds! dckurd 'k 4 BHAGertfY: highBame fatelas StNoRR BAOWO
901 54849 PCI7 U399/ 08618 To forma continuous vol Gmetric 30 | mage 34 w t hout

per cei vabkgchfas rftésaireat@ahdh Bl 353z & tRaRRE hdfarMewds 10 PercEived ¥@ndniRkEpect i ve
image and is to be swtched to an opaque state at a frane rate greater than
about 35 Malumea@Dlinmgk B4, viewedsdireethharsindittant aipiehabgraplicheadsdt rand distdadafithe t he
frame rate of the inmage projector 20 is to be greater than about N x 35 Hz.
For a st adkliGéuabove-dimeBsioha images 4480 mAseprdingly)DRthelidiustension 2f FiKuil nthe amages

i ndi vidual optical elenment frane rate of 40 Hz, the overall frame rate of

t he i mage 41%55 jmaythscroserseetiopgofifesphere.and so thedb image 84 Hys genetated,which wepld i gh

e oL punce 0 ol ALl o LR e SO P B B BRI 1

15 kHz. | higent, the images 82-84 of FIGS. 4-7 are displayed
sequent i aﬁe?/\,qav% hﬁgaﬁ 10 sequential frame ordering being the updating of

the range of dﬁ%lﬂn&ﬂ@@grﬁ%diﬁ&%tk‘ﬁﬁeiHﬁEéM-S@m%}’Q@é&xex‘aﬂ@ t@_ﬂits?lﬁfan’{ SlfIE of
optical elements 36-42 in the MOXE device 32. Such sequential franme ordering

may be sufihage aninglammiked 2D aad 31D hppearaned, SushR QDI teRNAS a captioh balow thesphefd, 601 ay
rates of about 32 Hz for still inmges 82-88 and about 45 Hz for images

82- 88 di spEDaygxtog thodphess. One applicalidranmabe & grapliib asbr inerface €& )-comtrad pad phizhe
ordering may be perfornmed to | ower inmage fitter and 15 to reduce notion
arti f 26t s has poth@D@hd 8 Ramageeharasterisligstihaliow theviewsd 12ito viewp g8y suchaesjuency

al t hough
g MICROSOFT WINDOWS 95, with 2D screen appearances as a virtual flat screen display, and

with 3D images such as the sphere appearing on a virtual flat screen display.

-11-



each optical elenment is still only updated once per vol une peri 302 JLU,N:IRUUZ
sem -random pl ane ordering includes nmulti-planar interlacing in which even
nunbered planes are illumnated with i mages, and then odd nunbered pl anes
are il um rvedeai54848hi ch i ncreases the perceived vol une rat @CEUSHBBE18
increasing the frane rate of the imge projector 20. 2 0 The MOE device 32
mai ntai ns the inmage resolution originally generated in the inage projector
20 to provide high fidelity three-di nensional inages. The |iquid crystal
panel s 36-42 are highly transparent and haze-free in the clear, transparent
state, and are capable of switching -19 i 2 uu~ 2002 WD 991 54849
PCTI US99/ 08618 rhafishotuEtivSBmbbes £ eRbwablc\ATRPRIARL ofiriinfaiBel (he opaque,
In IC I g

scattering states, t he t and 1 mages fromthe 1 nmage projector
20 is eff paiugiibie, RO 53 Wost BB ik vbMmeGRIIEIRGe 34 1k fadRirpraRskd 8RR HRRE S,
the MOE device 32 nmay be constructed to be lightweight. The liquid crystal
panel s 36pﬂ)§£¢f@}64b@g&ﬁfﬁmﬁoxﬁvoﬂuﬁﬁﬁé 3Dfim@geSwhibiD Sfpeals @6 the Vadwee 1 Did Hehei r
5 inner surtfaces, wth the transparent conducting |layers 70, 71 being

coat ed w sibsantiallystht semenignab@ysthe fifst pohyeeic 38 ingperdh flodtmngdn spaay atopdistamek | y be
di sposed upon the insulating | ayer. Between the substrates of a given

| i qui d5cr fromethe pKHedevieg 32hi em}y/enag@fprcnecm X, erajicmatively afloating imags s

di sposed to_ be about 10-20 nmicrons thick, The majority of the volune and
wei ght of PIRSIGamaY ke 3 sst gkopiics andéer Mo fph@‘ksvtwélgbtﬁiﬁmw sromcthe JOE

tribut At tiall . h VOE [ 3 he t

ze and SREESRBBIoGR sl B imied ¥ alCmo ks o b rebiast PEREF Phui o
t al I -4 t t is. | Ut |

[0 the | nigLE et BEbBeR o BABR MM NI iRl Sy io o itietiorng
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roll-to-r process on very t pl astic substrates, to a rication
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may al so PateaiNésapSihDH wiPeincaaid 3,5720378ta Cirabtree, 1Y, édch ofthieteepabdults keingt em 10
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viewing Zone in a center area aligned with the optic axis, and viewing zones on either side of an

optical axis, so multiple 3D floating images 56 may be viewed by multiple viewers.
In other alternative embodiments, the real image projector 54 may include holographic
optical elements (HOES), that is, holograms in the conventional sense which do not show a
recorded image of a pre-existing object. Instead, an HOE acts as a conventional optical element
20  such as a lens and/or mirror to receive, reflect, and re-direct incident light. Compared to
conventional optical elements such as glass or plastic, HOEs are very lightweight and
inexpensive to reproduce, and may also possess unique optical characteristics not available in

conventional optics. For example, an HOE can produce multiple images of the same object at
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high frame rate image projector 20. The role of the MOE device 321i2s JUN 2002
primarily to convert the series of two-dinensional inages fromthe imge
projector 20 into a 3D volune inage. I n one enbodi nent, the inmage projector
20 i ncl udeswen99/s48¢9 | anp |ight source with a short arc. ThePdT/gHw/0§61HM t he

|l anp is separated into red, green and bl ue conponents by col or separation
optics, and is used to illum nate three separate spatial |ight nodul ators
(SLMs). After nodulation by the SLMs, the three color channels are
reconbined into a single beam and projected fromthe optics 22, such as a
focusing lens, into the MOXE device 32, such that each respective

t wo- di mens;g: i r i = \ L S0 : pective
one. of |t ha R R el B B P AR g

proj ector &fhldyi W%v&?@ﬂa@ﬂ@caﬁ%!d?an%ti@&l@ iharefed withdhGadeRingaht Gtie sl2MP
and col or separation optics. Laser |ight sources have a nunber of

advant agess rdqiitd!fbr bhvehtivhiab@RRe. Atdordih@PQisingat [Haglony HOE &ah¢ RaRimapeam and
si ngl e wavel ength operation. Additionally, |aser |ight sources produce
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oper at iSon 4 ¥0afieldiofigdw. Fonadditiemdran ihagsprejpeten2( ingerporating kases lightespicess ,
nodul at ors_based on m cro-el ectronechani cal (NEMs) devices, or other |ight
nodul at i nd1QBs Heasperially epmnatible forhigh parfogmancgopithrsug laserdight sosrces dupdgithey.  For

exanple, the Digital Light Pr ssing (DLP) technol ogy of TEXAS
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appropriately and rapidly re-focused onto each correspondi ng opti cal

el ement of56ithbe Nty @v¢essbld Zor viiruad interaction. The MAY systanin 1@ oray éshuadiusey | mage
on the optical elenment at the appropriate depth. To neet such re-focusing
r equi r enerfeedbagkydgyice P8 forpecerdng handanayements fromthe yiewenl egyreppondingiteths 5
known in the art, such as the fast focusing apparatus desc¢ribed in G
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or then netal filnms under tension and coated with a conductive reflecting

| ayer of nahAdctedaathepgaphusdataissurcels, ehichvRay inclate 23D akaphics procesdor, &l medifyode
and/ or a piezoelectric actuator 94 is positioned to be substantially

adj acent tanetonbothrefitheamege834, Xhe el ectrode 94 may be flat or substantially
planar to extend in two dinensions relative to the surface of the nenbrane
92. THO nenbr arfenynbdr of Ry interactioniechaiegies provide jrapreyed nesformance pebe MdR 104
by a nounting structure 96, 1 ch as an el li ring, such as
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, L. 98.. T
oy ﬁ%evJ@S‘%ﬁﬁﬁﬁy@@weﬁ%ﬁg&g{’%?ﬂtcﬁﬁ%f@i%ﬁ@%ﬁB%ﬁ%"P%Ec T
92. T j , . . i i
o ount 100 RER Bfoxtne WIS Syl 1 0% (Bhvidld QY RRURAD S0kuR eBYar MR ARe 5B

deforminto a curved shape, 2 0 such as a parabolic shape. Wen so

def orned, the nenbrane 92 acts as a focusing optic with a focal l|ength and
thus a projection distance which can be <d3pidly varied by varying the

el ectrode




vol tage. For exanple, the curved surface of the nenbrane 92 may hay@ duN 2002
focal length equal to half of the radius of curvature of the curved
menbrane 92, with the radius of curvature being -22 12 JUN 2002 WO

991 54849 POVb#9@4908618 determ ned by the tension on the rraTirsanessty?, t he
mechani cal properties of the material of the nenbrane 92, the separation of
the nmenbrane 92 and the electrode 94, and the voltage applied to the

el ectrode 94, In one enbodinent, the deflection of the nenbrane 94 is

al ways toward the electrode 94. 5 Alternatively, by placing a window with a
transparent conducting layer on the opposite side of the nenbrane 92 from

t he el ectr.ode , N0t her,,. lving a fixed.voltage to,the w ndow the
rebr ane. 908y e Loy Y et el SropBrink e Sheb Fa PR of (e

avey 11 O i QRN oS B RS WS e HnPEE Mk LG PIOTRL L pvaR e Of

f ocusi ng i nages. contro vari at'i on su rane

mul tiple %ﬁﬁfé}dci:%%‘foduét SEIMENSON AIOMEN AT SOCIATES, BRRASTigY oMk bidiente! |1 0
10 in the SPIE FERENCE PROCEEDI NGS, VOL. 75, pp. 97- 105 (1976). The
optical efsbpedatioRf the deflections of the MLM 90 may be nagnified by the
projection optics 22, and cause the projected i mage froman object plane to
be focldsed at \Ambthengpplicationodes MVIDRystdne 10 mith @ fprce feedbask it€faat isd yhgical
re-focusing rates. Additionally, the MM 90 can naintain a nearly constant
i mage nagrsithilatat arsktrainesy injwhichithe hsef canreé augd feelithrse-dirBenRiohalrvittyag anatoniy,G. 9,
the MM 90 may be incorporated into an adaptive optics system 102, for
exanpl e, tl@clb%n%@}@e@?ﬂ such aga Higipltheart heasiap pad reaqtng ta Nigtual preddiagby a vser, ino6
for focusi nﬁg [ mal%es to.the projection ogti cs 22..1 mages 110 from an obj ect
or object JfertRotais cpiificalionas g sireeen tRIRCHCE Juiovatlys TEY PEFCAYPS: PBFYERIS y
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l'ight 114 pghhibg 8fudts Wetking wilhSHiniaed sedBratdd byl iRe MVD §@fkin 10. Gtk edabiple, The
beansplitter 106 then reflects the light 114 toward the projection optics
22 to for nhaviewerlPamay bd iurgdon eaichinByhedisalstudehis, if whidhahe s\ageoplvidve add4 and
pol ari zer 108 with the MM 90, the -23 1 z ~uN 2002 WD 99154849

PCT/ US99/ os@dilatekthe fivse 3Dpmage yistvirmaheglityewhite die stuilentsootmenve thatseaont gD
conpact configuration, which avoids mounting the MM 90 off axis and/or at
a di st ancdmpgof eaneespandjngbt maipyleted ambmodified dueetg dle raalympge mrejeetadtt at a

nor mal distanc&pFN to a nor lr:Bgro,jection pl ane 116 fromthe projgption

opt i cg'522, respradipg i changrsdn tgyirt e Drimpge it ethetudgnisithin maytakejums inipdiyidgally
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di st ance Fapulate i itgage 4" sich s e indbe ofd et wRioB iy eyen e bepg et By
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and rapidly project 10 individual 2D slices of the 3D image onto individual
optical ellearsirgedb-42, such that the 2D slices are focused on at | east one
optical element, with a high focusing accuracy such that the 2D slices are
not i dent on the spacers 122 between the optical elenents 36-44 of the
MCE device 32. Referring to FIGS. 9-10, in another alternative enbodi nent,
the i mage projector 20 may 15 incl UHE MPEPIVICE having a plurality of

pi xel s 126 for nodulating the light 110 fromthe object . .
In an illustrated embodiment, the MOE device 32 is composed of a stack of single pixel

liquid crystal displays (LCDs), composed of glass, as the optical elements 36-42, which are
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. . . _ 12 JUN 2002
pl ane 112. Twi sted nematic (TN) SLMs may be used, in which a switchable

hal f waveplate is forned by producing alignnment |ayers on the front and
rear substrates of the SLM 124 which differ in orientation by 90. The

i quid crystabosageot he TN SLM aligns to the alignnent | ayerrconsesmsbhssurface,
and then joins snoothly between the two substrates to forma one-half
period of a 2 0 helix. If the pitch of the helix is chosen to be near the
wavel ength of light, the helix acts as a half waveplate and rotates the
incident |ight polarization by 90. The application of an electric field of
sufficient strength to the TN SLM causes the bulk of the liquid crystal

The: subst PaRetRed by e it p RS RLRE of Ry SFRBEs Rl R, e AHGEASHMSR 812 ©
PCT/ US99/ t L i ]
Fotaton SFISAELEERE bRUR dr Bhel Bt RS afiond AR BRI Mk
pol ari zat icQfkthuBridrerhEMidss, gw‘tsﬁc, ahy/et At spABlrSiiafbe EAHSASE With Ble¥hast PCPS in an

insensitive to the sign o he applied voltage, and either sign of voltage

resul ts i ppliddlyanhuossestipatidioWaraRiaicBedivht ANnteial infeefaddy. FThdbafkss IS a
wavepl ate with a retardation being a 5 function of the nagnitude of the

appl i ed vahelaQBs anfl specenarhayied gpticalty cinthined by efthés opfidal coltect Shddxhindchingy fibid, a
ferroelectric liquid crystal (FLC) based device conposed of a plurality of
pi xel s 12@r optidahcemzenh Altoredtivelyothh apdceny mayebeFerdaged b dinuid sactBasiyatért mimesdtl over
a sem conductor substrate such as _a silicon substrate 130, with an

el ect r ode °ilgor idexgaaehing Redeawith sish Hiquitpable tubs disalated ropghansxtamtgiiog of

126 and | 4RUBTIREPLRE MORIo Bod s idid bR AR R g o
| tage. A | jde 136 d, f Le, of gl .S .posi 11 oned

over e dPaitepad B nSae brbl REage bR sof e Bl SRR 150

oper a i ;fgm Leafilidm, @ar to twisted nematic (TN) SLMs, in which the
applitégti %ﬁ&o agﬁéﬁagég ric field, for exanple, between the electrode 128 15

and the conductp} plfdred efbbdinend, theloBficd! efeflch@ 62D aRO 1A 4R feBBn@iarl BT dent
light. The degree of rotation is proportional to the applied voltage, and

varies fr affefativelPBay béicurwdindat bDanywhige, althax tyindfital PBbodxampRk, cydmdticads t he
pol ari zes 108, the polarization rotation of the SLM 124 results in
i nt ensi t y LIGDRIdisplayomaybe fabricated biydiifikrende gévhniqued sukleasextiision, Mnd anay Be GesBid\
possesses an inherent polarization, which results in an 2 0 FLC SLM havi ng
a desi r ed withie tash other. oFhesspacingdistanogthstwiien thespptieal glemenis 38-42rompherrgasientorr t he
applied valtage., K The FLC SLM ac¢ts as . a wavepl ate with an_arientati on being
a fundpi orin BrETRASVE cmRedimsgs i 96 VaRRDIS S éhag thegepth nimag\é@wewefbf% mgebe _ o5
12 JUN 2002 .99/ 54849 PCTI US99/ 08618 . .

greatly increased without increasing the number of optical elements 36-42. For example, since

the eyes of the viewer 12 lose depth sensitivity with increased viewing distance, the optical

elements positioned further from the viewer 12 may be spaced further apart. Logarithmic

spacing may be implemented, in which the spacing between the optical elements 36-42 increased

20 linearly with the distance from the viewer 12.
The optical elements 36-42 are composed of a liquid crystal formulation with the
property to be electronically switched rapidly, for example, by an MOE device driver of the

MVD controller 18, to be switched between a clear, highly transparent state, as shown in FIG. 2,
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For the pixel 126 of the FLC SLM 124 of FIG 11, a half wavepl ate'bz Je ztlmz
FLC SLM 124 is typically inplemented to have an unpowered orientation tha
is about 22.5 to a horizontal reference axis, resulting in a 45 rotation of
t he i nci derivol9p/&4889 pol ari zati on. \When power ed, t he transpd@AgsIg/osstiict or

134 is biased to 2.5 V, which may be half the voltage range of the

el ectrode 132 of the pixel 126. Referring to FIGS. 12-14, the orientations
of the principle axes of the half waveplate forned by the pixels 126 of the
FLC SLM 124 are shown at 0 V, 2.5V, and 5 V, respectively, to have a 0, a
45, and a 90 pol ari zation, respectively. Both TN SLMs and FLC SLMs are to
be direct H64k beRf @nuous tf. s SRR AIFIG ORI RAEin & PRAY. L9 i 2 TR,

application of a co electric field to the pixels 126 results in
the destr edtiofdf B obtiéal SlemgM BB Heirgalavirate@ liduitcrsstlisholaduss GoY4imBUd ty i on
bonbardnment, which ruins the pixel 126. To prevent such damage, the
electric fsu@leﬁldeldsbemn dedisabdtdates 86@8 pwhich tmag bé glaksy plasticcbs@tlspacersiaghmayt h a
freguency on the order of about 100 Hz for TN SLMs, and about 1 Hz for FLC
SLMs. The alsadkveotfranspasit conducynginyarh 20, T appliddite thetsebstiatgs 661681 tespeetivedit.r i ¢
field results in the 15 i mage passing therethrough having a const ant
appear ance as (Thecesidueting layers &), d1 may begempesdd of-psmtteted opevapprateg|tvn ifidm of

typically sensitive to the si gn of the field, which results |£| %aayscal e
i nver si on "Efi}“%‘ind’l’f‘dﬁl HQ, whigh hagyn qxaglerlhﬁ@@wéﬁwgpw“t BSiangeebukas dini t e

h ck he SLM i t |
Thver si on 188 mﬁ@@fﬁﬁfaﬁip e@&mﬁ:ﬁs%@%@%&? W Rderst b BEER AR 50 ¢ he

i nci dent db
the appl | Cafac 86851 T rel e iathdUirRARe blWRePHEIRAGIY Ry BRAGR CEUSCd BY
appear ancgeflebl6ns3h Me]t%rfé’&gﬁﬁfeo? I@.@ al A1l Qdéﬁhgspdr)i@e% &%ﬁnl?éﬂ/e%néh gt i ¢ hal f

wavepl ate 138 positioned to receive the incident I'ight 110 before t'he SLM
124. Tbe vaterid iﬁaﬁ oét&ﬁlallﬁ bOdispask@on tHe sibsdics66-88 Betwred mte bhduotisy laydre70,

pol ari zation of t ~ 2 ~uN 2002 WO 99/ 54849 PCTI US99/ U6t 8

i nci dent [7lgind 1he\mubshrateb66468$mteﬁuca;;hgamymaf eflbaed light suchaad unwanted irgflecri@s s
with either O Vor 5V are applied to the electrode 132, and has a m ni nrum
bri ght nessFutexamplesan\AR dayaplmivingdntapticd thicknesstaf ode quaster of atypicalovayslength of
enbodi nents, to prevent reduction of the maximum_bri ness by .i ncl usi on of
t he wavepl abb sypchigs 7. ’r?&fléﬁYlasaFchC%WF% of akquij 8638‘}°F%§¥Féi%ﬂ°69p‘b§ml?5 may
be used, 5 which all ows i mum br| tness of a polarization biased FLC
SLM 124 té“hﬁiai?ﬁcof’ﬂ@t%hym}ﬂ{r%?edﬂtvﬁ’é’slg F°the unbi ased SLM wi t hout the
wavepl,at e 138 %ﬁer Aﬁ%gatﬁ@&? e ﬂJC 1n§Ha‘Fer A Eeneog}i%' 38“42%% gemBge

pr oj edtor may be u gracorn ore state

col or - pr OC}H&bM tb "Pe%% ﬁr 8t vactifin Bltkébetwekh %@fs rddutin %@&e@ﬁﬁé@ht@%e NOE

exanpl e, incorporate blue and green solid state lasers currently avail abl e
in other IRvicBBor sHdhi AR csdtiBp @By B&Wachfihidepositbd, bf iy Bt e@ipeitedrd sputRfed COROVE
as well as laser video systens. In one alternative enbodi nent of the inmage
proj ect or di€lecttitze Adutamptively, thpARcoatingg ningy be applied by apineasting, dipdbatpigagr t o
product the 3D inage that is not fixed in depth but instead may be noved
toward or ramgpwmanngwahﬁpém@Ele Wt hout using the MOE device 32, the 2D
i mge slices 24-30 ma gro j ected dlrectly into the eye of the viewer 12
1Ggj

to appfar at tRefenng bl p{swg Sych GpAvaiNg fygrsdPsH 39‘?‘%‘3 Refivolipgeces 24- 30
to th 3D | d h
brbod: menthgPbe iR PaRe forE FREB st 1t gfaereie Beiteie Sl gLbdmestct or

20 and the substrates 66-68 of the optical element 36, which causes the liquid crystal molecules 60-64 to
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ot her conponents may be very conpact to be incorporated into exist{mg JUN 2002
heads-up di spl ays for hel net-nounted displays or in cockpit or dashboard
nount ed systens in vehicles. In another enbodi nent, the slices 24-30 may be
gener at ed awth gse§4ect ed such that sone 2 0 of the inmages 4BCHUSH08618
respectively displayed on nore than one of optical elenents 36-42, in order
to oversanple the depth by displaying the i mages over a range of depths in
the MOE device 32 instead of at a single depth corresponding to a single
optical elenment. For exanple, oversanpling nmay be advantageous if the MOE
device 32 has nore planes of optical elements -27 9 2,1 UN 2002 W

o' the nurb Mero N aons g B oL e opfal PR BllTREE Pl SR afls0cs

24- 30. Forth@g@mle%m@ngé [sGBbsthtidily Rhuidyp@dnton both of optical el ements 36-38
as i mages 44-46, respectively. Such oversanpling generates the 3D i nage 34

W th a nore comefettitgieo RIGPEacmoes ofiht Roldgei70 iy astuipfot Benipklibe bpadingofé i cal
el enents 36-42 or the frane rate 5 of the inage projector 20. Such

over sanpl iciguitrbgtwhen the céroiuctibe, layeos 708 L hrsptlegs Hyyopsuing e npid}y swit¢hapleawaph 78 al
elements to be in an opaque state to receive a single prq}'ecte_d slice

duri ng5a reesipellediby shedMMD gangroperolj8e dipon sudyremeval ofithg volizger/@sthe bigwid efyptabpaque
mul tiple optical elenents. -28 12 J U N 2002 WO 991 54849 PCTI US99/ U8618
GENERATI ONp@pcufgsS041 ara\piegntedmapdomixagng so the Ay (Oarandemlyrssatigssio geeerathe set

of 2D i mage sligce 4-30 to he displ ed. a set _of 2D i mages 44-50 to
o ot ho: Senterad) B 80 3 ks o epfuiR Y SPticB e e 36 Aena B AP AP S g e

data recei 1 I r .gr i d sour.ce. 16.
Each of t 1S aerovulohSepbAiorelyedn Aspl e IRNE AR ERCRIBRY Bipe; e
MCE devi c X b, the slices 24-30 are selectively projected onto a
specific gﬂggeo?%‘[lﬁggro%ti cal elements 36-42. If the slices 24-30 of the 3D
i mage 134 are nmagen sltepsative BRBEdImeht) R fdrRER HESARBERE HlusRatb®opticBdMrmdhe 98!S 3D
i mge. Optional nulti-planar anti-aliasing described herein nmay al so be

enpl oyed tmaycheticaed tode G theitranspatenage slicwicia RiG. 2 becaiiiedtingdie daductiVe A
nmet hod of conputing a nmufti-planar dataset (MPD) is perfornmed by the WD
syst em 10.layen 7 adja¢entioan first substidtd b cctorproun Ivérile tonneetifgthersorsluctivedayee?hod t o
conbine the information froma color buffer and a depth (or z) buffer_of
the frane adipcenito psecopbsupstaain b to aruIpply Joliageesuch as aMpliage imthe ruge ofabapghit¥

Ot qaFeR B TRk e st FESERh S0 o 3 Sl P
ith t 12.. i t he WD t. 10 h h h I th
Ao U5 SRS OB BRSO 1 B R
be di spl aY&%nnﬁ{eﬁﬁglgfﬁQh%%&ft '1?:%@%%% rhd b @R {h%on&u@ﬁvé(;ﬂfér%% em 10

perforns inmage rendering in step 1 romrnmage data stored 1n a frame

buffer, wWhicahect@Mo BR supfly vEXaREP The prdcdRi®is ¥ghth rdvBBedidRefthe 8ptcal eldient 35€

frame buffer may incl ud‘g 2 0 sub-buffers, such as the color buffer and the
dept h buf fterhe thnspannt statey Ppiccaddingdy) de avergpelirectetfrentdDF) apvoltage isapplicdas the
conputes the color and depth of each pixel in the sanme (x, y) position in

t he dept h dnticdl@tement 36, vhichegan head fto failnrevbydiaxing aicenstant sprilied voltdge. ddnot thersfis t he
previ ously conputed pixel,

20 " no continuous alternating current (AC) or voltage which generates heating and increases power
requirements to the optical elements.

In operation, only a single one of the optical elements 36-42 of the MOE devices 32 is in

the scattering opaque state at any given time, thus forming a scattering plane or surface. As the
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then the new pixel is closer to the viewer, so the color and dept hlds JUN=2002
new pi xel are substituted -29 .12 JUN 2002 WO 99/54849 PCT/ US99/ 08618 f or
the color and depth of the old pixel in both of the color and depth

buffers, rewpmesisdel y. Once all objects in a scene are reneEresprassig

dataset for inmaging, the nethod continues in steps 144152. Alternatively or
in addition, the rendered inmages in the frane buffer may be displayed to

the viewer 12 as a 3D inmage on a 2D conputer screen as a prelude to
generation of the 3Dimge 5 as a volunetric 3D inmage 34, thus allow ng the
viewer 12 to select which inmages to generate as the 3D inmage 34. In

performn L : AN 3 fer
o oad | e priEEhilPet pilec(e SOEPL T scibigt A% (1R p BARLBFORE. Bn B
146. The fshigd&ninbd p&'c arexh@;?cuﬁerir{gqﬂmﬁxmﬁid@y rabtBRd $R0B NG f nOMEE S 1 1

t he x-di nension and tﬁe y-di nension as the desired size 10 of the iInage
slices 24-R0ice 3hiccormBy effectidely etiabledbptlyprofeetidh scRlen OViIRITEE RAGIMig trdh€parent
optical elenments 36-42. |If the nunber of pixels per dinension is not

i denti cal dpdtadelemehfs@efniiatie viewef &2 tooseel thehidsplayad) enapk ifoasth2 decdiPed infuge didea i N
the color and depth buffers are scaled in step 148 to have the sane
resol uti o24exd.t he MVD system 10 with the desired pixel dinmensions of the

i mge slices 24-30. The MWD controller 18 includes_an output buffer in the
mermory for st orisgown i FQS. fBprsisycegasive faraeidats isfed fremdhg MQ’& canfreligrdBde and

depth buffers, which b led d i ndi cat b ., Th t put
SR SN SN RIS e |

i havj . | ut i I t h t he .i.n 44-50 to b
DS, R 05 TG AR 1 PR SRR .

i mges 44- .S, I; [ cal enment s
36-42 of RS EERGRieIngYHRn £io 4, BeRpRORSicHERCRs Blodil S ABHhAR 45 110
the pipgel Snffied dBEredtad ims,%&é,ﬁe&mﬂ,@ma RRpaYteRY helitbiEs6 ik Bmitle@ el

the output buffer is transferred to an MVD i mage buffer) which nay be

mai nt ai nechs iMFEG. Bpamd tiie bftichhelerhé 9B isUpaiicdsalie idfdge B8 iomihedtherehiCasADFIGEL ES
are converted to image slices 24-30 to form-30 12 JUN 2002 WD 991 54849
PCTI US99/ 08be B \Miheoriiroler k8anay iBdtodwe bdelay beveerbfeedihg eachaetaf fibthe datw tolthecr i bed
above. The nethod then | oops back to step 140, for exanple, concurrently

wi t h generimagoprojsttor e amiyausing e siyan opticahelement 40 beopaqupsn thatthelimage prodectas
update or change the 3D ijmage 34 to %gner te, far exanpgf gni ted 3D

i mages. 5 2PH@s kRaYe ygteé%me)ﬂm;la& pRecheets the FeRpechtimagey 34-p8, P’é‘qgf‘e-iﬂsﬁ’f mode
and fixed dept e. In.variable depth node, the depth buffer is tested
priorﬁ&até%ﬁ%ﬁ%?@%ﬁﬁﬂ%ﬁ?vﬁhs including step 146, in order to determine a
maxi mum dept h , 1 : 1k : '

Corr espond to Hhetnf o FIGS, 27 oo Sl e RS ol nc il AL Rl
Screen prijgfasl hertbh MRt #éﬂﬁirfi%gcoihi%%dﬁ%n&ya:é BasPMENS KRB helithagd B2 Id1aGE 4 ¥R d
dept h node, %he 10 Z, rpx an M-, are assigned values by thé viewer 12,

ei ther i nteptiosltelen@iny 305 vikibié thgouPlot &alipls) asleast bptical elemaiti3epdnd sinitariyear and
front bounds, respectively, of the 3D inage 34 generated by the MVD system
10. Vari abimpge8pistvisivld thraighetveastioptical eletmentotf)ie F1GQ. 5 iasd imhage 86 it Vigibl2 Bhreugheen
to be displayed in the ME device 32 regardl ess of the range of depths or
of cha&fgesatileastqptigd eleapentytZd (finqedhs imagesd-$8 ere dishlayed amjhighsragrbyshesimage

havi ng such objects. 15 In the fix ept h node, .objects which nay be
vi si bl e orPTPisefop2) eutp é@rPPH‘éP} ehmemsggxﬂgév% e ﬁwmsf? kcepagus Anddragspagenh states ych

obj ects may be ouiside of virtu th range .of the MOE deyice 32. In
an al tern£t¥’§8m8% i fate e mages ?é(ég? o &‘é“““FWﬁgP ‘B}aﬁﬁsaé whi ch may
be determined to |lie beyond the "back"” or rearnost optical elenent of the
MOE device 32, relative to the viewer 12, may instead be di splayed on the
rearnost optical elenment. For 2 0 exanple, fromthe perspective of the
viewer 12 in FIG 1, the optical elenent 36 is the rearnost optical el enent
upon which distant images may be projectd® In this nanner, the entire
scene of objects remains visible, but only objects with depths between
Z~,,~,,X and ZM ~ are visible in the volunetric 3D i nage generated by the
MOE devi ce 32. -31 12 JUN 2002 WD 99154849 PCT/ US99/ 08618 In the MPD

nmet hod descri bed herein, using the values of Z ,,Ax and ZM N, the depth
values within the depth buffer may be offset and scaled in step | 48 so
that a pixel with a depth of ZM-, has a scaled depth of 0, and a pixel wth
a depth of Z~x has a scal ed depth equal to the nunber



of planes of optical elenments 36-42 of the MOE device 32. In sted ZWNgﬂw
pi xels with scaled 5 depths are then sorted and stored in the output bufte
by testing the integer portion Ld, J of the scaled depth values d;, and by
assi gni ng awm$smseal ue fromthe color buffer to the appropCTAS/MNFD sl ices
24-30 at the same (x,y) coordinates. The color value may indicate the

bri ghtness of the associated pixel or voxel. Using the disclosed MPD

nmet hod, the volunetric 3D i mages 34 generated by the MWD 10 system 10 may
be inconplete; that is, objects or portions thereof are conpletely
elimnated if such objects or portions are not visible fromthe point of

soreen. 1 a voloi HeBihidl SAEAARPANTAE, SRR B0y AIZCES TR Bpuca
| 00k - ar ounger &y B6 QY iidRGde@iveAe tﬁe‘ﬂnﬁﬁ\?&nd]@gﬂ B sWhitchedko tanBR;Yl@étraﬁé 00 ﬁ%ﬁx@' e

C
of view such that previously hidden objects becone visible, and so such MWD

systens 10rafSpredi® tRa\adOGtBBEDL SAQRYRIingdy itS tdfidch 2d/cHupddi@ihe ehfire3D infpgeBe | N
alternative enbodi nents, the MPD nethod may inplenent anti-aliasing, as
descri bed figheiars oftie insaigh grdjdreor 20 actbibe padatep eah iabsut Df x 39 Hz SE6 aasthcl P50 LCD
value; that is, d; - Ld; ~, to assign such a fraction of the col or val ue
of the Pi xedémerttoformingail MOFdevide D2 ihaving as indoddual optichleelawint frims kate eS4(Hz,30.
For exanple, if a scaled depth value is 5.5 and each slice corresponds to a
di screte dbpoierall bamarateof thainhage fprajéntori20iig tet beeseatapthanaboysisRel40ilz a8 kHgned
to each of_slice 5 and slice 6. Alternatively, if the scaled depth is 5.25,
75% of t heHigb|psrfogmangeandéor higly qpabily volmgtiie 3D gnamebistbe MYR system 40 mayoser

the scal ed depth, and 25% of .t he col or, value i s assi o slice 6. -32

12 J U N 2t5a9regedey mﬁgteﬁeﬁﬁsﬁegg@)&em&%m[%%@ ﬂrtdeb‘ggsg‘é'@' of anti-aliasing
may be .appropriate t i.fferent vi i, zatd t.asks. The deqr of .

ot ol oot g s eRublins B it B ST EIG 4 HsnlbR G i sueh
fractigpal : ' : 9 f

s ng D11 SHEH MGl bRREb e KR! 6 chih AROPIREIEIAARIE ) can
be varied §iafiie Miirs!GolHRE WESHicAIIEMENS IENER theMOE d¥ce3b! SudiVehuential | asi ng
may be performed by multiplying the fractional portion of the scal ed depth
by an anti frathé aslefigp Pay beRiffcientanthaighel fradeg adte Yalditioas, lsaeH dsi fiagneldigpldyastes t i ng
value by half of the anti-aliasing paraneter. The final col or value may be
det er mi nedofmpotit 32 Higyfoo stilt inzagps 812388 el abegicdS Nzfoy imdges 82-88 displaying nationd Indnn a
predeterm ned range, such as between O and 1. An anti-aliasing paraneter of
1 cor r esporitesnatiye embodimant; seatirandomgplangroadering anryi be perfermed do foaven irpageiitier and
infinity, oo, corresponds to 10,ﬁ]?§)danti - S| ng. @Pti -a i ng paraneters

[ i [ i
| ess than ¥ TRdYPe Matign pritacts v rangg oge!%nt KdPas a@dvs#e"é‘ﬁprcwmw a
ti .ect. . ified i.n,t G; aphj
DS brory. ( coeReRiS PGy e e B S bR Debs (5 SBRPuSIARPIRE, o
oy b PoRERERnAR Af0E BLVAOR Rt PRaRRGA R RAH e | o1

accurate rghabi QAG tHeR cBEhNRERed Plnc¥ bfelil@hindRA] Whidihfcrkases BR pérceial veiameh of
the 3D i mage 34, the MVD controller 18 takes such non-linearity into
account i nraes withisit f@rdakifg SR dtagd rake pf theiimagd @pjedtdB20.Al t ernati vel y, an

ort hographi c projection may be used to scale the depth buffer values in
step 124@. The MOE device 32 maintains the image resolution originally generated in the image

projector 20 to provide high fidelity three-dimensional images. The liquid crystal panels 36-42

are highly transparent and haze-free in the clear, transparent state, and are capable of switching
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In existing 2D nonitors, perspective is generated conputationally i tJUN 2002
visualization of 3D data to create a sense of depth such that objects
further fromthe viewer appear snaller, and 2 0 parallel |ines appear to
converge. | wadesagdpscl osed WD system 10, the 3D i mage 34 peTysysmsaged wit h
a conputational perspective to create the aforesaid sense of depth, and so
the depth of the 3D imge 34 is enhanced. -33 12 J U N 2002 WD 991 54849
PCTNS99/ 08618 | n anot her enbodi nent, the slices 24-30 may be generated and
proj ected such that sonme of the inmages 44-50 are respectively displayed on
nore than one of optical elenents 36-42, in order to oversanple the depth

i ﬁsf"eiiﬁ' o e e oy RE 0 MBI bl SR %ﬁﬁ@fﬁ%ﬁﬁ%ﬁ For
| o . a 32
exanpl e %ﬁ%ﬁx&%ﬁ%%‘rﬂ 1he if{ke S;Jg&e@&vﬁgi% @?ﬁgﬁﬁﬁ '%%% %Jﬁgt?%‘i@éﬂ as _more

pl anes of optic el ements 42t ge slices 24-30, and
so the nunber gf; alldrB&ERS efiBoddaents, tHE RIS devidean nidyoetufifificte@to b B@RwaihiCES
24-30. For exanple, a slice 24 di spl ayed on both of optical elenments 36-38
as i mages Ik limid cresgdeahndly®-92 moay b cavpossdofd paigofpdaie sutisested dvated Onitigage 34
with a nore continuous appearance w thout increasing the nunber of optical
el ementSs 3i@nerAudaces,ivathf thatrensparent coOdusting hyeis TAGH Ywing weted withGin iBulaking
oversanpling may be perforned, for exanple, by switching nultiple optical

el ement s tleydse A pelyuneraparoent dayar may eptiraallyi healigossdngpe theieguinting E&ysn. iBegween
during a respective multiple, projection cycles gntqo the respectively opaque
mul ti pl e OPE sebsirates fifegiyen gy d?m{a{m Hhisdey uekiranderystacompositys sehapessd)
one al ternaé}i Vﬁ EWQ%@' nment , .t he MOE device 32 includes 10 liquid crystal
panel s 36 BPARePLI2-20miEE; BH&d to be 5.5 inches ( | 4 cm) long by 5.25
|nc_hes (13.3 Clr:ﬂe)m rﬂ?opkﬁe%o uﬂ‘ﬁe%av‘e%eh@optméar{e& iS'Ss%QateJQ%h!u@%essPr o] ector
20 includes an acousto-optical lTaser am scanner using a pair i on

| asers;d 0 QIbQEHEGEWhRR colfiBREs 8aGoRhHAL \;egpﬁﬁavy"ﬂ&@@ MRS M%@&&Qﬁ{e&éifhe n

scanned by high frequency sound waves.” The | aser scanner |s capa

vect or scagdl thénuker 00$hnBIR iaft ificrdasdd. PRipl&RERARON T thR HqaRriktdl @Andl 36280106200
poi nts. When conbined with the I 0 plane MOE device 32 operating at 40 Hz,
the WD syaingros&lofiplasticiabstrR€3 is popgedutionitd the ih@éat inobeiditd ARG impembstatidns at
is, 3D picture elenents. A color depth of 24-bit RGB resolution is

obt ai ned, incluHe using pracgssingmethodotopreduce g piial slemsnuis 45theYIDEged R 5ds
update rate of 1 Hz. Using a real .inmage projector 54, a field of view of
100 x 45 cei-tpeolhprosssnen very hin plostictubsirates ioalliowealripgtion eeproduged WaE devi ce
32 incJudes 12 liquid crystal nels 36-42 and is dinensioned to be 6

i nche&%lS‘?oZ‘t‘B\‘ﬁ‘ﬁs%P%ﬁ“jy %Osfﬁ‘gﬁg " (15.2 cm) wide by 3 inches

Using such relatively lightweight components for the MOE device 32, the MOE device

32 may also be collapsible when not in operation, to allow the MVD system 10 to be portable.
Also, the optical elements 36-42 may include other inorganic materials in addition to or instead
of liquid crystal technology, such as an ITO layer organically applied by spin or dip coating.
20
THE HIGH FRAME RATE IMAGE PROJECTOR
The maximum resolution and color depth of the three-dimensional images 34, 56

generated by the MVD system 10 is directly determined by the resolution and color depth of the
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5 (7.7 cm) in depth. The image projector 20 includes a pair of TE)!XSJUN 2002
| NSTRUVENTS DLP video projectors, designed to operate in field-sequential

col or node to produce grayscale images at a frane rate of 180 Hz. By

i nterl aci ngwobesdseeo projectors, an effectively single projBcitusyngsis or ned
with a frame rate of 360 Hz, to produce 12 plane volunetric inages at a

rate of 30 Hz. The transverse resolution attainable is 640 x 480 points.
When conbined with the 12 plane MOE 10 device 32 operating at 30 Hz, the

MVD system 10 produces gray 3D inmages with a total of 3,686,400 voxels. A
color depth of 8-bit grayscale resolution is obtained, wth an i mage update

rate of 10. Using a real . roi ect,or qa fheld of view of 0 x 45
Can be. at D ipAtnied SBiectol B0PIRIBIRE b MR aclict 7 < hrffhariy B¥obverchd )

(35. 1 om g S aioba) iRARSHOyiRe fhan? BbiedordoTRDS M Eluheiifier® NTT
depth. The i mageodeditRaintint, 20 im%%%dﬁﬁatmbh&mdémﬁﬂcm t SRR ERHIEE SHokC
LCD avail abl e from BOULDER "NONLI SYSTEMS, which is extrenely fast with

a frame rake Tk lighofdm {2 Lk is stp@ated BRSea fréer @Vl doftipofdrtSbydidre is 512 X
512 points. Wen conbined with the 50 plane MOE device 32 operating at 40
Hz, the MeepasatioheptickDamdrie dsedas iIBinaeibhes sepdrite spdtial lidht afoddldtoiQBLRMEY Afierel S.
~ A color depth of 24-bit RGB resolution is obtained, with an 2 0 i mage
updat e r ameodglatio®bythe SUM s, theghree edlor dhanpelyarejecembined §uo a single bednganst  vi ew of
100 x 45 can be attained. Wth such resolutions and a volunme rate of 40 Hz

non- i nt er fPEIecded frora thoyptiss &3, sysh e afecusiag dnsdnigyhe MOHqvice\32enigh that eask to a
conventional nmpnitor,. with a.20 inch (50.8 cm). diagonal. -35 , 12 JUN 2002
00 901 54 AGPEETF DXSdEeea o (M e i od In S HE A et v BRah e
36-42 may hav transvgrse resol ution of 1280 x 1024 and a depth

resol uti or?pg?a?ﬁgg’emlsggégi The systemw || potentially operate in a depth

interl d node, | ' : I jidt t f 75
interhgced modg, hpbiBodtnkf! gngtnﬁa p@&@éoxaiﬂelnm?és ﬁhﬁ_{vze?scgﬂ te [a§r8 ©

Hz, with the conplete volune updated at a rate o uch 1 nterl acing
provi des 3ndidaald€hn AR 1AM MRILOVSR seiiPatioA bBtida. Wa&é?ﬂﬁﬁt sodi¢kd¥hve @ nlmBérAse the
frame rate of the image projector 20. In a further enbodi nent, the MOE

devi ce 32 advaiitdgds; Snchiling) irtpeased efficiency) Dvighly dirsétiopiall beamcandeasitighe weRtengthi on,
and a transverse resol ution of 2048 x 2048 pi xels, which results in a voxel
count gr ealpenatiorh adndditidmally i laser light ebwces Phaluse highlyfsaturptedyBlightevliorse 32 in this
configuration is 33 inches (84 cm) long by 25 inches (64 cm) w de by 25

i nches (64 cm )n  farthepembodjpent Hiifferentdeshpelogiqs may beused te bnplement theaSLMi spl ay

ith a 41 inch (104, di aganal . The. | iector 20 in this. .
b Ser Py 18 Bighy bed CETAAGh [ atpiped, ooy SxrpEl b T CAauig pyeiehderioesT
MACHI NES, t ide.a fr te of .2 | RTUAL LNTERACTI ON..
APPLI CAT] CRESHRIOH pgsgd ﬁ’éﬂr‘%‘eq%é":‘r’%%’ﬁf’;?ﬁ%“ﬁfé (%ﬂ\e&% il E’#R@d”?“fm‘]‘[é\l%‘r"ﬁor ating
th f i i nt | i

e user rﬁﬁﬂ&ﬁ%&/%@ﬁ's&ﬁoggo@& Ak ﬁ?ﬁ Graln€ ?QP '}’e}gﬁlﬁ% ﬁg%lié} %ﬁ‘g‘?‘g‘}'%emr

12 to perceive and experience touchFng and 6 at

the sane |@eRLiMNDIIRhhd18gPE TERAS INSIRURENAY) fRbted i BalldyIexis U Grhfing N

generate high resolution 3D 1 nmages 34, 56, and so virtual interaction is

i npl enment edghtrvaveg GUVD tedifdlegy dIBILKION LAGHTMACHINES docsted inSdhmstlepppar at us
to generate high 2 0 resolution surface textures and very hard surfaces,

t hat i29, dJCaliferoiesandithe AnalppEearocdastricd4713 teviced/of BOLEL.DER NONMNEARS Y STEMS, n
view of the virtual reality novenents of portions of the surfaces by

located in Boulder, Colorado, may be used to modulate the images for output by the image
projector 20. Also, the SLM may be a ferroelectric liquid crystal (FLC) device, and polarization

biasing of the FLC SLM may be implemented.
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the viewer 12. -36 12 JUN 2002 WD 99/ S4849 PCTI US99/ 08618 Accor(]izng"wyN 2002
the user feedback device 58 includes high resolution position encoders and
a high frequency feedback |oop to natch the novenents of the hands of the
viewer 12 wwbhomsasds fications to the 3D i nages 34, 56 as werdT/o®hsEige

f eedback sensations on the viewer 12. Preferably, the user feedback device
58 includes |lightweight and conpact virtual reality 5 conponents, such as

f orce-feedback-inducing gl oves, in order that the reduced mass and bul k and
the associated weight and inertia of the conponents inpede the notions of
the viewer 12 at a minimum Such user feedback devices may include

| i ght wei ght ca QTERP}%' : | e e _Qf

wear abl e conpoigﬁptgﬁmr n g{‘/?et%%lg&\)/ﬂ%%g%t lkgﬁé lgh(lr[% ﬁg%ﬁlolr(%p)%\}er%&% égomn'%ggff and
much hi gh :  bar . el . o
used 1 net SRR b o e S BEAERICE B
det er m ne 3 hg oRRH o diglayack Sdrfdsgundingfimb o ihe Wptical dembitat i apopisat@dptiIead
orientations. The wearabl e conponent on the viewer 12 include enbedded
processor Ryt uchire-foasing adquirtients adagtive dpisisysienis ere ubdd, whith snaly &k idevicddg

t he processing overhead of the MVD 15 controller 18 and/or the interface
14. By5 uskmgvain therot duedasphofastfeansinglapparatonigsctizedkin Gs VdovinyiFastHecusing of f ace,
the feedback rate for the overall MWD system 10 may be greater than 100
kHz. Whenimagitd opdigs usingmicserpadhingd adapsive mlnr@m”,@mbaéro@,thqmnwm system has a
dramatically high fi y force feedback interface. Using such virtual

del i
i nteract i aﬁw{/&qmyﬁbﬁ%e!é?l\m/f%uifwsem sys iy Rl &7 membragsdighmggulsto
oo, VTP 303% BT BT BB R o R B R
o | > ! 10T
s ceas TN P BB T LRSS U PO,
JUN 2092 VYOG H 1048 e PMELVERY (6B In raBhtd 98h %@ﬁgﬁ%ﬁ&&ﬁg 1&yRfofoe

used to allow a user to directly mani pul ate 3D data,
metal coating which is reflective, such as aluminum. An electrode and/or a piezoelectric actuator

94 is positioned to be substantially adjacent to the membrane 92. The electrode 94 may be flat or

substantially planar to extend in two dimensions relative to the surface of the membrane 92. The

membrane 92 is mounted substantially adjacent to the electrode 94 by a mounting structure 96,
15 such as an elliptical mounting ring, such as a circular ring.

The electrode 94 is capable of being placed at a high voltage, such as about 1,000 volts,
from a voltage source 98. The voltage may be varied within a desired range to attract and/or
repel the membrane 92. The membrane 92, which may be at ground potential by connection to
ground 100, is thus caused by electrostatic attraction to deflect and deform into a curved shape,

20  such as a parabolic shape. When so deformed, the membrane 92 acts as a focusing optic with a
focal length and thus a projection distance which can be rapidly varied by varying the electrode
voltage. For example, the curved surface of the membrane 92 may have a focal length equal to

half of the radius of curvature of the curved membrane 92, with the radius of curvature being
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exanpl e, in 3D graphics and conputer aided design (CAD) systens. FJrzslMZUUZ
3D i mage and data mani pul ati on, the MVD system 10 nay al so i ncorporate a 3D
nouse devi ce, such as the SPACE BALL avail able from Spacetec Int of Lowell,
Massachusetweoysusdonel | as a 3D poi nting device whi ch novePCIAB/QAGISSOr
anywhere in the display volunme around the image 34 in the sane manner as a
viewer 12 noves one's hand in true space. Alternatively, the MVD system 10,

t hrough the user feedback device 58, may interpret novenent of the hand of
the viewer 12 as the 3D cursor. In one enbodi nent, the user feedback device
58 may include conponents for sensing the 10 position and orientation of

the hand @l bh QREnckR:onfiRE mEXBHERL 52, et fURprd i r Rl k) WPRE 2

position sensor s magneti c sensor aval
and/ or othEhLhNPSS u&fseﬁﬁmo%ff {RUAN B DB R ActDAE 59aBd HHRGRNRRY BpBEH b
virtual reality data gloves. Alternatively, the position of the hand is
sensed Wthégiactidde 9yol une of the display of the 3D image 34 through the use
of conputer inmage processing, or a radiofrequency sensor such as sensors 15
devel oped at tlhendkmbddabind, thé\BefleCtiornofthdmembrane 94 &talgays,towdrd thesdactrbdetiback
device 58 may sense the novenent of a hand or finger of the viewer 12 in a
much $mal Alterngévedy, by pinstige@ wihdaw with gspnsnazant gondugimgdaysr pn theoppesitdisidpbhiy ed
3D image 34, in a manner simlar to 2D novenent of a conventiaonal 2D nouse
on t he f|the msmbrage 82 fromdhejelegtrads 9¢.nd dhanrapplyinge fhsdivoltags totheavindow thesor on
ul, 200z 99/ 54849

a 2D screen of a personal computer, 20 -38. ~ 7z ~

ADVANT ACERSTER2ng B3 W%ﬁﬁ%b@d@%b@ﬁ@% thatyis; fitbeRRysyire enfoverd thee 3p
i mges 34 6.a enerated to praovide.for .natural yiew t he. vi ewer

1o e hat dectogf of ARHERLER o el A ke BRIAGRY  S1E HeRGu riatoh e
2550C] at e : o DO : b Ay '
255001 at Sl it 63090% Ao ARLEGRS 4biil B Bfe s, EbePly BoRorfllin
proviges gt SWECOUFEREQOE PROVEEIINGS, WILt. st he oMl devge 32 providing
voxel counts greater than, for exanple, 3,000,000, whichis at |east one
order of nmagniTHedptical effectEdtithe/ddfletidns iof thediMPMed0smiyrseagnifiddts the projektion
addition, by preferably using a rectilinear geonetry for displaying the 3D
i mage 34,opics P2,asd aaustbE pugediaian@ge framiangbgctiflanede ba figusedrat varping diseamcéson
adapted to displaying, i rrage slices 24-30 as 2D inmages 44-50, the MD system
10 uses afremndhedimage proipptor éopiighere-freusingaates. nddditienally sbe MM O canymaiatein f
many known graphics, conputers and graphj.cal applications program which
facili tat@ﬁ&ﬁ%ﬁsﬁ&kl“?ﬁgﬁé@g@gﬁﬁ‘}mé’ﬁ'grp‘ésrijf}h??ﬁﬁ’éﬁr%ﬂ di splay update rate

wi thoyt requirgng .additio sion sof tware,. Addi tional | in a

bt ef &b e ambdtftriEne © 16 e SN S0 &rey b e i BNE ol e Rana 2
const ant i i | i el . L

Constant RHERR B be AAAH b A WiSppEhl sk WSO ME R ARy
known in fnhgediolthe SroRctidildphrSE MnhQes N 1OMdHean bjdit G?olf:i)é& lpfin@1 12/pRYMnAbdgA DOt h
hori zontal and vertical parallax, which allows the 3D inmage to be "| ooked
around" Dbhe pblarinér @08 tobedkizorially shldrizes bp e benniptitter 106, aid thereB & pdsithZovgh
addition, unlike multiview autostereoscopic displays, the field of view of

t he MVD sthefjeartet Ovaveplato hi4 toucsul in cirauldriydhotazized lighs incideat on the membrane 82 forno

di sconcerting junps in the 3D image 34 as the viewer 12 noves w th respect
to t RO Moeflection@ad frusing oAfter reflection, such focused images 114 are passed back through the

quarter waveplate 104 resulting in light 114 polarized at 90° to the direction of the incident light
110. The beamsplitter 106 then reflects the light 114 toward the projection optics 22 to form an

image of the object. By using the quarter waveplate 104 and polarizer 108 with the MLM 90, the

223-



12 JUN 2002 VIO 99/ 54849 PCT/ US99/ 08618 Further, due to the static 12 JUN 2002
construction of the optical elenents 36-42 in the MXE device 32, there are
no novi ng parts which, upon a | oss of bal ance of the entire MOXE device 32,
results in woegpssgddst orti ons, display vibrations, and evenPCHUSWI0B@PNI C
mechani cal failure of the MOE device 32 The MWD system 10 may al so avoid
occlusion, that is, the obstruction by foreground objects of light emtted
by background objects. Alimted formof occlusion, called conputational
occl usion, can be produced by picking a particular point of view, and then
sinply not drawi ng surfaces that cannot be seen fromthat point of view, in
order to i . i I | Y , when
the viewer fﬂl\gt% F %ﬁ%tsgeﬂ%@aﬂeo dm;rg?l}ﬁg?al%(w# rdeog gﬁtrrlégng%jﬂe}iz@éyh?ﬁ\ée%ggrts of

backgr oundnQRRE the MINROOVHTT-8xi S d/6Hapi\Bis@h&: fdth the prbiBéiRdn 1443 22ne enbodi nent,
the MVD system 10 conpensates for the |ack of occlusion by interspersing

scattering optMTaaimslesianbe ticadday b AmaN distBEEF Mo tathofthdl @k ojedtioh Rine glE&NeENt S

in a scattering state to create occlusion by absorbi ng background |ight.

Quest - hostframothy peojedtios pptics@d, dridghk thapeymbpbsrefmysddat ahipt rata bétheeropt | cal

el ements 36-42, in which a dye is mxed wth the liquid crystal 15

nol eculSes, mialthwnidistgnechidpclidma mihinnine projection plane bl 8th amepximim distqnpt Feg to a

vol tage. The MWD system 10 also has little to no contrast degradation due

to anbi entMINiMRiPFRIEGtioA Plane { HRfrphepreieatinmaeptics 2hwith high repolitign of the imags)

i mge proj.ector .54, requires a housing extending to the MOE device 32, which

in turn ré’&ﬁ’@é’é"“ﬂtﬁ’@"‘gmunt of anbient |ight reaching the MOE device 32, and

t her eby prevent, contra radation. .2 0.,ALternatively.. contras .

degr adat o carssoVE ARG, TEAS Rlasd Rieidhi hn R i abne PSS e Mithge

proj ect or i i t i i 1 L : i i ng

an absorbitﬁgMp agdtj’i ng%c og lgglgﬁggggb?ﬂ%er%%\% %gagbﬁwt l’é‘%@#&@?%ﬁi&? mage

bri ghtjnes SndifidialpdHces dRNEID imddROn@ iBHQual JpGbal elMRhisBESE, hlth A thetoie

absorbing enclosure twice to reach the viewer 12 - once -40 12 JUN 2002

WO 991 54848icdiGld {dTR24 Of Gtli8asd nd difticaiyendnt, avith Aiggh focadiigiccmaey sueh itingthe2D t he

optical elenents 36-42 of the MOE device 32. On the contrary, the |ight

from t he ishegarenajimident orthe sprcers 122 betwetrhtbe bpticgbelementSB6-dh bithp MR device

t hrough t he absorbi ng encl osure on the way to the viewer 12, and so had a

reduced 1 &s of illumination, which is a function of the square root of the
reduces the

I ff d b i ight. 5 | i mhodi

e e o0 ek TGRS i RS e S5,

band i.n.th d..bl . hi b ti t of. d
oo T B O OSBRI B g
e L s

| aser |i 9%ﬁé&ﬂm&&ﬁ@%ﬂgﬁxﬁ&ﬁﬂéﬁﬂuﬁhﬁé’fr&{t%ﬁd rehPsubStRdtdsITiOSIIN QDY WheechMOE
device 32, while the broadband I'ight fromthe anbient illumnation is

nost |y absgféaf oriéhdtion/Vy! 908! e liduid EfrsthASE thEMy GEM Migab & e hligintedt Iasuslﬂédﬁe

enbodi ment, referring to FIG 16 and as descri bed herein, prior to

transni ssi&eh frfat€) And tRA foiftAdntootily bé&tReblTRE BrdSubl®AEsAb fotth Aoe-HaNEesed bfa t he
optical elenments 160

20  helix. Ifthe pitch of the helix is chosen to be near the wavelength of light, the helix acts as a
half-waveplate and rotates the incident light polarization by 90°. The application of an electric
field of sufficient strength to the TN SLM causes the bulk of the liquid crystal material between

the two substrates to reorient to point perpendicular to the substrates, which unwinds the helix
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12 JUN 2090

168 of the MOE device 32, the MVD controller 18 or alternatively the
graphi cs data source 16 may perform 3D anti-aliasing on the inage data to
snooth the features to be displayed in the 3D inage 34 on the optical

el ements 16Q0be8484dJsi ng 3D anti-aliasing, the system 10 avRiTASS/08ES Ng
jagged lines or inconplete regions in depth, for exanple, between parall el
pl anes 162-164 along 2 0 the z-direction, due to display pixelization
caused by the inherently discrete voxel construction of the MOE device 32
with the optical elements 160-168 aligned in x-y planes normal to a z-axis.
As the data corresponding to the inmage slices is generated, an inage

opt 1 oal ol b ERoRRRER AEARIA ofiE Bfinfhfl %?@%m‘%{s‘@é Al g Reiakiftt Meen
PCTI EJ S994,0836 §c Rk bf & mﬁéleﬁe%iaﬁzé&% in @b nEﬁguihlc @l rffeli¥%aldS mssmp

the configtration of the opti‘cal elenents 16 the voxel 170 t ereln

shown in bt faSensitfre 1Sthe SigheR BBl oltBgd R EeitheLafh af@eagdﬂeaﬁts@m\els&h@st rate

t he disclosed anti-aliasing systemand nethod, and so it is to be

under st ooekdudrivin ih haveite aalongdothe TNSLM @etd 68a Wayeplwe/@lth e radrdatiinybeihgal |

spaci ngs therebetween. 5 To avoid an abrupt transition at the specific

i mage &l efimwtionl Mhamdgnitude héthe Bpplivd geltagenposed of at |east the voxel and/ or

i mge el enent 170, both of the slices as described herein illum nated on

the optical el Aliemetivelsas soansin SH  HetheSEMeE2omarpbe @r@ymblectgehemdtce@tabuch

that each of the jpages 172-174 on the optical elenents 162-1

respect i v&KC) haﬁﬁfil‘{;a 18 CPIRROSE tjepleraivmﬁplW%rwah seﬁhtnlwl%éhm&t%me

form thereo e el ene i.s_shared 10b bot Ianes

For med by TpisEab AR EAORTLNER Serteotar SiRrh F‘?%Héw‘?’h%’ B ik PR o

al lovs ey AR 4oTa88isosel reklswekn! $nRBEAe T8 Baf BOL famﬁn&f) g ness
e op

of the | mage e erren on respec I've consecu enent s

| 62- 164 '%aﬂs‘%ﬁﬂeﬁ@oh&u&&qgﬁwgﬁsw 563&&@&%&&% 108 abd'8 cbiiRERd §) £V ¢
172-174 in the imge data. Referring to t he nunber N of opti

el ement s ifcel Oifchriey 2tV phéaafig ¥dliage SA swér Qm,36&6ﬁp5@dlmyeﬂﬁxpleabﬁé]%§ 1P, )
Pz, P3, ... PN, and span a distance D being the width of the MJXE device 32.
Accor di ngpysiti@zd lovarfthd ttanspaentcahdwetoed®dht s 160- 168 nay be spaced at

di stances D,, D2, D3, ... DN along the z-axis froma comon reference

poi nt, such thBELCSUMs complgsedmfrsuémimh 826 apemtcipmmannersimilanto evigied nematiey be
t he optlcal el ement 160 cl osest alqng the z-axis to the projector 20, so

D o and ORNSL Mﬁ,ﬂw‘fbmtmgphcm oeﬁmlaﬁeeﬁeléf for wew,lbe%eeeﬂe&kﬁvedeﬂéé 168
22 of .t tor, 2 ff
i ot ke Enlasndrigty ?‘f?éesaﬁf b roBiign g POl gk ippert gt %?gﬁaéjf%s

subtract ed from absol ut tica

ol omeat s Teeiors PRPOORAS I BRES olfbas, i e friiog 2 0, 2t AnBRiioG it

oy ai so REGEALpalrery i e Pkl 8 B G e uarct e og Sl
spaci ng ka%ﬁ!{%&ﬁdﬁﬁﬁ&oﬂﬁe%a‘é fvely the spacing bet ween the opti cal

el enent s may vary I'bed herein, a depth val ue of each voxel

170 is measur eginpkONINIIM Za'n@L@SEM%S%sie@B@ﬁﬁ%ﬁt poPirizhticl, WARK ré&ult§ fAGn| ens
22 or at the optical elenment 160, and such depth values are stored in a

dept h Izbuf fFe/C STNIhaving a desired diCitheSsbfis &/ RhwtPiatd Witiea rdtdidAion dhdeperdeniticEthe For
exanple, a
applied voltage. The FLC SLM acts as a waveplate with an orientation being a function of both

the magnitude and the sign of the applied voltage.

-25-



depth value D~ is associated with the voxel 170. To perform anti -a? izaélluﬁgzm2
and thus to snooth the appearance of the voxel 170 lying between the

optical elenments 162-164, the distances DA, DB between the depth value D~
and t he optwoab/seenments 162- 164, respectively, are deter nRGRAGR9/88688 such

di stances are used to generate 10 an anti-aliasing paraneter. The
anti-aliasing paraneter is then used to generate two voxels 172 174 on the
optical elements 162-164, respectively, with the correspondi ng col or val ue
of the voxel 170 being nodified by the anti-aliasing paraneter to generate
respective color values for the two voxels |172-174. FIG 17 illustrates a

voxel display myrkRQitkel 106 ofx8€ FRE SUM 12801 B, mg-ammmeiomﬂél}:@c ditv 133 the

voxel s | 76-178 on the optical elenment 162 and the voxels 180-184 on the

opti cal eﬂs%‘iﬂ?&‘lly 18f1ehRhid & BR8P utgodReddidrRtadén hEEis AR EAKY (odorRedalPY t he
voxel s 178-180. If " the di stance between the optical elenents 162-164 is

signific i =121 r : i may
bet or mod iR Ae SEiR e n A 290 oP R AR APRARWONERYBh. WEn vERERA e THY
voxel s 178: val;uUes: i nts

162- 164, ?#g%iﬁ%?@%glg@%b?ﬁ%ﬂg '%gkgﬁlcg%v%giﬂﬁgﬁg@% ecrt%ogeg%?&ﬁot on the
optical elieqrRat 135¢r RPfixkngevoxel 180 being closer to but not on the
optical element 162. Such intermedi ate depth val ues may then have been
converted to thefeing & EIGS. U204 thy alidhefiobs of the phiiciplbexd3Rif thedalfela0epiatt S

162- 164, respectively, in order to display the voxels 178-180. Further, the
col or val forsedby th @ixeisx12b of the FLESTL M 2#kf8. shdwn atiBY, 2.9 V2 addNV2 fdpectidely, to

991 54849 PCTNS99/ 08618 are unchanged, and so the intensity of the col or of
t he voxel bavead° 1845 namd a9 palarizationakespastivieby. such differing optical depths.
In the alternative, the voxels 178-180 at the transition may be omtted due
to their interButiTal $l.MepadBLC BUMstaheto belkiére@ Buirerst gPCPYalareap asagintain dobrect
voxel s 176 and 182-184 may appear to have holes or fractures. 5 Using

ant i -0 i asperagionadhe hpnhgation of pcontin@ouid€ electrigrfisld fodhepixels X246 wsullEdn the0 may be
used to generated new voxels 178A-178B and 180A-180B, wi th_ the vaoxels

178A- 180Ad¢struionaf theglispment dayerson thesubsteates byampyrty 10 porgbardment, wiieh minsg

di spl d . i cal el 164. i fd . h in FEl 18,
o P2y g Gl P RO oo B S0 S S RN LR ELG 10
e 0 i L A B 48 435010 B QEUEAR) B o
adj ust ed FEb@Lrl]\flss‘? 'ﬁ{%fl&&g»f Eéh?iti'vﬁ?GPthE WM't@&e's{kntdi'%éH?étrm fElEred®fsAn the

di fferent dept Accordingly, as shown in FIG 719, while the voxels

176- 184 haﬂ@e@assaigrty&ah;dhgmﬁaﬁﬁgmcdnstaam?éa@mce denik kledgic diell 9 geveRed.NE CUrve
176 for the imaging in FIG 17, the voxels 176, 178A-178B, 180A-180B, and
182- 184 i Howkar, abFIIGSEMAs typically senkiyive tootbé kign of thafisld; which iresubpipagrayatalelept h
according to the curve 188. It is noted 15 that, for illustrative purposes
only, theinyessipady vidchiidackaareas abthe drpegel changingtopyhite ang white areaeghanging toddacky
show t he curves 186-188, and so it is to be understood that, in FIG 18,
the appar 8hte §EM 8PGPalssE s 176 and 182-184 are identical with and

et R ot S R B et ™
711250 oA S0 b St A R i
cl oser buineRflerTidid'e hPhikgh 26k KRR sarhe %g?eﬁ'a?lu. aflesI N 184 Y&t ﬂagﬁ,ﬁfu&ﬁo B

of FIG 18 forman Inmage across the optic el ements 162-164 wt
appar ent gielsn28 86\ d StRMAR HNadéath ¢8R RtionB@ tokesiVtsth@{ncidast light110 before the

SLM 124. The waveplate 138 is oriented to provide a 22.5° rotation of the polarization of the
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9 2 JUN 2002 WD 99/ 54849 PCTNS99/ 08618 voxel s 180A- 1808 and cor r Hspolldl 12902
to the original depth of the voxel 180 in FIG 17 to be closer but not on
the optical elenent 164. It is to be understood that the anti-aliasing is
not |imtedWMOP9sHBI9nearest two boundi ng optical el enents, PCTFUSNSBEBd t he
voxel s 178-180 may be used to generate a plurality of 5 correspondi ng
voxels on a respective plurality of the optical elenents 160-168, and so to
provi de depth transition curves which nay be, for exanple, snoother than
the curve 188 in FIG 19. For exanple, the depth transition curve 188 due
to anti-aliasing nmay approximate a signoid or tangent function. Referring
to FIG I1fcideft IRk, vatitherishhiag bAFicAR HaPing bheaxURus bridififess MithlegB&0 VL5 gept h
10 adjustnent value 7<, is generated which is a function of the distance of
t he voxel attégplisdanticicldcaadd 1320 endts ia@sihinging bEgHinest whan2 5 ahjs appliedns the

adj ustnrent values ~,, ~ may be generated which are functions of scal ed

val ues of eletteoddi1S2.ahcaemBiye BBbddirnents, hepreesp exitiction of e madimeincdmightngss by
162-164. The adjustment values ~., p are then used to nodify a col or val ue
C~ associ atchdioniof khetwayeploted38,IFIAC tnaterjaini@Bdheing e wtatobmtatieh wé45GAay Kehised,
associated with the newy generated voxels 172-174, 15 respectively, wth
t he voXel svhichlldwd theandxirgum dsipktatss wéa pelgrizavion biasstst 1 SEMel 24po6 masch tikd enent s
162- 164 identical to the x-y position of the voxel 170. The col or val ue of
a voxel mmaxinpwe pfightagss pethe tnbitred BEMyWithews sheoravepleteldkel to be di spl ayed.
Al ternatively, the voxel 170 may be associated with a set of paraneters

i ncl udi ng at | Aadescabed abexys. i altcprative gmpefimets gt thg HrsgsPsoiefton Ie lasess may Ped

{ i ough mREASHRT eI e el g polbprotie e i Pt o Sy
XA, Ok Ol S d BB PSR WL e B AR R Wik U

, _ .5 i col*or val‘ue ermné
br i ghwesmﬁlﬁa- h stbrdoe And reurfevil tbAHAbIERS sUEH dSCDRAMLs as well ad ldbbr 26
99/ 54849 PCT. U51§9/s0§ 58 I'n _or‘lle e%o@?ﬁp’r?t , the %?stsgﬁce & _ :’&g scaltd 1o be
a depth val ue fq @altefn@tivd eniddilin bf th irfiagePpRojEHEHIDY th@fadegiﬁfvé 6ptics Ma9 RS
| 60- 168 and each of the integer values 1 t0 N corresponds to a specific one
of the opilnshéadshpdizplag tofmOdudd the 3Doimagy drapisaot fiediin deptle butfingteddhiay tebel s P, ,
PZ, Ps, ... PN shown in FIG 16. The adjustnent values ~., p are determ ned
from t he swakdtbvdepotaweasform the viesvet hy Withowtabking theOEletig® 32,818 2 gnage
uniformy spaced with constant spaci n% S along the distance D, then:
slices 24-30 may be projected directly into the eye of the viewer 12 to appear at the correct depth.
15 By rapidly displaying such slices 24-30 to the viewer 12, a 3D image is perceived by the viewer
12. In this embodiment of the MVD system 10, the adaptive optics of the image projector 20 and
other components may be very compact to be incorporated into existing heads-up displays for
helmet-mounted displays or in cockpit or dashboard mounted systems in vehicles.
In another embodiment, the slices 24-30 may be generated and projected such that some
20  of the images 44-50 are respectively displayed on more than one of optical elements 36-42, in
order to oversample the depth by displaying the images over a range of depths in the MOE

device 32 instead of at a single depth corresponding to a single optical element. For example,

oversampling may be advantageous if the MOE device 32 has more planes of optical elements
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_ D N1 so a scaled distance of the voxel 170 is: (1) D D~ -DO:FSE’}2+1JUN22002
sca~.En = 10 in which D' is the absolute distance neasured fromthe | ens 22
or other reference points. For exanple, with the I ens 22 being the origin
of the z-axWe 95#4%opti cal el enent 160 may be at di stance BCT/HSITH§86Er ~
Dscn~.sd is a real nunbered val ue such that 1 < DgCALED ~ N~ so the
fractional portion of DSCALED~ which ranges between O and 1, indicates the
rel ative distance fromthe optical elenments 15 162-164. For the opti cal
el ements 162- 164 bounding the voxel | 70 on either side along the z axis,
the indices of the optical elenments 162-164 are: ~DSCALE~ and (3) ~Dsca-~, E~
+ 1, (4) Bé-aﬁﬁﬁfnmfeeriumefmeﬁg&s]ic-em.?@, hliSo thlemﬁab@rrqf'naag&aa-sfotwgeatanhm a
varl abl e X; that az2o0 he

val ue or IS, unction returning |'ar gest i nteger
| ess t hanmé.nubiber dffiRadd Pioed 24030, tE R Bx@hpl&aGUcdEM diSplayed®n both of optidi] gle@énty\O
99/ 54849 PCT/ US99/ 08618 ~' ~DSCALED LDSCALEDJ and thus: p=1-~.. (6) The

col or val 3638 aAimdghs 4434, capeniyelye Speictveyamplingfeneass else 33 inape 34 edthvi théret he
voxel s 172, 5 174, respectively, are assigned the values: CA~ Cv ( 1 ' ~)
(7) CH ~=cdtinuous afpeafante withat indreasingitiemuniber sfjapticdl elements 36r2i ar sttefsame rate
assi gnment of a new value. For exanple, for a voxel | 70 having a depth Dv
= 9.2 uni vbthe imagetieieqten?d. Spch qyermphing map be performed Horerampl, by siwitching wi t h

t he MCE devi ce 32 havi ng fi%e,evenly-spaced optical el ements extending
twenty unimuliiplgontisglsiementy to be in 35 apagye styte lreeaive asingls prgiested shice ringa a5 per
Equat i on 1 )., and DSCA ,~ = 2 24 ccordi.n to Equatijon. ._The voxel
T0°1 st nirsPistits R Bielraisdpnen e i B e BE et TADb PrtHeme M o, | &
~=2and LD-A,,EJ + 1 = 3 , as per Equations (3 )-(4), and so in FIG 16,
the optical elenents 162-164 having | abels PZ and P3 are identified as the
optical 15 el enents upon which new voxels 172-174 are to be di spl ayed

corresponding to the voxel 170. In this exanple, from Equations (5)-(6),
the fractional value of the scaled depth is
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~ _ .24, and so p = .76. Accordingly, (1-~,) _ .76 and (1-p) _ jjhﬂﬂﬂhamu
fromEquations (7)-(8), the color value of the voxel 172 is CA = .76 Cv =
76 % of the brightness of the original voxel 170, and the col or val ue of

t he voxel 1WOHS48EB .24 Cv = 24 % of the brightness of thePGFUSPPMARMS voxel 2
0 170. Thus, since the voxel 170 is "closer” to the optical elenent 162
than the optical elenent 164, the correspondi ng new voxels 172-174 have a
di stributed brightness such that the closer optical elenment 162 displays
the majority of the color between the two voxels 172-174, while the -47 i
2 JUN 2002 WD 99154849 PCT/ US99/ 08618 farther optical elenment 164

contributes a |GESERAPHON TINTRERD IMAGE FROM ANRIANNSAANKER DNTASED
transition of the 3D volunetric i mage between the optical elenents 162-164

at the voxel Milgenkrate thd st DR lirfagde shfksi2a330ng bel @izplaystbdsiuasst df\DNighapesd-SE1 Yy
on optical elements 160-168, no anti-aliasing is required. Accordingly,

Equat i onsto(faim thé BDdepend4, atreulti gldnat dadpset iv géneemed faomd tite 3 inadge data récBved By
result in the adjustment values ~,, ~ being 0 and 1, respectively, or being
1 and 0, thedpélrconmmillgr 1&Homdhegipphiesdatatsource d heEadhl afthe/glicessid-3Gsis displapedatd.
To avoi d unnecessary conputation, the MVD controller | 8 may check whet her
the cdnpudtkappmTiale depth atithymthe MOE deviea 32; that isnthe skiceg ef-30@ra Sﬁ?éﬁt“éﬁly projected

predeterm ned error tolerance, such a p ent, i f.sq, .the voxel 170

P et or niTieh sriirasnhive grivb et 6ty BifoTisen il nal wRPatpetGient o
160-168. Th nti-altasing 1 rocedure is termpgted f 1h .

curr ent |yt i Pads o RER HER 5 Sub oM R i e Spcbilanvitiaiopy

75 oy B B ey OB ey Voo TRGRBs bt e One
devi ce 32§@qlﬁaégrmn, no search for the nearest bounding optical elenents is

necessary, since the distance D~ of the voxel 170 and the MOE device

char apg eri st i cg mkthod®f esmputing\wrhti-plapks datdsets MRy s perfatned bl te MVUBalstdm0, by
Equations (3)-(4). In another alternative enbodi ment, for optical elenments
160- 168 010.ain puficukis viecdd VERcdnsrollerd 8 gexforans such 4 method pacimigine the infarmiatign

vari abl e and/or non-uniform spacing, the anti-aliasing may be perforned

usi ng Equfiemareelor byffgragy a depth (@) hulifesiof theiframedwifignef the araphiehdatgearced s
(7)-(8) above. For exapple, for devi.ces ,having vari abl e spaci ng and/ or
vari abl e BPiBa D5e 2rapBIcs MR %P&?@W@gﬁ?ﬂ? @%%&f@éﬁ opFEptioR and &tls 22,

t he anti-%liasi ng net hod may be perfornmed on the-fly during nodification of
t he spaci &Sﬁlﬁ'd configuration of the optical elenents 160-168. Since the

) L) Gopt s g GRS B8l M BTERb AR T Akt 0B
tWo opti CaperstingMRIMVIPSYRE 10 sichGs titdugh A GBI Giht SfRAal user feedback device 58 to
select and/or manipulate the images to be displayed. From such operation and/or interaction, the
MVD system 10 performs image rendering in step 142 from image data stored in a frame buffer,
which may be, for example, a memory of the MVD controller 18. The frame buffer may include
20  sub-buffers, such as the color buffer and the depth buffer. During a typical rendering process, a
graphics computer computes the color and depth of each pixel in the same (x, y) position in the
depth buffer. If the depth of a new pixel is less than the depth of the previously computed pixel,

then the new pixel is closer to the viewer, so the color and depth of the new pixel are substituted
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WD 99/ 54849 PCT/ US99108618 voxel 170 currently being processed, 42 JUN tzﬂuz
searching the depth values of each of the optical elenents 160-168 for e
two boundi ng optical elenments having a di stance/depth values D,,~AR and
DNE, , ~ suclwobas4849D, , r~ aR, < Dv <_ D,,,s,vX,. 5 The var irgilusss/e8e8R1 and
NEAR2 may be integer indices specifying the associated optical elenents
fromanong the optical elenents 160-168. For exanple, in FIG 16, NEARL = 2
and NEAR2 = 3, corresponding to the optical elenents 162-164 boundi ng the
voxel 170 along the z-axis. The depth adjustnent values ~,, p. are
determned to be: 10 Dv -Drr~nxi (10) Due, -D = Dv-Drr~nxi (11) D,,,~, - D

i n which f§(1>iﬁe h@loxt o &Qﬁ\‘lg%f WeSorY ﬁile'IQn B6th R HY ot Gnd Heptt b {%;rgs?iéjf_?lelge Oike

vari abl e The depth adj ustnment val ues from Equations re both

posi ti ve aedjecBUirRSéche R rédtictdd =8 aldutasel forGmaging AhSrhethdd tormtintié it bepsl B)4-and so
t he depth adj ustment val ues scal e the non-uni form and/or vari abl e distances

bet ween adpRi astbrnatiwieot in,additidn,aliecrehdeee insges innhdfand buifes niay be (Bplayeal to
generate the voxels 172-174 with the correspondi ng adjusted col or val ues.
As shown thewiBgerat? asrns3LY ihihge 04 2 PP dolmputie préencad japseluderto gerk@ation b2 theUN idG@e WO
99/ 54849 PCT/ US99/ 08618 val ues 7~, p are based on interpolations of the
dept h 5of askeolumetic 1D Moagsi3thihns alleavingthg aiepver d2 o sgleciophichimagesiolgen¢ratgas| 74
associated with the optical elenments |162-164, respectively. In the above
exanpl e HB&3RMe8si¥or m spaci ng, Equations (9)-(13) are applied to with D~ =
9.2 units, D,,,EAR~ = D2 = I t nd DNE,.,~,. = D3 = 13 upits,. So: 5 ~ _
0 2.8 1.22 U Dayrpingghe method T tPh Sgmpntson, ihe dagg o fie.colo bitesiinad e
with the ool is Mathe Y2k HGM hiSddhlh SuBbRls'rORin Grbb 1648) T PinbIeRE RRY i, for

enbodi men
example, the same number of pixels in the x-dimension and the y-dimension as the desired size

10  of the image slices 24-30, which may be determined by the pixel dimensions of the optical
elements 36-42. If the number of pixels per dimension is not identical between the frame buffer
and the image slices 24-30, the data in the color and depth buffers are scaled in step 148 to have
the same résolution as the MVD system 10 with the desired pixel dimensions of the image slices
24-30. The MVD controller 18 includes an output buffer in the memory for storing a final MPD

15 generated from the data of the color and depth buffers, which may be scaled data as indicated
above.

The output buffer stores a set of data corresponding to the 2D images, with such 2D
images having the same resolution and color depth as the images 44-50 to be projected by the
slices 24-30. In a preferred embodiment, the number of images 44-50 equals the number of

20  planes formed by the optical elements 36-42 of the MOE device 32. After the MPD calculations
are completed and the pixels of the 2D images are sorted in the output buffer in step 150, the
output buffer is transferred to an MVD image buffer, which may be maintained in a memory in

the image projector 20, from which the 2D images are converted to image slices 24-30 to form
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useful if the dinensional and spatial characteristics of the MOE dtzidUNazmz
and the optical elenents 160-168 vary, but a search is required to

determ ne the appropriate boundi ng optical 10 elenents 162-164 for

gener ati ng wooseswvoxel s 172-174. FIG 20 illustrates a fPOUUSRA0B61®T a

met hod i npl enenting 3D anti-aliasing as described herein, in which, for a
current voxel to be displayed, such as the voxel 170, the nethod reads the
correspondi ng depth val ue D~ and col or value C~ from depth and col or
buffers, respectively, in step 190. The nethod may then determne if the
spaci ng between the optical elenments constant 15 in step 192; for exanple,

a configu }%tjﬂ){?na%%%'t(p% \ggwm?y MVBGRPTS Ok h&aLrHdd d8BYe. | T rﬁé%ﬂnfﬂfthén B

optlcal eenen are 1tixed, havi'ng uniformor non-uniform

di stri but gk 10331496, f&ﬂ'@(aﬁ{y@ E&@Eﬁ@itlly%ltlﬂ&naﬂgoﬂ Handih e RStodtoRBERRE € 1N

a variabl e spaci ng node, as described herein. If the spacing is constant,

t he met hoghputtend sieaten upbise degiahigeat OD ifdagd 34 Blgeferdid Aot exabpla)aiitiatedt3ine
range of indices of the optical elenents 160-168 using Equations (1 )-{2),

and then frage2 O method deternines the optical elements nearest to and
boundi ng the depth value D~ in step 196 using Equations (3)-(4) in step
196. Obherw seTh¢ MMIheystspnt( mgy peeraioin normodest variablet depthigede and éixedsdepth 12
JUN 2002 WD 99/ 54849 PCTNS99108618 net hod nmay perform.step 196 w thout step
194 in t h&ogpt b Yeaiebly derthinadrtandentiobeftar @rtﬁﬁtmrﬂﬁéﬂ tklstl\fl%laporeptém s

f hat h
Z?ts![ e aatﬁa«?mnlé‘%:%fori%%dmﬂw#%% lgw%efe@ﬁb\f%ﬁ tfsg{u?lﬁna%ﬁher
Gepent: ng EHe e Shich Py PorfRponti T exiEmB RLLR I8 of ftﬁ%ﬁ"w%oe&%%v%ﬁéb P

inda;gfor a ésigﬁ %‘gvﬁlgn%t%ﬁhﬁgﬂéw?%S 823%8@6 quat | on?’%ga&#g{o%%e value

Equat hgns e dssiglEP Ry R vibWer 12nhiadt mcﬂvelploem Béation
descri bed ereln he method then adjusts the color values in s ep 200 for

voxei s on staltep ficiadiestt tHeqewd dhd GonHoundy, respeetivgly,of tisl ITYindge 3d gpidiatedihythe ment
val ue or val ues using Equations 10 (7)-(8), and the nethod displays the

adj ust ed W¥Blsgstem 18t ¥prighd@depth miode albavsaditof twnbitictsgisiple o e 28) enentsben t h
the adjusted color values. In another alternative enbodi nent, an

i nt er medi diseladedyindbe MOEdavice 3P iregardiess phthe senge of Henthsrar ofi changes in jmassideptht he
adj ust nent, val ues -~ be fixed to.the va ue of, for exanple, .5, such
that hal f dB?“’c‘H@‘”GPY“g‘HF‘HE@%“‘B‘POfﬂé“% afing sugh pYjeetssi gned to each of the

flopt hiSsuch as Thte ARPLTRAIEIE onish okt B PR B B o0 FEh el e ot o
transiti ORyid %i% ; Mdﬁce%a% e Q¥chldd c&%é&eoejo%?slderbf v@tua&geptﬁﬂm é&etﬂe

alternative e he degree o I"-al 1'asi ng can be“ vari dfromone
extreme; tNIGE device 30N@ah AHerhitfrelchibolinRAPof tHERLIY deBlhURSIe image pixeR wiicH |&y t he

color values; to another 2 0 extrene of using all of the fractlonal depth
val ues -, be ﬂeteﬁﬁméchfb liddgyerl thé “wuok’t orabdmoft®pticd) clethent of the MOE device 32,
' relative to the viewer 12, may instead be displayed on the rearmost optical element. For
20  example, from the perspective of the viewer 12 in FIG. 1, the optical element 36 is the rearmost
optical element upon which distant images may be projected. In this manner, the entire scene of

objects remains visible, but only objects with depths between Z,,,x and Z,,, are visible in the

volumetric 3D image generated by the MOE device 32.

-31-



varied to any val ue between such extrenes. Such variable anti-ali a]s?n@;UNé&ﬂnz
be performed by dividing the fractional portion ~, of the scal ed depth by

an anti-aliasing paraneter P, and then -51 ~ Z ~uN zooz WD 99154849
PCT/ US99/ 0890hd9masgmt i vel y of fsetting the resulting val ue freuuSIpessIsihat i s,
after a is calculated in Equations (5) and (10), a variable value ~,v,~ is

cal cul ated such that: "WAR - P ' ( 14) The final col or val ue nay be

determ ned by fixing or clanping the negatively offset value 5 to be within
a predeterm ned range, such as between 0 and 1. Accordingly, Equations
(7}-(8) are nodified for variable anti-aliasing such that: Caz Cv (1 -

~VAR) ( 15) ~'RB3he MPY rﬂet}{&ﬂiesénﬂe@}he%hﬁ uﬁhgﬂﬁ vaRiSs 8021 And Z G, tg@déﬁ'}’vathfb'és

i npl ement  Equations (14)-(16 respecti ve to 10 provide variable

anti - al i agithig. theﬂdtpmﬁuffea}uagse Bﬁ‘sd@aﬂidmseteaﬁn aép P1gsokhdt @rpies PR dsleptd of 7],
anti-aliasing, and an anti-aliasing paraneter of infinity, P --~ 00, which

may be i nhdsarseditddeptionfilytad a pixal wigh awldpth of 7,1, lhbd 4 staled [depth equaler the abmbal ue,
corresponds to no anti-aliasing. Anti-aliasing paraneters |ess than 1 may
al so be i ofplanes of enticalFdementsifpd 20f thihMOBdevice 32a hn stel 30 siahgixeds Wit saaleded
above for Equations ( 1) 15 (13) is inplenmented. In another exanple, for

an antsg - ah%pﬂfsldaathvﬁhdf@d%d stored in & oBipit ﬁﬁfe@ﬁgkesﬁﬁg e 'axﬁ 95@6@35@4 &tfthe3
~V, ~ by Equation ( 14) and so C' = 92 A)of th ol or val ue

of the “vox@led HéPth vilakd &, agﬂ%zf assi éo%’ coTorSraleeGfort h8 c61k Puffas 3 e a%roﬁr’i‘cﬁ‘e voxel

170, as per Equations (15) npared to the previous nuneri cal
exanpl e, MPHhslicas 2450 & mmialmea(k;yasodwnatém rEROkr Vilte Aa irkidiatd thdbiighores©bf t he

voxel 172 in the apparent depth from76 %to 92 % while the voxel 174 has
a -52 1the hkiNcia@0 DiNADPIOBIKEM 849 PCTNS99/ 08618 decreased contri bution, from
24 % or about one-fourth, decreased to less than 10 % In a further
Using the disclosed MPD method, the volumetric 3D images 34 generated by the MVD
10  system 10 may be incomplete; that is, objects or portions thereof are completely eliminated if

such objects or portions are not visible from the point of view of a viewer viewing the

corresponding 3D image on a 2D computer screen. In a volumetric display generated by the

MVD system 10, image look-around is provided allowing a viewer 12 in FIG. 1 to move to an

angle of view such that previously hidden objects become visible, and so such MVD systems 10

15 are advantageous over existing 2D displays of 3D images.

In alternative embodiments, the MPD method may implement anti-aliasing, as described

herein, by using the fractional portion of the scaled depth value; that is,d, — |_di_l , to assign such
a fraction of the color value of the pixels to two adjacent MVD image slices in the set of slices
24-30. For example, if a scaled depth value is 5.5 and each slice corresponds to a discrete depth
20  value, half of the brightness of the pixel is assigned to each of slice 5 and slice 6. Alternatively,
if the scaled depth is 5.25, 75% of the color value is assigned to slice 5 because slice 5 is “closer”

the scaled depth, and 25% of the color value is assigned to slice 6.
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exanple. for P -~ oo, anti-aliasing is elinmnated, and so ~,v,,~ 320.JUN QPI]Z
Equation ( 14). Thus, CA = 1.0 Cv = 100 % of the color value of the voxe

| 70, while CB, = 0.0 Cv = 0 % of the color value of the voxel 170, as per
Equat i ons (wb9&4849 16). Accordi ngly, any voxels 170 |yi ng BE/URSA86E8 t he
optical elements 162-164 are displayed on the closer optical elenment 162,

w thout anti aliasing, and so step 202 in FIG 20 may further include the
step of not generating and thus not displaying a second voxel farther from
the reference point if P ~ oo. For exanple, the voxel 174 is not generated.
In further alternative enbodi nents using variable anti-aliasing, the method
in FIG 20 10 &M, ' j : e L Ehensadi d | or
VAl es are gr earart RS o R BB e B sty el IR AR 881 1)
- =, V'R Reglectdfani-Gliasing cal bé +aried from ode éxlr@r}]e,ﬂh&fis,%noﬁn?}g: frdctiénal depAR > T
then CHZ = Cv ~vnx (18) 15 else CHZ = 0. For exanple, may equal .05, and
so cont ri \ikid tossi@f the odlor vdles © dnoehier @hrerie ob uSingraly obhe Gractiondiedepth vakg| érgi bl e,
for exanple, since voxels with such col or values are displayed on the

opti cal ethedegresofladf-alis@ngtamrbesaiietioady valuo hetyes sich txteamesg Snahdariable anti-
Accordingly, such negligible contributions to the overall 3D inmage are

di scaridedaliasing mayde pertormsd by inytiplyigs Wpdeacyomm] potipn ofihe sefiledyieathdry anaptich may
reduce the nunber of voxels to be displayed and inprove conputati onal
proocessi ndiasing paramster.japd then negatiyelyoffsesting thg resalting valpe by hﬂBth%?ﬂtS?haﬁlﬁé MVD

Pysten 10,5, SOPOL ol SETSLULIG, e SR LIPS, 24 IRt LIS SRRSYRRCS o
VO 99 5484?%epﬁ%l({§l§§x{ %&r@é%cﬂﬁm%in %4§u%9agt)é§19!§ %%lltg%dglr.] Axbaej‘nth }alsi%glg%rcl g{éﬁgft S

36-42 of th ; ave apptopria ng ‘and col ors at a

Cecond | nhgRSpb I Rral ARG ohd APk aERhe plePERRR BREIGRART  cn

; ' . L ol asing. 5
| gerty oy nEPRRShE ARSI o HEAES B haltt riy Mso el By 2 T 10
performs the MRR-AMIRN RbtHOBUIRS VAlGes, & PhrsfX@EPrSiectonaRid bel Js@d,r%péﬂeﬁiﬁﬁ?] data,

]
such as the color and depth (or z) buffers of the frare buffer of the

gr aphi cs @hOpefi Grdphics Librark (OpEREL) rultiiatfbemlsbfiwate iérfics td fapldetafivaire t he

correspondi ng pixel in the color buffer, and is used to determ ne the

| ocati on aifppbitieg pindedingandumagihg oparationat Stdhen peespedtive pibjeation i@y résGlt irda sql-ayed
within the MOE device 32. This MPD 10 conputation nmethod is appropriate in
si t uat i onlindarityefivelues in thesdeptisbuféed. Foran agenrate eglatiopship hetwicemipe virwhl depthagdound
objects of the volunetric inage 34 fr I\/D]rE device 32 are_not rendered

f th
i f suth i thegisyaldepthgf the 3R mmagg 3r‘ntﬁ§%\91§nﬁomfeﬂﬂsg Siakes syH) eanrlineanity intg agropak | ng
i i n, the, MOE i 32, i.n whj i, f bj ect
{1 anel ucolpTodnting iesealsd ofmn sl | MR R : & dhon Rt gty bt feed ©
obj ect totobs% 1§%hrh ﬁgnu?ﬂe%eﬁngtﬁgf%e' technique is used, in which a
a ?al P aef’ ete

par amet er rm nes col or of a pixel/voxel in
In existing 2D monitors, perspective is generated computationally in the visualization of

3D data to create a sense of depth such that objects further from the viewer appear smaller, and
20  parallel lines appear to converge. In the disclosed MVD system 10, the 3D image 34 is
generated with a computational perspective to create the aforesaid sense of depth, and so the

depth of the 3D image 34 is enhanced.
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the col or buffer by conbining the colors of both the foreground &RdJUN 2002
background obj ects, depending on the value of a. Total opacity is given by
a =1, and total transparency is given by a = 0. Wile using such al pha
channel i magvangpd4gg9gener ate col or i mages from the col or bufPCeUSeYMAE18] 00k
correct, the depth values in the depth buffer may be unchanged, and so
still correspond to the depths of the 2 0 i mnages of the forenost obj ects.

I n known display systens, the unnodified depths prohibit the proper display
of images in the volunetric display systemsince there may be nmultiple
surfaces at a variety of depths which are to be displayed using only a

V0 S0/ 4349 POTLEEYS BERGREAT BERIY 2 SUTA Beniaa Al ﬁ@sﬁéé;lach*%tw%zooz
transl ucenjr g, ;45344% d?@fe%bééﬂ%l& BRpigRdd amh&la RN QnE Df &aﬁamaﬁen@ ig-gnid n the

prior art in di splaying nmultiple surfaces at a variety of depths for a

singl e depfrder YRbvegsampheheligpth By @iepIMihY i g, smemaﬁgmlepm@mhe MoR ures of
OpenG. to generate clip planes located in the nodel space of the M/D system
10, with wlevic3? aned ofy aistiglerdepthabtrespeddihg toocsingle optidabeleraaranpbreexamplea
predeterm ned side of each clip plane, such as a positive side as opposed

t o a négataversamsplitg. madohe agdvanigEody thedVQR daviee A has morambwe g ppliaa elghients may
be nunbered with indices 1 to N and having a uniform spaci

t her ebet weldrft2 than thp awRberef fmass, slleef2éz§0 tndssodhenuples of gna@e%‘? -histerqater thange
34 dered Nt f d h oth

Separ at o MHOMBYe RETERES EUtE &0 0a iy BelPE: Slics P DI EL G PR OEP RPN OE
| ft | 4-21 Th ff

hre gener a{f%é&!"asiﬁ%éeeﬁ%-wﬁveegﬁ\z)%?%%%svaﬁ@m&ggwr%%ﬁ pEoP ot Wb AT

frame buffer.. t . . o

but for to T SuRSERte AubifiphERAORE bbb Eor tical PERRECLAG A0RARRNEE |
channgly My gRGapE B %ce& bo. ssmqwaxfaﬁnmxﬁ BB PSP fordRarh PIB yaitcRinpha

val ue associated wth the MOXE device mhlch is 15 being used to generate the
3D vol unethiliple speal Siémente fclisy inag opaqub satei tp r¢tep @asingiyprojectedylice daringsl

W t hout anti-aliasing as shown in FIGS. 21-22, in which clip planes 2| 4-216
are used aespeetbypomdiiplg ptojectimm geclgs@ntd thesspatively opaphe clultipde optiwalalerndmer ver
218, and portions of the inmage 34 are generated and displayed on a first

pl ane 206 positioned between the cIip planes 214-216, with the inmage
portions between the cI|B | anes 214 dis ghagd Qn_the first plane

3(238 2Nve por'éll onls of Nﬂ@ éVQEN&B%DH\éﬁ@f @& T ! Qﬁf}%"ébl ip planes
pgsi t: : negrbeltag aé/‘fl‘ secgchwgrga@%@gm%at n‘flﬁé& thﬂg‘d%&? rver ]sczrggv\een
2002 vio 997 e R iEEg3) BEa T4 (145D 105 B2 PR (IS e P% L

met hod usi@g dbPindlepha THE ﬂﬁ&’elprm@ét&elo 1ﬁﬁﬁﬂddraﬁ§c&fsto%@§4as@f BeakhSRehneP biGhy as

an atnospheric effect inplenenti'ng fog-Iike imaging used for the anti

al i asi ng. adfr §faéh hesad tipRodie fS gredtand Mha light, vidchwasaeRthtehdndehent seartned
conmbined with the color of the fog in a ratio determ ned by the density of
t he fog arny higlefrelpendy sofind wavaso dbe lasér tstannersip egiablemf vemorscatmptgh 66 00 points
associated with far and near val ues specified for the fog. Fog functions
avai | & e pensprh@ia resolutiodeof ROGve 200 paintp oWdwn cambinedhwitk shsdfepltane MOE devieed
functions. The di scl osed MWD system 10 may use such functions, as well as
conbi nat i oWsOR§Fatisg e'rAOfIé@ tthb’ﬂy iiem lélnmdt&gs 3Ré @nwﬁ é\fﬁbé@w@l fi490.800 voxelsar
fog functi 4- 227 shown i strative

enbodi ment Dbl FiFfurs damentss fﬁaolore‘ffeﬁis AR eB A taped; WHR ap imagg 10
functions 224-227 starts with a val ue of zero, correspondlng to a bl ack
setting, at the near depth of the fog, and progresses in a |linear manner to
a value of one, corresponding to a true-colors setting, at the distance
(FAR - NEAR)/2 fromthe near depth Iocatlon The fog function then falls
back to zero at the far depth of the fog3¥Wth such a fog function, and
with the clip planes separated by a distance of 20 with their center being
positioned on a given MOE plane in the nodel space upon 15 which the inmage
34 is to be displayed, the inage 34 is rendered N tines, and each tine the
dat a




fromthe color buffer is sent to the correspondi ng pl ane of the'k@EJuﬁvmmz
32. In an illustrative enbodi nent, the conbination of |inear fog functions
and the processing of voxel inmage data with such conbi nati ons are perfornmed
by synt hesiwongs4dsisages for a given optical el ement, such FETWURYpR6e 206
in FIG 23, with at |east two rendering passes. During a first pass, 2 0
two clip planes are separated by the distance Db wwth a first clip plane
228 positioned on an optical elenment 204 having i nages rendered thereon
before the current optical elenent 206, and with the second clip plane
positioned on the current optical elenment 206. The forward |inear fog
function ; I 9 { di st ances
increasiﬁﬁ?gﬁf?ﬁgﬂégg ﬁg@§a¥%gﬁﬁé%é§%%g t égﬁg@ég%&%ﬁﬁﬁﬁﬁexg S%Eggid clip
pl anes toumpeger a first set of inmages for the optical elenment 206. During
a second pass, the two clip planes are separated by the distance D, with a
first clip pl apenfpsialtepneed eibotiident Wid MOE deick 62 linchldesTentiqd® Grys@nghndlst h
the second clip plane 230 positioned on the optical elenment 208 to have

i mges t IBH40andriedictensdnelftd &e 6tifvhec5 2emi.) lopg by élinches(iB2tcnDGidednd imghich t he
second clip plane positioned on the current optical elenment 206. The
backwér d (7i7reem) infdepthf Jihe ihege peoisctot@vinelydesiagianiof EEXASINSIRUNENES DLPFAR

| ess than NEAR, is then used with the aforesaid clip planes to render a
second sevidesrprpigetgissdasigned 19opergta ip dieldssegnantial coirg morg do pipducearayseale imagge s

dered with the di L i fog functi 224- 22 hen 10 added
Loget hor 9 TR ! LYEHERPY BT5eiE (5 P RGO By RE=(5 Tlle BISRL® 206,
F deg | st i first 206 as. shown in FI th
Fog 1 uncrioBhe: G 53e HIELZ d blesfoBRGe PR e AR p Rrie oo, '
! f : et X .
' mages 1r tIaB‘s’fve?Je'ré’soﬂIti%H%ﬁalﬁﬁﬁ? I%e%go g?@? ﬁ&ﬁ%s. %ﬁeﬂ%ﬁﬁﬁ%ﬁ‘%ﬂt e@l&{ﬁgbﬁ)g

correspondl ng col or val ues no e correspondl ng val u

functiOnSyedicd 33 dperding 2180255 MVDY Q&H_tlb%md%&ésg&ayrﬁﬂﬂgw@ith heoraidsed
i mges on the optical 15 el enent 20% usi ng the functions 224-225, the MWD

syst em 103,p8640006&%elb.0AlCOIA AEptR oS 8HB @Eyboate leSB@RNASoRained; With aplimage Widdteas
showmn in FIG 24, wth the fog functions 226-227 being translated to be
cent er ed mtaft0the shpandalimageprdfetor 4@ fleftbhgfadew 6001000 RES5Téanbepatiained:

232- 234 and depths therebetween have their correspondi ng col or val ues

nmodi fi ed by t He aduuthes sitonative gmbadiment thetNMOEfdeyicé 3hincludes 306yuid crystal panels
associ ated depths. The MD system 10 proceeds to successively nove the fog
2 0 functitof andds dinepsignedste bedﬁI@émﬂgilr@-blppg)bxpl%w&wf(&?rﬂem)owdaby 4@t nent

of each respective inage us'l ng the al pha @haﬂ%el net hod. ernative
ll]C

] I t
enbodhhenifehes 34 ena ip denty PRESPIOIEIPT B Pk srped G?aq%ﬁa FIESHIC b anes
204- 212, I i f i b e -5 o~ JUN
208212, L0 S5 S 135 RIS GOS PO SRRl SEERG s B o, 2L
depth perﬁf‘emf'ag&temfk?ﬁ? Thé {raﬁsogrsg}e%‘]{l@éﬂeﬂiaﬁgbl\é% B4 lb(boid@g\?hghd'combined
with the 50 plane MOE device 32 operating at 40 Hz, the MVD system 10 produces 3D images

with a total of 13,107,200 voxels. .A color depth of 24-bit RGB resolution is obtained, with an

20  image update rate of 10 Hz. Using a real image projector 54, an field of view of 100° x 45° can
be attained. With such resolutions and a volume rate of 40 Hz non-interfaced, the MVD system
10 has a display capability equivalent to a conventional monitor with a 20 inch (50.8 cm.)

diagonal.
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For exanple, referring to FIG 23, far the inages 236 at a deptﬂnZZSwN 2002

| abel ed D and havi ng respective color values C, for each portion of the

i mge, the value 240 of the fog function 224 at the 5 depth Dis ap, so the
adj ust ed coworegsedsie di spl ayed for the images 236 is apC, . pdhessonses val ues
C, may be the depth adjusted color values as in Equations (7)-(8) and/or
(15)-(18} as described herein, and so the al pha channel adjustnments may be
optionally inplenented in step 200 of FIG 20 to performthe anti-aliasing
wi th the al pha channel techniques described herein. By the foregoing a
novel and unobvious nulti-planar volunetric display system 10 and 10 net hod
of operation ] : t4ae I :

ovever - numer Baa e iSRS R I 18 nE) Bl S S on o

depar ti ng; 86 QMobh enFPAdptH re@diutidifori23Y BlaheL The E}@fen?%flfﬂt&tialg? bpeFatt }a depth

preferred enbodi nent di scusses using planar dptical ‘el enents such as 'l at

panel | i ditegla€ddViddrlin Vhiehlaf¥Sate iplankSare@ittel atvi tofal fatd S¥E7SHHL WidWhedoniphete
invention to contenplate curved optical elenents in the manner as set forth
above. 15volin@e Mpdatedynsh eite 408 Bl z. bBudhiiptetagiy rdvided lgighdrperpived adluse nd

met hods described in co-pending U S. provisional patent appln. no.

60/ 0825 44Rjthdut hadngorindred3 the fB@8:; rawf el imagespraiectoy2@.he appar at us and

met hods described in co-pending U S. patent appln. no. 08/ 743,483, filed
Novenber 4, 1996 fusihsr embodimgnts BietNMRBdeyien3? imclydes SWfplagestor paigaificanty large
5,572,375; which is a division of U ' S. Patent No. 5,090,789. The M/D system
10 may al deptihiesqlptinne pid EansYRIsSTgsalwionf 364 &x 2048 pixels whichaeswe in ajvoxekqoBaly | n

above. pr S&eéﬁrihwf’*fﬁfﬁé‘ﬁnn@%éla-?%é’ S e M rvich 015 ks sopEvalon 38 e It e
he 1 nwenton- by B nBh8 4 GRYSRIAESS BRI 300 KEISHE DaRp B8
et/ 110 solPBRRTA" APl £ (iR o N A R SRR, et o

a t hr ee- difBaEmOMRclideBaR Gt BYRIVAVe Rclitloldgs bf SILICONDIGIERM AT IENES! o,
wherein a first voxel depth value of the first voxel is 5 between a pair of
optical epenidet fdaptrite vB20kdz.corresponding to a pair of optical elenents
bounding the first voxel, the nethod conprising the steps of: generating a
dept h adjustnent value fromthe first voxel depth value; adjusting a first
col or value associated with the first voxel using the depth adjustnent

val ue; and 10 di spl ayi ng ¥IBEUSAINIGERACTHANAPP TIONS of the pair of
tical el t i he adj ust.ed | lye. 2. Th t hod, of claim1l,
Sk AR GG TS Y P TR
b q . . PRk . o v of
I o B AT e A B G0 BRI SR, ©

val ue i nckééﬁﬁ’gstht: ) iﬁ)taEEB SQI 56 at the same location where the 3D images 34, 56 appear. The MVD

system 10 can generate high resolution 3D images 34, 56, and so virtual interaction is

implemented in the MVD system 10 using appropriate force feedback apparatus to generate high
20  resolution surface textures and very hard surfaces, that is, surfaces which appear to resist and/or

to have low compliance in view of the virtual reality movements of portions of the surfaces by

the viewer 12.
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generating the depth adjustnment value fromthe scal ed voxel depth val ue.
The nmethod of claim2, wherein the step of generating the depth adjustnent
value 2 0 includes the step of determning a fractional portion of the
scal ed voxewobssedasval ue to be the depth adjustnent val ue. PEEUS99/08618 June
2002 4. The nethod of claim3, wherein the step of adjusting the first
color value includes the step of: multiplying the first color value by a
function of the fractional portion to generate a second col or value as the
adjusted color value, with the second color value 5 being associated with
t he second voxel. 5. The method of claim1, further including the step of:

modi fyi ng the gleBidin ,Jth@ﬁs@?fl&daée;t a@viafedstshnaade@mgh-reédl&fo!n%sip&; ABl&E a%dOG

control the degree of  anti-aliasing of the three-dinensional inage. 1

The met hoghigh fiefiney feed iR 1dpho iaRh HHerhowiment of e Hagld$ dTahd viewér 106l val ue
I ncludes the step of generating second and third color values fromthe

first col modifiedtions tessthegDtimegedSps 36 asdyelisis fenot foedback seramibnabdn Kei viewdnd2st ep of
di spl ayi ng the second voxel includes the step of 15 displaying the second
voxel andPmferdbly, thewsgrefeedbackdavers 58 dndludes Ggltweight del qoaipactofirtuaptealityl el enent s
using the second and third col or val ues, respectivel%. 7. The met hod of

gr

clai m®, eamenoaens sueh a5/forcaifsedhacktindysingeoveslie aedst hagihe radueadanass pndbidked. 20
8. The nmet hod of ¢lajm6 erei.n e pluralit f optical engnts_are not
uni f or m yﬂ{}dg%%ga?c'@‘%‘{awelg&@\ggd%“%ldge .mpﬂ‘f'ém?r@{ g thsrmetfons HF %; VIRWET b1 8 & he

plurality of optical elenments have variabl e spaci ngs therebetween. 10. The
net hod of W3 9, further conpri si ng:

Such user feedback devices may include lightweight carbon composites to dramatically
reduce the weight of any wearable components worn by the viewer 12. Furthermore, very
10  compact and much higher resolution fiber-optic or capacitive-position encoders may be used
instead of bulky optical position encoders know in the art to determine the position of portions of
the viewer 12 such as hands and head orientations.
The wearable component on the viewer 12 include embedded processor systems to
control the user feedback device 58, thus relieving the processing overhead of the MVD
15  controller 18 and/or the interface 14. By using an embedded processor whose only task is to run
the interface, the feedback rate for the overall MVD system 10 may be greater than 100 kHz.
When combined with very high resolution encoders, the MVD system has a dramatically high
fidelity force feedback interface.
Using such virtual interaction technologies with the MVD system 10 which is capable of
20  displaying such volumetric 3D images 34, 56, a 3D GUI is implemented to allow a viewer 12 to
access and directly manipulate 3D data. Known interface devices such as the data glove, video

gesture recognition devices, and a FISH SENSOR system available from the MIT MEDIA LAB
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searching through a plurality of depth values associated with thg 2|oIJuUthI2pqzy
5 of optical elenents to determne a pair of optical elenents wherein the
first voxel depth value is between the depth val ues associated with the

pai r of opwawsls4sioenents. 11. The nethod of claim6, wher @TWUSHB6I8ep of
generating the depth adjustnent value includes the step of: 10 generating
the depth adjustnent value fromthe first voxel depth value and the opti cal
el enent depth val ues associated with the voxel and the pair of optical

el enents, respectively. 12. The nethod of claim 11, wherein the depth

adj ustnent value ~, is 15 cal cul ated according to: DV - DNEARI D NEARI ' D

NEARZ - 6%{; Cﬁ%i%%@ggsg%s%ﬂ%aﬂ bENisddq0 "aﬁg\? At Serltd girécitlg ?%/ag}’ﬁéﬂéagé %Iﬁ ﬂQtB,rfoy fal ue,

and DNEA represent opti cal enent dept at satisfy
the condifdndle, BNED Braphies Bhd Eef¥ptter alidd dAgR(CHAS) dygEm@ener ati ng vol unetric

t hr ee-di nensi onal images, the nmethod 5 conprising the steps of: providing

i mage dat a COF#eafI08Dimggeand dats aniPuldtion; e VEVIS kel 1Ghag elso Bicoporate a

t hree-di nensional inage to an image projector; and selectively projecting
each of BDendusedéeiice nxhandle SPAGEBALL anaildbi: frarm§pacpteofmeof bowelit 0 a
respective optical elenment selected froma plurality of optical elenents 10
formi hig Massachusettsyn§ welk aop3 D paintivgdévice, whicle nowésragd ) ¢1esas apyshend in thedisplayri ng
anti-aliasing of voxels at transitions between at |east one pair of the
optical ®plameground thejeaes 3 ia thiywame manasr a5 viewddj1d snaves onstoiand i) weesspaes: i ved

f th ti-ali d | s; d ti i.rst I tri

thr ce- di AUREPBIEN: e ALk Brpiiies bive ek Seirr He BB BUFRE! devi ce

f th ti-ali d sli . selecti j ected th I lit f

o e kbl RSl G5 PR gl ot o9 on Lhe pural ity of

step. of - Pr of o difboiifent lelse OLIBY Sdvice SRR HIBRNS A SPGB0 ¢ e
1 ca t1Tng-1 mage ge t

multi 20 surface op device using a oa nerator,

genef gt € pasiBGFARAGbrEAlaORS thEhdnd'of BrediidWi 2.0 P8 exhMBREMY VRWRP Emap hdllieRt | Ng
in space at a location separate fromthe nulti-surface optical device.

wear a position sensor such as a magnetic sensor available from POLYHEMUS, INC., and/or

other types of sensors such as positional sensors incorporated in virtual reality data gloves.
Alternatively, the position of the hand is sensed within the volume of the display of the 3D image
34 through the use of computer image processing, or a radiofrequency sensor such as sensors

15 developed at the MIT MEDIA LAB. To avoid muscle fatigue, the user feedback device 58 may
sense the movement of a hand or finger of the viewer 12 in a much smaller sensing space that is
physically separate from the displayed 3D image 34, in 2 manner similar to 2D movement of a
conventional 2D mouse on the flat surface of a desktop to control the position of a 2D cursor on
a 2D screen of a personal computer.

20
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-62 12 June 2002 15. The method of claim 14 further conprising 1219’&” Qﬂﬂz
of: controlling the translucency of each of the plurality of individual
optical elements of the multi-surface optical device using an optical

el ement conwwoddolsessot 0 respectively receive and di spl ay thepanusssmséiased
slices. 5 16. The nethod of claim 15, wherein the step of controlling

i ncludes the steps of: causing a single liquid crystal elenent to have an
opaque light-scattering state to receive and display the anti-aliased
slices; and 10 causing the remaining liquid crystal elenments to have a
transl ucency to allow the set of inages to be respectively projected

thereon. 17. A system for ggﬁ BlFl.ﬁgé FQS%%MM nmensi onal i nmages,
t he system corrprl sing: 15 a mJ | -sur ace op evice including a
plurality of { 'tﬁ%’?l BistefrPlo. HeSTFitlapes P96 GreGRALAR

anti-aliasing ggnlgmage aelﬁﬁcl Ugl ng vagxe?p ga\?fg(ralg réeptoﬁﬁro‘f”%gos{n gfa\keen

the depth erQJan‘?&y @k vieher PPttl'xa‘%?d tlﬁ'3®"m7g§s 340 58 8RR sabRantiAB 811 8f the BptNANs NI
processed voxels with a justed color values ; and 20 an 1 mage projector for

sel ect i velaysotia®d iwithGdevaihg 6 &l Oljedt OPRIEK fiinithiRP kyCstlaintdnd AHOWS viewinlgifer

mul ti-surface optical device to generate a volunetric three-dinensional

-63 32 kidn®AQinej@ridd GBS f4Bgee.US09/ 08618 18. The system of claim 17,
further conprising: a floating-inage generator for projecting the first

vol unet ri ¢ t hr dbe MV sstesn 40 prowislgea higb mesphion/uéxel coumt.fveithetho MOE déviatdd2i ce t o
generate a second volunetric three-di mensional image viewable as floating
in space &ovidingrarel ensepentesthans fos grample, Wioﬂgwhl%’é aplepst ong oderdfce. 5
19. The system of claim 17, wherein each af .t he it i vi.dual

opt i cal o ARG oof THE WATDHEC P BT e Ao 08 EUion, by BEErabl i &

crystal e'reecr{r?mear rg‘@omqu' f?)‘r & Qﬁlaylﬁé %b%ma%er: bﬁgu& as an MOE device 32 having a

10 rectangular cross-section adapted to displaying image slices 24-30 as 2D images 44-50, the MVD
system 10 uses a coordinate system which matches internal coordinate systems of many known
graphics computers and graphical applications program, which facilitates and maximizes
computer performance and display update rate without requiring additional conversion software.

Additionally, in a preferred embodiment, the image voxels of the MOE 32 have identical and

15 constant shapes, sizes, and orientations, which thus eliminates image distortion in the 3D image
34.

Unlike multiview autostereoscopic displays known in the art, the MVD system 10
provides a wide field of view with both horizontal and vertical paraliax, which allows the 3D
image to be “looked around” by the view in multiple dimensions instead of only one. In

20  addition, unlike multiview autostereoscopic displays, the field of view of the MVD system 10 is
continuous in all directions, that is, there are no disconcerting jumps in the 3D image 34 as the

viewer 12 moves with respect to the MOE device 32.



transl ucency to receive the anti-aliased i mges. 10 20. The syst@rﬁ dUchgﬂQm
19, further conprising: an optical elenent controller for controlling the
transl ucency of the liquid crystal elenments wherein: a single liquid

crystal el ewoenb/sissd controll ed to have an opaque |ight scatrEmisegossisate to
recei ve and display the respective one of the set of anti-aliased inmages
fromthe 15 image projector; and the remaining liquid crystal elenents are
controlled to be substantially transparent to allow the view ng of the

di spl ayed i mage on the opaque liquid crystal elenent. 21. A systemfor
generating volumetric three-dinensional images, the systemconprising: 2 0

a mufti-surfagerRt fkedb tt%es‘{dti%%ohéﬁ%ﬁ’cgﬂ d}gh@op%b'lre?énhénl/s 4l i'ﬁCihé’M@Ea&evRQt I cal

el ements arranged in an array; - z ~uN 2002 WO 99154

PCT/ US99/138hdf addind ABGURg Bhd WRIER, rupfnoa loiebfasauanwbmh@ ERre MG)B ae\acessezt reflts

i mages on respective optical elenents of the nufti-surface optical device

t 0 gener ghémagefdistartions) HispRy vibgatiohs,and evanragkieophlc mehasical ifsinedbfthé MOHe
nmufti-surface optical device; and a floating-inage generator for projecting
the firstdevobkQ2etric three 5 dinensional imge fromthe nufti-surface
optical device to generate a second volunetric three dinensional inmage
viewa e as f IT(hatM%@ SVﬁemﬂamya:ﬂsoavmd@a@lus;mglmass e obstrustion heforegreyndsur f ace
optical device. 22. The systemof claim2l wherein each of the plurality of

i I’lldl Vi dgeﬂ biestsiaf dight enmjtted @E@ﬂ‘%‘%‘f ‘%l’h“é"%lﬁ f‘Tﬁ@JMOE‘?W%Fa Eﬁléiw ce incl udes
T2 JUN 2o0T e s e s SsEs B é@ﬂmgﬁ@%@%{eﬁ?@fﬁﬁ%ﬂﬁ@@a‘ Gilter
conpri si ng; dx%@m%séx%%?és éﬁé ‘SJ,F%[BE bw%&]i fr&lnltﬁe{t pbAf o AR,"iR oldeP R ihdpFove iR e bgENCY

of the liqui
image construction and display. However, when the viewer 12 attempts to look around

10 foreground objects, the parts of background objects that were not drawn are not visible. In one
embodiment, the MVD system 10 compensates for the lack of occlusion by interspersing
scattering optical element displaying an image with other optical elements in a scattering state to
create occlusion by absorbing background light. Guest-host polymer-dispersed liquid crystals
may be used in the optical elements 36-42, in which a dye is mixed with the liquid crystal

15 molecules, allowing the color of the material to change with applied voltage.

The MVD system 10 also has little to no contrast degradation due to ambient illumination
of the MVD system 10, since the use of the real image projector 54 requires a housing extending
to the MOE device 32, which in turn reduces the amount of ambient light reaching the MOE
device 32, and thereby prevent contrast degradation.

20 Alternatively, contrast degradation can be reduced by increasing the illumination from the
image projector 20 in proportion to the ambient illumination, and by installing an absorbing
plastic enclosure around the MOE device 32 to reduce the image brightness to viewable levels.

The ambient light must pass through the absorbing enclosure twice to reach the viewer 12 - once

-40-



a single liquid crystal elenent is controlled to have an opaque-1I2 gJUN 2002
scattering state to receive and display the respective one of the set of
imges fromthe i mage projector; and the remaining liquid crystal elenents
are controlwodys4sdbe substantially transparent to all ow t RCRUSINE6IB of t he
di spl ayed i mage on the opaque liquid crystal elenment. 10 24. The system of
claim 23 wherein the optical elenent controller rasters through the liquid
crystal elements at a high rate during a plurality of imaging cycles to
select one liquid crystal elenment therefromto be in the opaque
light-scattering state during a particular imaging cycle, whereby the
optical el aRERhy FORMHRRAL BReGRARSS Bﬁ%@&iﬁﬂ&%lén&&mt%ﬁ%ﬁtﬁé MOE @vRES210 15
nove through the Iiqurd crystal Fenents for successively receiving the set
of i magesomig coifar@eRelght ot thd Bnage pktj&IdTi20 WHiHERmAS e NaAges al-50 BRI Passes T h

t hree- di nensi onal depth. 25. The system of claim 21 wherein the inage

pr oj ect orthpugh the tabsoriag emliosafe dnthgesy iorth®viewer 1Py hid sochad faaedticaploscaf! devi ce
to generate the entire first volunmetric three 2 0 dinensional inage in the
muf t i - suritlemimatt, whidh isle finctiomof the squre rgoted therlodsisafferdd by-thetambEnelightt

human- per cei vabl e i mage flicker. -66 12 JUN 2002 WO 99/ 54849

PCT/ US99/ 0861 A matermprixe embadimensreduresith effectsrnd embient light ia fpwuse anantlgsee opt i cal
devi ce inc] udes about 50 optlcal el enents; and the im proj ector projects
each of tWéh bEe ngfroysagriral bandppssesipthsacd, sxﬁén@m%an%gwbﬁbsoaﬁtw forqut- of at

el udes- iRy Bf?*&cvﬁnréﬁlﬁﬁﬁy PSR ot e ML g‘z)lfe‘?ﬁe HoaERE G “an
adaptive ep%pfchﬁmce [n%i %nﬁlxatggmfs%ta %855?5%1&%&@&*1 Qm%sﬁ]h gﬁa&wages on

the respective optical elenment S “Cont res 10N an f the

proj ecti qfoiRktof MNE sinbd the hark&wbamB UgR: o [Qsérhfghpe{o%fc%Ebés% dn@t'?e?matg@afte-;he system

of claim2I, wherein the i mage projector includes: a plurality of |aser

|'i ght1 05 0Uscatefing SonPthe MOE dévgcd 32 whilé 8 broadbéhd ligHEfrdra $18 anhbi€t illumination is
respectively, to generate and project the set of images in a plurality of

col ors. mostly absorbed.

ANTI-ALIASING IN THE MOE DEVICE
In another alternative embodiment, referring to FIG. 16 and as described herein, prior to
15 transmission of the image data to the image projector 20 and thence to the optical elements 160-
168 of the MOE device 32, the MVD controller 18 or alternatively the graphics data source 16
may perform 3D anti-aliasing on the image data to smooth the features to be displayed in the 3D
image 34 on the optical elements 160-168. Using 3D anti-aliasing, the system 10 avoids imaging
jagged lines or incomplete regions in depth, for example, between parallel planes 162-164 along
20 the z-direction, due to display pixelization caused by the inherently discrete voxel construction of
the MOE device 32 with the optical elements 160-168 aligned in x-y planes normal to a z-axis.
As the data corresponding to the image slices is generated, an image element 170 may

appear near an edge of a plane transition, that is, between optical elements, for example, the
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15 29. A systemfor generating volunetric three-di nmensional inﬁbgstH 2002
space, the systemconprising: a nufti-planar optical device including a
plurality of planar liquid crystal elenents having a controll able vari able
transl ucencyo 9@s434mn i mage projector for selectively proj RATVYRIYB868t of

i mages as two di nensional slices of a three-dinensional imge onto
respective liquid crystal elenents to generate a first volunetric

t hree- di nensi onal inage viewable in the nufti-surface optical device; and
-67 i 2 ~u~ 2002 WD 99/ 54849 PCTNS99/ 08618 a fl oati ng-i nage generator for
projecting the first volunetric three di nensional inmage fromthe

mul ti - SUrdeeq RiMdnGalsade] £6: iBRRNEPRb&ied oty SRR Lot RhHATBH bf e bGP

di rensi ondl 1 rmage viewable as floatihg in space at a | ocation separate from

the nul tieiGhéared-m8tang @le VARMI 176 theddln sHovh YRGS M @18 BleRhgPerRBAMO IR dledriye
plurality of planar liguid crystal elenments are stacked in a linear array

form ng tdegcritigfabd ilpls@mathealidclosad amliealiasiag sytem ddtemetiied, ami od it éd taiben 29 wher ei n
at |east one of the plurality of planar liquid 10 crystal elenents is a
curved suridas®of that theoplical pigmantd 160-408 mgy hayeaclatwghe small/spacinpstbereBweethe
system of claim29 further conprising: an optical elenent controller for
contrdl |ing tHe avpishas abewhtgnsifontah the|spepificimagy sleaientel 78 epd insthopRrimpge | 15 a
single liquid crystal elenent i s controlled to bg g nchroni zed with the

out put  of copogaRfat legt thervoxelandiopimage elsmepiykife Both Pb e sHees ahageriRrddicEdt or
for the single liquid crystal el t Lo have.an aque light-scattering
state to #lg@)&a\t;:él ogﬁ RS Ieiﬁ?‘et“ﬁsel%%ﬁé@m the pﬁ%‘éc%%%t'ﬁgfﬁ'ebf&ﬂg?f?t ?ﬁ‘ﬁ: &8s om

t he i mage i : | We V)% . e .

cont 1 of x1ch ot & Bhess A LIS, HETRC e @bt 61 bRy P HBRNS o nee . o
the set Oénelhgag?@ of £pRBor SRR M Ve b Y thefeBN ARALSME ithabeRdntiitt 1708 Vihed g of
the di splayed i mage on the opaque liquid crystal elenent. -68 12 JUN 2002
WO 99/ H4 B6edwEdn HYERHAKS Bdrthed By theltptisal eleaientf162!184 W/ iEh ¥ifRhEihS trhfkition and

mul ti-planar optical device Includes at |east 50 planar liquid crystal
el enent s, allbiwishheeHo imdge@diin FIG. \istb appeat morerdontimwiungThe brighheyeofiie immgel ut i on
of at least S 12 points by at |least 512 points, thereby formng the
mufti - pl aglemergpl 722H14 on respective consecutive optical elements 162-164 1s varied in accordance
with the location of the image elements 172-174 in the image data.
Referring to FIG. 16, the number N of optical elements 160-168 may be planar LCD
15 surfaces, and so may be labeled P,, P,, P,, ... Py, and span a distance D being the width of the
MOE device 32. Accordingly, each of the optical elements 160-168 may be spaced at distances
D,, D,, D,, ... Dy along the z-axis from a common reference point, such that D-D, = D. For
example, the common reference point may be the optical element 160 closest along the z-axis to
the projector 20, so D,=0 and D\=D. Alternatively, the distances of the optical elements 160-168
20 may be measured from the lens 22 of the projector 20, so an offset distance Dggpr from the
optical element 160 and the lens 22 may be subtracted from absolute distances D,, D,, D,, ... Dy
of the optical elements 160-168 from the lens 22 to obtain relative distances from the optical

element 160. Accordingly, D,=Dggeser- The optical elements 160-168 may also have a uniform
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device to have at least 13 mllion voxels. 5 34. A nethod for generaUUNgzguz
vol unetric three-dinensional imges, the nethod conprising the steps of:
provi ding i mage data corresponding to a set of two-dinensional slices of a
t hr ee- di ner®00O9sd849 mage to an i mage projector; 10 sel ecti VRITYUSIP/BE6Et | ng
each of the two-dinmensional slices fromthe inmage projector onto a
respective liquid crystal elenent selected froma plurality of liquid
crystal elements formng a nufti-surface optical device, to generate a
first volunetric three-dimensional image viewable in the nufti-surface
optical device; and projecting the first volunetric three-di nensional inage
fromthe 1] | LCes Usi I Mol tor,
to gener APk ine S B AL R B S e AL R B I8 i
floating ypyspace at a |location separate fromthe nufti-surface optical
device. 35." The nethod of claim34 further conprising the step of 2 0
control l'ing thgs ddséitel WeRRE X d&fth 9@GH oOdack PExeP I 10 18 Inichdr&f albiptthy AuRIfrogd | cal
el enents of the nufti-surface optical device using an optical el enent
cont r ol | edefererd® point-either-atitheZlomz2 WD a fhe SHBHD elPIENUIBO Xrd86diBdepth valles areet hod of
claim 35, wherein the step of controlling includes the steps of: causing a
si ngl & | i steried irca gepthabuffer sitbran associhtad eolanvalpadered in aydvlorduifer. dior exgamlatac; and
5 causing the remaining |i gui.d crystal elenments to have an translucency to
al | ow t hedept vagie Piniggesociptgd paththasyuel 1%l y proj ected thereon. 37. The
met hod of claim 36_whereip the step of coptrolling ingludes the steps of
rastering thr otRypFriora apﬁl-aﬁ?sep Yz g meépa?araélcwgwe vaxe Ibingg a
plurality, 10 of, i ing cycles;, sekectin ed bguid crystal el n
Phor of r onpeednd TRl Hegperts fipined o glslaifesdfic Pl hflefn i 80R o BVaRd e
| i ght-sca i ri Ll | [ > ; i

9 i %g@g{gﬂ@@f&m x'egkgcﬁve‘?,a el d'é%klhn%Enea " g&.l d%éf&lcgs ark A5k tP %eer?egﬁn% nt's:

opaque | tering stat'e to rove through TR I'qui d crysta

10 an anti-aliasing parameter. The anti-aliasing parameter is then used to generate two voxels 172-
174 on the optical elements 162-164, respectively, with the corresponding color value of the
voxel 170 being modified by the anti-aliasing parameter to generate respective color values for
the two voxels 172-174.

FIG. 17 illustrates a voxel display without the use of anti-aliasing. As shown in FIG. 17,

15  the voxels 176-178 on the optical element 162 and the voxels 180-184 on the optical element 164
form a sharp transition at the boundary defined by the voxels 178-180. If the distance between
the optical elements 162-164 is significant, a noticeable jagged or broken appearance of the
image 34 may be formed by the combination of displayed voxels 176-184. For example, the
voxels 178-180 may have had depth values between the optical elements 162-164, for example,

20  with the voxel 178 being closer to but not on the optical element 162 and the voxel 180 being
closer to but not on the optical element 162. Such intermediate depth values may then have been
converted to the discrete depth values D,, D, of the optical elements 162-164, respectively, in

order to display the voxels 178-180. Further, the color values of the voxels 178-180 in FIG. 17
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15 synchroni zi ng the projection of respective images to be di sfiZbiN 8802 he
corresponding single liquid crystal elenent in the opaque |ight-scattering
state; and generating the volunetric three-di nensional inmage to have three
di mensi onal wabepishs4psi ng t he synchroni zed projected i mages BOT/UESMBEISI ve
liquid crystal elenents in the opaque state. -70 12 JUN 2002 WO 99/ 54849
PCT/ US99/ 08618 38. The nethod of claim 34 wherein the step of selective
projecting includes the step of: projecting the set of imges into the

mul ti-surface optical device to generate the entire first volunetric

t hree-di nensional inmage in the mufti-surface optical device at a rate 5

greater t Qlaeﬂléxlél?nang%d \tﬂﬁ% oh @gﬁp%nsnguﬁﬁﬁf QSIBP?{'t}{@%x% s 1783 fnlléy gﬁl néxf’o%c?l&ﬁ? r

met hod of ¢ -surface o |caI eV|c es about

50 opti cakygl&fiEiHeop neenqe;sth@ Iattﬁdoal%aﬁeé %do‘k@l@imﬁ% 8Gthd Rehstida niig@e the
step of projecting each of the 10 set of 1nmages onto a respective optical

el ement  abmatddatue totheidintérfRiatedelstis, buf then TRS DB d4 0bmpbsei 6T Bé viedy Bion t he
step of selectively projecting includes the step of projecting red, green,

and bl ue hadE82-184ghiy dppeantahpleltoddsior ftactfireb.aser |1 ght 15 sources,
respectively, to generate and project the set of inmages onto the plurality
of optbcal el ebsingenti-alizsingl ay dibiviyn BIG.d8) kotls transitibnal vbRel3d uing-1 2Dmay Helused\to
met hod for generating a volunetric three-dinmensional image having

A o AN it il 752?'1@'1&%1?0?%%.‘% e o et mﬂmgf ooy
T
dept h val LSRG B SN FIFT I PR FR DIt PriGoriiatif 176 s*rfff@-ﬁﬁ%g% oo oai

TG0 Gal e 05 AL QIO O AT I

and sel ect ectin i ces anti-al i ased | mage

sai d 18 prioeeshed it voxa0l A8 hkd POAL V30M hadBh bjabte®tRbMD kSRdnQhOener at e
said volunetric three-dinensional inmge. 42. The nethod of claim41l,

wher ei n s amggeveansition iy the Riyqlarerdss diffgrnedepthe. deqirbingly] assshownin FIG, ugs f or
one or nore of said voxels. 15 43. The nethod of claim 42, wherein t he
dept h adj wdtileiiet voxels UIé6-1 84 haya@h abrupt transition in apparent depth according to the curve 176
for the imaging in FIG. 17, the voxels 176, 178A-178B, 180A-180B, and 182-184 in FIG. 18
have a relatively smoother transition in apparent depth according to the curve 188. It is noted
15 that, for illustrative purposes only, the curves 186-188 are not overlaid in FIG. 18 in order to
clearly show the curves 186-188, and so it is to be understood that, in FIG. 18, the apparent
depths of voxels 176 and 182-184 are identical with and without anti-aliasing.
In FIG. 19, the voxels 178A-178B of FIG. 18 form an image across the optical elements
162-164 with an apparent depth 178C intermediate between the depths of the voxels 178A-178B
20  and corresponding to the original depth of the voxel 178 in FIG. 17 to be closer but not on the

optical element 162. Similarly, the voxels 180A-180B of FIG. 18 form an image across the

optical elements 162-164 with an apparent depth 180C intermediate between the depths of the
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one or nore of said voxels is generated as a function of the di sﬂa&qﬁ”pfz /)
said voxel fromat |east one of the optical elenents. 20 44. The nethod gq
claim43, wherein the depth adjustnent value ~, is calculated according to:
Dy- DNEARI #oNeAR49' D NEAR2 25 where D,, represents the vegpisw®pib val ue,
and DNEnRI and DNEn represent optical elenent depth values that satisfy the
condi ti on DHgARI ~DV~DNEAR2 30 -72 12 June 2002 45. The nethod of claim
42, wherein the depth adjustnent value of a voxel is used to nodify its
color value to generate one or nore processed voxels each having a nodified
color value for selective proj ection on at |east one of the optical

el ement s 5k sgTOR TG B0 1 orid B of U8 BLol 185 TR 17 kel o

val ues is obtal ned y multi the co e of the voxel s depth

adj ust ment)oN&lhuenct on thbloptitil@lemhi g, of clai m 45, wherein one of the
nodi fied color values is 10 obtained by nultiplying the color value o f the

voxel by the quagioidelinferdtood that hSantTARsHRENRA liafited k@ ihendiest Wb AiIndinghe
col or value specifies at |east the brightness of a voxel. 15 49. The net hod

of cl ai m épticahklements) bubimstdapthb vexhlsusA8AESAtmayeieused ® giheradagphbylitpof
anti-aliasing parameter P to control the degree of anti-aliasing. 50. The
met hod5of cetrespondii® vaxkls oaiaresphesivaptiirdlite df beloptical elements il 6Gxd 68, andsso topeovide

sai d processed voxels is determ ned by multiplying the color val ue of said
20 voxel W@gpthyrpnsitipn curves whishiyeay ks for exanple, gmogiher Bamthecurved 88 i -G 9| Kor
value of at |east one of said pr sed voxels is determned Db | tiplying
t he col or ewmﬁ% i &Qgﬁ taar\mgF"f%ﬁgﬁu&t?w}-?h%g@@y W@%ﬁtﬁsalgﬁw%rai nms 50
or 51 wherei D¢ aig one or nore processed voxels are selectively projected
only if tﬁaéﬁanmlf’?'ed col or val ues exceed a predeternined threshold. 30

- 73 12 June %Qg?ring to FIG. 16, to perform anti-aliasing for the voxel 170, at least one depth
10  adjustment value A is generated which is a function of the distance of the voxel 170 from at least
one optical element. In one embodiment, adjustment values A, p may be generated which are
functions of scaled values of the distances D,, D, from the respective optical elements 162-164.
The adjustment values A, p are then used to modify a color value C, associated with the voxel

170 to generate new color values C,, C, associated with the newly generated voxels 172-174,
15  respectively, with the voxels 172-174 having respective x-y positions on the optical elements
162-164 identical to the x-y position of the voxel 170.
The color value of a voxel may specify at least the brightness of the voxel to be
displayed. Alternatively, the voxel 170 may be associated with a set of parameters including at
least one scalar specifying the brightness of the colorized voxel. Accordingly, modification of

20 the color values may be performed through muitiplication of the color value by an adjustment

value. For example, for a color value C, = 12 brightness units and an adjustment value A = .5,

the modify color value C, is determined to be C, A = (12 brightness units) x (.5) = 6 brightness

units.
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53. The nethod of claim4l, further conprising the step of proj q?m?ﬁ@
anti-aliased volunetric three-dinensional inmage fornmed on the plu

optical elenments to generate a second volunetric three-dinensional inmage

vi ewabl e aswbloggisyng i n space at a | ocation separate frompdrasgboseasd ity of
optical elenments. 5 54. The nethod of claim4l, further conprising the step
of controlling the translucency of each of the plurality of individual
optical elements using an optical elenment controller to respectively
recei ve and display the selectively projected processed voxels. 10 55. The
met hod of claimb54, wherein the controlling step conprises the steps of
causing a sin i I h | - ter:0g: sthat e
to receive anghg?%ﬁﬁggﬁ%ﬁg*@gpg%?%@%Y§%%¥§f§§$§gﬁ Paﬁgggﬁﬁpg%ygfggggﬁ 15

causi ng tibeherRferbptiofN elehRhtsa 668 bR £aeh BF 18 Mtk dde vaRlsaCh N &lnespinak 13 t ed
processed voxels to be transparent. 56. The nethod of claim54, wherein the

optical edpedRabse mﬁ@g}it&m didrfidhits 1 6OL 163! Rk eRnfIE AL fdicdOfo? the 1dbeds PEEPHP( . Of
claim43, wherein said depth adjustnment value is generated according to a

functi on mypyvA &IFID. 180ThyadSsthbRtvaiugs MSehke detehBiRéforh TRAREled Mt dalde. If
t hr ee- di nensi onal appearance on a two-di nensional display. 25 58. The

net hods of the btical Sidmemb €6(168 Fabntiformiy RAER! Wi TnbtERSpadie: SaRAEtheAXMnceBL | ON
programm ng I nterface and said function conprises a fog function provided

t herei n. théh: The net hod of claim58, wherein said function conprises a 30
conbi nati on of said fog functions. -74 12 June 2002 60. A nethod for
generating a volunetric, three-di nensippnal inmage, said nmethod conprising
the steps of: encoding i mage dataScorgesponding to a three-dimensi éhhal
image with a code to indicate the presence of a run of zeroes within said

i mge dat@,a 2ale€ ARtastd 6¥dhd vex@) BAiist encoded i mage data, data correspondi ng
to a set of two

Dscatep = 'Dv——%m +1 )
10  in which Dy is the absolute distance measured from the lens 22 or other reference points. For
example, with the lens 22 being the origin of the z-axis, the optical element 160 may be at
distance D, = Dggpeer
Dgcavep is a real numbered value such that 1 < D, 5p < N, so the fractional portion of
Dscacep» Which ranges between 0 and 1, indicates the relative distance from the optical elements

15 162-164. For the optical elements 162-164 bounding the voxel 170 on either side along the z-

axis, the indices of the optical elements 162-164 are:
| Dyeare | and 3)

| Decasz J+1, @
respectively, in which | X | is the floor or integer function of a value or variable X; that is, a
20  function returning the largest integer less than X.

The fractional portion of D¢, gp is:
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di mensi onal slices of said three-dinmensional inmage; and sel ect i1dl JUN 2002
projecting each of the two-di nensional slices onto respective optical

el enents of a nulti-planar optical elenent to generate said volunetric,

t hree di nengbossdsss nage. 10 61. The nethod of d ai m 60, wraTaises/essisd code
conprises a zero-run flag. 62. The nethod of C aim 60, wherein said
encodi ng step further conprises the step of providing a count of zeroes
included in said run of zeroes followi ng said 15 code. 63. The nethod of
Claim62, further conprising the steps of: initializing an i nage data
buffer to store all zeroes; sending said encoded i nrage data to said i mage
data buffer; detecting said code; and 20 junping ahead in said buffer
responsive to said detecting steplﬁPsdAhe‘lltH’ﬁda&b of data positions d¥ual to
said count of zeroes. 64. A systemfor generating a volunetric

t hr ee- di ntfdsh¥aal i mage, said system conprising: 25 a nulti-planar optical
device including a plurality of individual optical elenments; a controller
for generating inage slices; and & limage proj ector coupled to sai(@®
controller for selectively proj ecting said inmage slices on respective
optical el emenths color valuesfus, Co ipdlicating repictive prighingsscs agsgeigigd gatidheyaxelsd 72.nage
that is vl wabl e .ir] t he mf%-gl anar_ optical device and that has a -75 12
June 2002 %OFGLSP‘E?HV‘?M?EG%?&}SB e ¥PUe ¢ wo- di mensi onal and a portion that
appears to be threedi nensional. 66. '_Teni sy)ét em of C aim64, wherei rz sai d

t hree-di nensi onal portion of 5 sar4-i ge' verl aps sai d two-di nensi Bhal
portion. 66. The system of C aim65, wherein said two-dinmensional portion
of said i mage appears to be of f se¥s Fréovd §4ivdlt W)-ee- di nensi onal portbn. 10
67. The systemof Claim21, further conprising a tactile interface for
enabl i ng B whielh thesymbgl d:=5 jadieatestassignment 9f 2 gew Malwg.act with said second

sai d user can SESFBEPSIPER GREbH TR 4SBT S0 2 APLE e EHE O AP P Age

sai d user can I MC - ge as
s . I . . : . . 69,

of 05 m R et oaiehy e MO B2 RS o i B ot il Y

devi ce t NghedRGRIWNAS ARGinIERRS AL 8SDIMNLIRAR HEGHE § 8ischnts 8k pBMEhuation (1),

and Dgcaep = 2.24, accordingly to Equation (2). The voxel 170 is thus positioned between the

optical elements having indices |_DSc A,_EJ =2 andI_DSCALEJ +1 = 3, as per Equations (3)-(4), and

so in FIG. 16, the optical elements 162-164 having labels P, and P, are identified as the optical
15 elements upon which new voxels 172-174 are to be displayed corresponding to the voxel 170.

In this example, from Equations (5)-(6), the fractional value of the scaled depth is

A =.24, and so u = .76. Accordingly, (1-A) =.76 and (1-p) = .24, and from Equations (7)-(8), the

color value of the voxel 172 is C, = .76 C, = 76 % of the brightness of the original voxel 170,

and the color value of the voxel 174 is Cz= .24 C, = 24 % of the brightness of the original voxel
20  170. Thus, since the voxel 170 is “closer” to the optical element 162 than the optical element

164, the corresponding new voxels 172-174 have a distributed brightness such that the closer

optical element 162 displays the majority of the color between the two voxels 172-174, while the
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20 nodifies said second volunetric three-dinensional imge in acct?d%‘”yeznnz
with said novenents. 70. The system of Claim67, wherein said user can
renotely feel and mani pul ate said second vol unetric three-dinmensional

i mage. 25 7Wo9dk4system of Caim 70, wherein said user carPCHE899/086m81
mani pul ate said second volunetric three-di nensional image over a

communi cations network. 72. A systemfor generating a volunetric,

t hr ee- di nensi onal inage, the 30 system conprising: -76 12 June 2002 a

mul ti-surface optical device including a plurality of individual optical

el ements that are separated from one another by spacers; a controller for
gener at! M dFAARed bl 1 nGlulo MR RGP b BBk SR Bnd BrsithiteGPE O | €
for selectively projecting sai | mage slices on respectl&% optica

el ement s pingfidf ofthe B WHIrhGRE ik bE@eell B¥IobRcdl ClcHRMGS 182865 &l tHe YEHRE i C,

t hree- di nensi onal 1 nage; wherein salid spacers and the surfaces of said

i ndi vi dual optrde e VOXEFBN BaviiSdcPit vatireh l)b{n%ﬁﬁk@@éé]‘ﬁdn bisticaDelém&ms B80- FI8, no

sel ected fromthe group of index matching uids or optical cenent. 10 73.
The syst esntiedliaSihgiste@idred WAt @ tinglyaEguatiomba(?)-(W) idedunegtef tb intelger $alaes; and at ed

t hrough an external chilling device. 74. A systemfor generating a

vol umed r i Equatibutise(6)-(H) nezoR irotha hdjustgnt, vatuee Ao baing 0 and t.aegpectivengor being 1 and
nmufti-surface optical device including a plurality of individual optical

el ement s 0,iadpeaivelys snar afjwtnént ofithe reloavatdsds pdiforiapdiCBr svoidumetdssany | er f or
generating image slices; and an inmage proj ector coupled to said controller
for sel ectdnymitafiopstb MBHD corgrodlai 1B i2ay ¢heslgwhethérdhscamputasiopée Equation () iresalts

el enents of the nufti-surface optical device to generate said volunetric,

t hr ee- di marasiieiagdr, Withiya progptermained eegr dolengagesneh epnldparerat, 8pd isedbe woxek hi0ds

I ndi vi dual optical el enents are optical conmbj ned usi n _optical, contact
t echni quedetermingg or Ae%lgﬁéttgﬁff PEFisg¥ 98 08¢ Ptﬁfée apia dermerts L1 ¢Y. Jeantialiaingnal

| Tmgey o N BRSPS Bl S oo bhocSAd 858 P ke HMAGSe bl bl no 2

continue to process other voxels of the 3D image 34.

In this embodiment using Equations (1)-(8), since uniform spacing and other
characteristics of the MOE device 32 are known, no search for the nearest bounding optical
elements is necessary, since the distance Dy, of the voxel 170 and the MOE device characteristics

15 determine which optical elements bound the voxel 170, by Equations (3)-(4).

In another alternative embodiment, for optical elements 160-168 of an MOE device 32
having either uniform spacing, or having variable and/or non-uniform spacing, the anti-aliasing
may be performed using Equations (9)-(13) set forth below in conjunction with Equations (7)~(8)
above. For example, for MOE devices having variable spacing and/or variable offsets of the

20  MOE device from the projector 20 and lens 22, the anti-aliasing method may be performed on-
the-fly during modification of the spacing and configuration of the optical elements 160-168.
Since the distances/depths of the optical elements 160-168 may vary, in the alternative

embodiment, the anti-aliasing method determines at least the two optical elements bounding the
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el ements that are separated from one another by spacers; a contrB?IéUNfﬂmz
generating i mage slices; and -77 12 June 2002 an image proj ector coupled
to said controller for selectively proj ecting said i mage slices on
respective woimsed9 el enents of the nmulti-surface optical deul/gs998s1gener at e
said volunetric, three-dinensional inage; wherein each of said individual
optical elenents includes an anti-reflective 5 coating di sposed on a
substrate. 76. The systemof Cl aim 75, wherein said individual optical

el enents are separated fromone another by air. 10 77. A system for
generating a volumetric, three-dinmensional imge, the system conprising: a

mul ti-su r&ﬁ‘e‘lel 7‘6%&9&%&%&%@ e@s?eswa' %&f’ﬂe&gmﬂg EHeLHegih' Value® br daldfl b¥ind U?ﬁ ptical

el ements that are se rom one anot her spacers; a con l er for
gener at i NGerhdFOIP5051684BSthe WS bmdaig dpﬂ?eﬂl@leﬁfeﬂﬂs%ﬁ%ﬁé aqgtaﬁah@sle pktPvahids ®, ., .,
controller for selectively projecting said inmage Slices on respectlve
optical edn@mgpLssuehtidie nulti-surface optical device to generate said

vol unetric, three-dinensional imge; wherein said i mage projector first
projects said image slices on evep nydmyev,optical elenents of thego)

mul ti-surface optical device and tﬁ%n projects said image slices 20 on
odd- nigrber ed Opieivadbléd PBR1 and NEQ‘RE!Q]E?' 12 ifeget indibdd RPdcifyihg the associated

t hree-di nensi onal inage. 78. A system di splaying a volunetric three

di nensi on@itxchlrabaymen(sffrm ninopgthd iopticat elementts $60 8. Heoriexegnyle,\in FiGudle, dept h D-~,
conpri sing §f a controller for generating data representing a series of
two 25 di NBABil GrandVEARR =3 ceregspandingde pretopticd etemghtsd §2-d 64 heundingithevasiebnal
scene; (b? a mufti-surface optical device having a physical depth DD

i ncl udi ng!7 3angrths #8¥is-of opti cal el enents; and (c) an i mage proj ector
responsive to said data for s ive projecting said series of two

di nensi onal SIT}{%@P@ﬁ‘ Jr“é‘é‘t‘?é&‘t’q CA@ "t‘éﬂef@ﬂ@ A0P% of said nulti 30 surface
optical device to display a first volunetrlc t hree di nensi onal inage

vi ewabl e -78 12 June 2002 in the upy - pyLf ace opti cal eV|ce wherein
the Vi%tual depth Dv of said threé scene is mappedlfb
correspond to the physical depth Dp'offA¥ai d®#ti surface optical device. 5
79. The systemof Claim 78, further conprising ,a projector for projecting
the first volumetric three dlnen5|onbu)¢dﬁg§mf¢rned in the nuf;} surface
optical device to generate a secoff Iuneprlc t hree dlnen5|o4 ) i mge
viewabl e in a space outside of sald £ - st tace optical device. 10 80.

The syst eﬂ'\ﬁ{lclﬂ?glsrﬂxg ?dsolmesra ke h‘ﬂgn d'étflﬂﬁtloggp% %l‘%}ro\%ﬂsal A hr ee

di nensi onal 'sce i's mapped yS|ca nmuf ti-surface

optical devic eﬂgydeﬁthl a'dﬂ.n@t%enf @Al@és'fﬂ)'ﬁ?ﬁﬁ&tmns (10)-(11) are both positive real numbers

which satisfy:

15 0<Ai,p =51 (12)
A+p =1 (13)
and so the depth adjustment values scale the non-uniform and/or variable distances between

optical elements, and are then used in Equations (7)-(8) to generate the voxels 172-174 with the

corresponding adjusted color values. As shown in Equations (10)-(11), the depth adjustment
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81. The systemof claim 78, wherein the virtual depth Dv of sai dl%rwﬁﬂw
di mensi onal scene is mapped to the physical depth DD of said nufti-surface
optical device by a non-linear relationship. 82. The system of claim 78,
wherein saiwopdsysad ity of optical elenments are equal |y spacadsad/eastg a dept h
axis. 20 83. The systemof claim 78, wherein said plurality of optical

el ements are unequally spaced along a depth axis. 84. The system of clains
82 or 83, Wwerein a depth within said first three 25 di nensional image is
further mapped to correspond to one of said plurality of optical elenents.
85. A systemfor displaying a volunetric three dinensional inmge of a three
di mensi o e I S1.00q.r cont rol | for
generat i %lu8§$£%56p$a§£%4 '?llﬁ éaué)é??ﬁeﬂslég?p‘h?%thg?%rlﬁs?%\rz]vgﬁnngl?el S °§f[“e?}§? yi ng
dept hs thy, K i f ! 1IBNS) L..scene, said

sel ect ed acals 10 A Sladtd v of opleh WeERaR BRI IR EE Ve S 20 and
mi ni mum vir t ugh gdept i dahpe i ubiRmPsplihd ERHGR - QP drE ApgY

i ncluding a plural |Bt y eo1 pt i caF ue@em&ﬁt S; é’ar@h‘? éﬁqﬁn@?}néggﬁpplr o}/d ect or

responsi v, £ 925t Dlat.a=oOf= Puklks 41D, Y, S P, & BamitgSoof two di nensi onal
slices onto respective optical elenents of said nufti-surface optical 10

device to display a first Vol ungyrgic three dimensional image viewable in
;i’ghigi
i

=

the msl ti surface optical devi ere+nr.24e slice associated with said

m ni mum vi rtual depth value Z projected onto a forward optical el enent
of said nmufti-surface optical device, and the slice associated with said
maxi mum dept h val ue Zvnx is prgp-2etijed.bntn a rearward optical el enent of
said nufti-surface opti cal dévi cg13W th rémaining 15 slices being projected
onto respective optical elenents therebetween. 86. The system of claim 85,
wher ei n pwiiith sgiesaFithhd adjistnes valiuseushigBqlatiomsqMp(SMh Thdaltch@itibesavstimbg is

maxi mum vi rtual depth val ue ZMhx are displayed as two di nensi onal inmges on
a r ear warusefnpifitieeadimenstonahand spatiad ¢haracheristgssdfaine MOHEdexicen38 5nd thheptidah t he

val ues of ZMhx and ZM- are assigned interactively by a viewer. 88. The

syst em ofelementsd 6951 68\waw butra sepreh isgpquinsd g7 detpmminecthe appromviate boapding 8ptiaki gned

by a viewer durjn pplication startup. 89. The systemof clains 86 or 87,
wher éi% }tﬁ%"%’l‘ﬁ k@g@gé.&cﬁeafréﬁnwlfﬁe‘géw’gelﬁﬁ%“]rﬁfm depth value ZM- i s projected
onto the for . ical elenment af said nmufti-surface optjcal device
and the sl | ce HGoATRlss §Ron Sl L incdloqiib Feie AT a8 RidsSSmed 065

herein, in which, for a current voxel to be displayed, such as the voxel 170, the method reads the

corresponding depth value D,, and color value C,, from depth and color buffers, respectively, in

step 190. The method may then determine if the spacing between the optical elements constant
15 instep 192; for example, a configuration setting of the MVD controller 18 may indicate if the

optical elements 160-168 are fixed, having uniform or non-uniform distribution, and/or the MVD

controller 18 and the MOE device 32 operate in a variable spacing mode, as described herein.

If the spacing is constant, the method then scales the depth value Dy, in step 194 to be

within the range of indices of the optical elements 160-168 using Equations (1)-(2), and then the

20  method determines the optical elements nearest to and bounding the depth value D, in step 196

using Equations (3)-(4) in step 196. Otherwise, if the spacing is not constant in step 192, the
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ZMAX 1S projected onto the rearnost optical elenent of said nulti -lgrf‘lgyezlmz
optical device. 90. The systemof clains 85 or 86 further including a
floating inage 5 generator for proj ecting the first volunetric three

di mensi onal Woneggsdsdborned in the nufti-surface optical devi eeriuSospgegr ate a
second volunetric three dinensional imge viewable as floating in space at

a location outside of the nufti-surface optical device. 91. A nethod for
generating a volunetric three dinensional inmage of a 10 three di nmensional
scene, the nmethod conprising the steps of (a) generating data representing
a series of two dinmensional slices at varying depths through a sel ected

portion ofneBi thay Qéﬁ@mﬂitggf%i Wit §8§ﬁ4 in?ﬂ&%%%lﬁecén?%ggrﬁ%ﬁt%cg%m tRe and

correspondi ng a nmaxi mum dept h val ue X and m ninum

15 (b) prejticatdlergentd atisping FRusont (9 tichk FERFALNarch b8y Othsb Rpetive
optical elenments of a nmufti-surface optical devi cg to Jlsp '%T/’ a first

vol unet r i distaietdepdiivakes ofwash of heggticdl awabite16001632i1 i i heal
device, wherein the slice corresp%ndi ng to sai dégm' ni %fﬁ%rggﬁ'?ﬁmqﬁe&@&%ﬂ% is
proj ect edeppHi2anay becuprianallydpiplenmhted loe omitted pdepermiinh 6rthe corfiphufAies agpt i cal
device, and the slice generated at said maxi nrum 20 depth value ZMAX is

proj ect ed°RsFtYE made af tha MV B sonteadler &8 anvethe MOE daiiiat 32uf ti - sur f ace opti cal
device, with remaining slices being proj ected onto respective opti cal

el enent s t her ebemathod thgpdeterminesadbptt adjustoleai vah@ 1, andfve natconp el Qs step  sai d
t hree di nensi onal scene which |ie beyond the maxi mnum depth val ue ZWhx are
pr oj ect ed! BIsingdiapations (Br(8) enfiduationsdt®-(dhx depandieg ontiedmbotiingat ingl@nendd.  93.
The nmethod of clajm91, wherein the val ues of ZMAx and ZM- are assigned

i nteract |‘§?éile§f”§§‘? éer?/‘ine@? methgq then pdjusts the cplngyalges inFiep 200 farogxels octhai m 91,

wherein t I f Z d ZM- {.gned b [ duri
o | cat il bobding oAl YO e 6 e o Ve on vanerising Bevicos | ce
i i R 91 Bl g2 vaiH :
For v it Gt B ang) B AR YAl et Juindhe s Poadine atisha « ne

slice cordi@ndWiththea@jusd Eo1oByaiym dept h val ue ZMAX is projected onto the
rearnost optical elenent of saild nufti-surface optical device. 96. The

met hod of cl ailvandifleralterfiativielehiba@iment) Gh iHérddialtegdeE Btf‘ mti-ﬁfagii{lgﬁagr%g the

first volunetric three dinensional inmage fromthe nufti-surtdce”optical

devi ce t dmplengatedr beexampR( MBAdNMSHEAEIANIES AL R BS, K ARATH ﬂfe%%ule RgG: Vi evabl e
as floating in space at a |location outside of the nufti-surface opti cal

devi ce. @kamplesystuehtiaohalfisiRs BrighhesyeX theedxel £70Li8 ﬁﬁ%nﬁ'& [BR%aEh BAE voEROES
conprising: (a) a controller for rendering a three dinensional scene and

for dénerldlilid. Secheintenédiate ariti-sliusinginm®rehanta apsardnt Gepthd Yueh gdarSiatesnégneer ed
three di nensional scene; (b) an optical device onto which said two
di mensi orfispthd 8PP correspanding to intermediate transition curves such as shown by the curve 189 in

FIG. 19.
In other alternative embodiments, the degree of anti-aliasing can be varied from one
extreme; that is, ignoring the fractional depth values A, p to assign the color values; to another
20  extreme of using all of the fractional depth values A, p, or the degree of anti-aliasing can be
varied to any value between such extremes. Such variable anti-aliasing may be performed by

dividing the fractional portion A of the scaled depth by an anti-aliasing parameter P, and then
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projected; and (c) an image projector for selectively projecti %tm3ﬁﬁé es
of two di nensional slices on said optical device to generate a r

vol unetric three 20 di nmensional imge, such that the apparent depth of said
first vol unwbrebgassdrr ee di mensi onal i nmage exceeds the physipegusdeptens of sai d
optical device. 98. The systemof claim97, wherein said apparent depth is
provi ded by occluding portions of said rendered three di nensional scene. 25
99. The system of claim 98, wherein said apparent depth is provided by
including forced perspective in said rendered three di nmensional scene. -82
12 June 2002 100. The nethod of claim1, wherein said depth adjustnent

val ue i s generateg accoyding.to function provi ded by software that IS
used to r'ger%%YGY ﬁ&?gﬁé&i@ﬁ‘gt% Y‘ﬁ‘r‘ om gfigre 't&n%flc‘jerﬁb‘ﬁé%#‘&ﬂt&%‘”oﬁﬂ“é“o“s ©)

t wo- di nensi onal display. 5 101. The nethod of claim 100, wherein said
sof t war e &uHP). 3 ¥arigbievalysehat isgplsplpted 9 thdy ogr ammi ng i nterface and sai d
function conprises a fog function provided therein. 102. The nethod of
claim 101, wherein said function %)nnp_rilses a 10 conbi nati on of sai 211 0g
functions. 103. The system of C ai"M®Z1lp ‘wherein said floating i nag )
generator conprises at |east one hol ographic optical elenent. -83 .A A . AU
.A . A . AU . ATheffinal éoldf vahld maye defs@mindtlby AxingAblclatipingABe nefatively offset value

5 to be within a predetermined range, such as between 0 and 1. Accordingly, Equations (7)-(8) are
modified for variable anti-aliasing such that:
Cia=Cy(1-2Aypp) (15)
Cpy = Cy Avar- (16)
The steps 198-202 in FIG. 20 may thus implement Equations (14)-(16), respectively, to
10 provide variable anti-aliasing.
An anti-aliasing parameter of P = 1 corresponds to full anti-aliasing, and an anti-aliasing
parameter of infinity, P — oo, which may be implemented computationally with an arbitrary high

numerical value, corresponds to no anti-aliasing. Anti-aliasing parameters less than 1 may also
be implemented. For example, when P = 1, anti-aliasing as described above for Equations (1)-

15  (13) is implemented.
In another example, for an anti-aliasing value of A = .24 and an anti-aliasing parameter of
3, Ayar = .08 by Equation (14) and so C,, = .92 C, =92 % of the color value of the voxel 170,
while Cg, = .08 C, = 8 % of the color value of the voxel 170, as per Equations (15)-(16).

Compared to the previous numerical example, such variable anti-aliasing increases the

20  contribution of the voxel 172 in the apparent depth from 76 % to 92 %, while the voxel 174 has a
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decreased contribution, from 24 % or about one-fourth, decreased to less than 10 %. In a further
example. for P — oo, anti-aliasing is eliminated, and so Ay, = 0.00 by Equation (14). Thus,
Ca.= 1.0 C, =100 % of the color value of the voxel 170, while Cy, = 0.0 C, = 0 % of the color
value of the voxel 170, as per Equations (15)-(16). Accordingly, any voxels 170 lying between
the optical elements 162-164 are displayed on the closer optical element 162, without anti-
aliasing, and so step 202 in FIG. 20 may further include the step of not generating and thus not
displaying a second voxel farther from the reference point if P — . For example, the voxel 174
is not generated.

In further alternative embodiments using variable anti-aliasing, the method in FIG. 20

may include displaying new voxels only if the adjusted color values are greater than a

predetermined threshold T. For example,

ifCy (1-Aya)>T  thenC,,=Cy (1 = Ayar) (7
else C,,=0

ifCyAyar>T then Cyg, = Cy Ayar (18)
else Cy, =0.

For example, T may equal .05, and so contributions of color less then about 5 % may be
considered negligible, for example, since voxels with such color values are displayed on the
optical elements 160-168 when switched to opaque/scattering mode. Accordingly, such
negligible contributions to the overall 3D image are discarded, and the non-contributing voxels
are not displayed, which may reduce the number of voxels to be displayed and improve
computational processing of the 3D image.

In additional alternative embodiments, the MVD system 10 is capable of generating the 3D

image 34 having the appearance of translucency of portions of the 3D image 34. That is, the

-53-

A LALAY3 A A A .ALA LATAJNAR ,



.A( A .A3n . Au . AY . Ay?. Au,. A Au,. AY .A . .A3U .AY3 .AY . AFnY QBEUNAQ&[]Z
CA@. A u. A@y?. A ay?. A N, . A@af e. AGN?. AGNy?. A N, . A a, A A y? *j {V&]

f}xsni d_ZU] ca] ca] ca] ca] ca] ca] ca] ca] cal] caUca]c.al]c.a]c. a] cRa] ca] ca] cal ca]
ca] ca] ca] cawvoapsahiga] ca] ca] ca] cal] cal] ca] c. a! Xp07CO o$~_ }RAHuUSIPO#8/] | C
Z]U]cg] 211]:CZ]U]C;] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] cal] ca] c

aJ ca] ca] ca] ca] ca]ca]ca] ca! @| XzH h

YIO: TG U " p" " O####EX$SC&~yt 0] e [ V] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] cal]
cajc

2] ca] cal el ga) el aknkosh babhalrabniahe 502L Al SR AME IhERFiShkal O (((((
* V¥ 4+ KetahadiBis andodfBry such that § MGk SabdeGitapadis tralsrab@ Al Rrioke sdreal gl ca

] ca] ca] ca] ca] ca cal ca] ca] ca] ca] cal caUl caUl] ca]c

aj ca] ca] C@§e@&1cﬁiﬁ’]a§@é X&%&&B&H@%@@m ﬂﬁ%ﬁslucem portion, Such transiucent

6e6i 6U6667W889a99: v: :: {vqgl gb] X]]]ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] cal] ca] c

a] ca] ca] cagpearizad may ba@anax]ated]mm]ocw]tha]tam]-aladsn@] ca] ca] caJ ca] ca! : B

; <=0==) >0>=>| >X>>>>?PAA! CCEf EEF, F3F@-LF[ FFGeGGHYHzt oj e [ V] ] ca] ca] caj caJcal]c
aU] ca\j ca] c" a] ln@puadting teed 2 mjage P&, dheomitbed eraployed datheadVDadyptem] 10 performs the
ajcajcalc a] ca] ca] ca] ca! YHHI zI | ] KKLt L L MMVIVBNNNNNN=PPP9QQQ\ RS6TI TTTYUUV{ vq

| gb] X]11] &d@aﬂ%@ﬂ%ﬁl@ﬂa%&%@@&%@@%%]@@} dai3. cual a5 dhe| colr anddept @BPca] ¢

L [ e R
o RO SAEhE 1xsf}b%#afozb]§a] 3] S8 RS R e IRty ¢ ]%%5%2'5]’1518
al/f\%\;%g?%?h%af?’}kg% %%{Gall& 8@11’1‘[;)(7?] a’g‘f@gfﬁﬁéﬁ h?cg]ica ca] ca] caj ca]

ca] caj ¢ a] ehpipddbs alefRWliCapblo ﬁ%ﬁ)sﬂxﬁtﬂn@ifﬂ WHLE RlCRbifaleA berbaedf e igRklsR!
[|p/ T, Och~ytoje [V]]ca]ca ca] ca] ca] ca] ca] ca]ca] ca] calU] caUca]c"a] caJca]ca]c
a] ca] cal Chdck@rp ] stidetsaif te] vornttjcimhgei4Lfdh drUOR!dBREI 3R MG rdridnéd Vitsugtd\ V] U]
caU] ca] c"a] ca] ca] ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]cal
cal] ca] c. mjaged arapcachided py ahages ofdbiéground objects.

(}>I' NFc{vql gb] X] U] ] ca] ca] ca] ca] ca ] ca] ca] ca] ca] ca] ca] cal] caU] ca] c

a] ca] ca] ca] ca] Efa]ge@ﬂr@mpelaf@a} b’k] éqv icg]3e 4 whick thedmages omyouylda jects ] cal

0
i:agfa]aaa]g%%g]lggc cal ctg] ca] ca] cawr%] cal CS%??@ ‘?%]"Fa] ]?Q?LQC%%L;}I ca] C a] ca] ca
aj ca ﬁg] C%&l)%a@;éallse%] »Jhlc%] al'amel aa](alalxa%ad]ete meJ lo(i Jo?aqxem{)]xelallc ajc

a] ca]

cal cal cal ]lalaf%% 7 LRk B Pl AR bR ]anaa‘awaﬁg‘%?ﬂd%%%s,d g%
T cal o4l capbiiF e BLE) CopiaRay oo EaPLH €a Ear]dﬁtﬁ#afa Spuseo BihfeRpy 32 6 Whiie © @
o o) al B ]%ﬁ]cﬁ Bhchnals et bertarlagheals T thedhs il e sarkea ©
O ARt o s

v. Vt ~4yql &2l ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
cal] ca E?J } ]&gj ca] ca] ca] ca] ca] ca! d$k( D1f u} Ui (~zupkfa\W]]ca]ca]
ca] ca] ca] ca] cairgamh spidisoihé bathedtiepdepak Gl Bedrepd anbea beadagad inal cal
ca] ca] ca] ca] ca] caU] ca! @ 0Si Lw

I #AS DS L hé o lhlbbicodisptdytsyftath kined thartntag be atllitipld aibfades al owdriesy| of dipsthy whitlcakcal ¢
a] ca] caUl caU] ca] c"a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! E®WO&r &&&' ' (Y)])
) *a**' +Zubberdisplayedusing anly a single depth value. The disclosed MVD system 10 generates
O0O00E111{vqgl gb] X] 1] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] cal] ca] c"a] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c%]cca! 12222MBU3X3a3nB| 34L567, 7L77
899M : ;;:!;1; <<o>>' ???~xsni d_ZU] ca] ca] ca}4ca] ca] ca] cal] cal] ca] ¢
a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] caU] ca]c"alU]c"a]ca]ca] ca]ca]ca
I 2@ @ATBBCnCv Cx CCCCCD[ DDELEEE\ FFG GGGTHI &JJJFKNKzupkf a\ W ] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] caU] ca] c"al] c"a] ca] ca] ca] ca]
ca] ca] ca] ca! NK[ KgKuKL! MNNYPPQ QQRRR6S>SKSW5eSSSDTTU_UUU
VWW XX~ytoj e [V]] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal]cal]ca]c"a]ca]ca]c
a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] caU] ca] c"a! XXIYYZkZZZZZZ[ [ [[#\\\\\\\] 1]
# &/1@]1]"D"N*n*| wmhc] Xj e [V]]] cal] ca] ca] ca] ca] ca] ca
Ul c”a] c™a] ca] ca] ca] ca] c™a] ca] ca] ca] ca] ca] ca] caU] caU] ca] c$a] ca] ca] ca] ca]ca]c
aj caj ca
n’\vx/\"O 9.p___ $ J R "k’z" 777 Ta. a@bDa_aaaabUbc| wrmhb] Xj e [ V] ] ] ca] cal] ca]




M g5 d4r &H} xsni d_Z] ca] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c‘a]zcdeaZ[mZ]
cal ca]ca]ca] ca]ca]ca] ca]ca]ca]calcal]ca]lca]calca! Q5laT J.{vqgl gb] X]c]ca]ca]c
a] ca] ca] ca] cal] ca] c&a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] cal] wajw/sedegal L(u7F: b_>FR m'| wr | f a\ W ] ca] ca] cal] caUpCw}/89948@8&] ca] ca]
caj] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]caUlca]c"a]ca]ca]calcal”
O} 0: p{ OM wr mhc”Y] ] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] c&a] ca] ca] ca]c
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! R?A

| 3en~Zbo{ (3~ztoj e [V]]ca] ca] ca] ca] ca] cal] cal] ca] cOa] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] cal] ca] c” a! ]
]s_i LAJ< ] al ca
] caU] ca] Sy il]{n?:;gl]{% g? %g]yﬁ%ﬁ@%}: g?%gﬁ%?kgﬁélaﬁﬁgﬂcﬁ%lgg I CS)S%er g‘gﬁm{hﬁﬁgﬁw ca
] ca] caj Ca})fbﬁibﬁﬁ)}ﬁ@ih@ pli6drCialdtplagink Galld ﬁ@ﬁae@,]as@]&ab)] otakmpd forYhingle WifgaV] ca
UV] caV] ca] ca] ca] ca] ca] ca] ca

VYgXZL" a Bulith SThedlisclob4dayva) systbmdDasdsaddlitiagat fatiedsod DpadGlajocgeherat ¢hy plagesa] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! XxV/ BE-6N& 0

X' n} xsni dIOZ]ltbt] ui|theahode] spibe of thaVOE) sxsiern] & atfith athich]rendetng sahbyalloatdt@mlocairca] ca
] ca] ca ]@a] calca]calc éca] cal. ca] cal ca! nfq

/$: 0A4 KEmptg. Y @ Predpieamised 4 Qf&]"élaﬂh@é’]a@&]sé‘é] asg|pesilivegidegsonpesad tod ca) ca]
caj ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! ?nF(s5~T/

g} xsnid Z]“iﬁae]’ecsa‘?%a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]c

of L1 sopr v L E e MAR USRI RE N 1D e? 204212 i B by Raphedodingiesy 13) cay
C/()al cal /Cf]zﬁﬁ‘elnﬁ%lzvm califah el el fakealsalcal sals 3l FRdeal salcalcalgalgal cal cal
§ 2]4; chg]}X%f??];lggrijééﬁ giorgg eglﬁiﬁlég%gﬁ% Cfg ﬂag%fg%\'} }ve% %LTE%[ h‘fﬁ g(f :]:;: glg
] /cg] (i 80/ a]dc cie 0/8% cegj%?eg]onj‘%éfpégfca] %‘éﬁ“ﬂé’]géj]a}](i%'%] ?h’;lo Sé?ﬁa’]ﬁg'] @%] caxi
e D)- o Fsbiisae Qhﬁsmt;é‘? &Edﬁﬁﬁﬁ%‘gﬁ#‘%ﬁ"?‘%@“ﬂﬁ €49 fsiohiify %ﬁﬂ&fﬁ( “F10%

U& F' Yo
g E g o %%3//0 %)%1 t%ﬁe@ bed.ﬁlt% % U?l%&llgl) {)Sf Updh QA the coldr bufél”
"Fy10%& (}o MZW@c&ﬂmﬁéﬂ%&Jox(dlspléan the MOE device 32, the alpha channel may be turned off

since the MVD system 10 has an inherent alpha value associated with the MOE device which is
15  being used to generate the 3D volumetric image 34.
Rendering with clip planes may be implemented without anti-aliasing as shown in FIGS.
21-22, in which clip planes 214-216 are used corresponding to image portions positioned closer to
an observer 218, and portions of the image 34 are generated and displayed on a first plane 206
positioned between the clip planes 214-216, with the image portions between the clip planes 214-
20 216 displayed on the first plane 206. New portions of the image 34 are generated between the clip
planes 220-222 for display on a second plane 208 farther from the observer 218 and positioned
between the clip planes 220-222, with the image portions between the clip planes 220-222
displayed on the second plane 208.
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5  depth range associated with far and near values specified for the fog.

Fog functions available in OpenGL include linear, exponential, and exponential-squared
functions. The disclosed MVD system 10 may use such functions, as well as combinations of such
fog functions, such as the superpositions of linear fog functions 224-227 as shown in FIGS. 23-24.
In an illustrative embodiment shown in FIGS. 23-24, each of the combinations of linear fog

10 functions 224-227 starts with a value of zero, corresponding to a black setting, at the near depth of
the fog, and progresses in a linear manner to a value of one, corresponding to a true-colors setting,
at the distance (FAR - NEAR)/2 from the near depth location. The fog function then falls back to
zero at the far depth of the fog. With such a fog function, and with the clip planes separated by a
distance of 2A with their center being positioned on a given MOE plane in the model space upon

15  which the image 34 is to be displayed, the image 34 is rendered N times, and each time the data
from the color buffer is sent to the corresponding plane of the MOE device 32.

In an illustrative embodiment, the combination of linear fog functions and the processing of
voxel image data with such combinations are performed by synthesizing images for a given optical
element, such as the plane 206 in FIG. 23, with at least two rendering passes. During a first pass,

20  two clip planes are separated by the distance A, with a first clip plane 228 positioned on an optical

element 204 having images rendered thereon before the current optical element 206, and with the

second clip plane positioned on the current optical element 206. The forward linear fog function
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and with the second clip plane positioned on the current optical element 206. The backward linear
fog function 225, having distances increasing, with FAR less than NEAR, is then used with the
aforesaid clip planes to render a second set of images for the optical element 206.
The two sets of images rendered with the different linear fog functions 224-225 are then
10  added together by the MVD system 10 to be displayed on the optical element 206.
For rendering a first image on a first plane 206 as shown in FIG. 23, the fog functions 224-
225 are centered about the first plane 206, and the images from the clip planes 228-230 and depths
therebetween have their corresponding color values modified by the corresponding value of the fog
functions 224-225 at the associated depths. After rendering the added images on the optical
15 element 206 using the functions 224-225, the MVD system 10 proceeds to render a successive
image on a second plane 208 as shown in FIG. 24, with the fog functions 226-227 being translated
to be centered about the second plane 208. The images from the clip planes 232-234 and depths
therebetween have their corresponding color values modified by the corresponding value of the fog
function 226 at the associated depths. The MVD system 10 proceeds to successively move the fog
20  function and to process corresponding clip planes for color adjustment of each respective image
using the alpha channel method. In alternative embodiments, different fog function may be

implemented for different planes 204-212, for example, to have higher fog densities at greater
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By the foregoing a novel and unobvious multi-planar volumetric display system 10 and

10  method of operation has been disclosed by way of the preferred embodiment. However, numerous
modifications and substitutions may be had without departing from the spirit of the invention. For
example, while the preferred embodiment discusses using planar optical elements such as flat panel
liquid crystal displays, it is wholly within the preview of the invention to contemplate curved
optical elements in the manner as set forth above.

15 The MVD system 10 may be implemented using the apparatus and methods described in
co-pending U.S. provisional patent appln. no. 60/082,442, filed April 20, 1998, as well as using the
apparatus and methods described in co-pending U.S. patent appln. no. 08/743,483, filed November
4, 1996, which is a continuation-in-part of U.S. Patent No. 5,572,375, which is a division of U.S.
Patent No. 5,090,789. The MVD system 10 may also be implemented using the apparatus and

20  methods described in co-pending U.S. appln. no. 09/004,722, filed January 8, 1998. Each of the
above provisional and non-provisional patent applications and issued patents, respectively, are

incorporated herein by reference. Accordingly, the invention has been described by way of

illustration rather than limitation.

-58-



10G39%$10% h&' ()-F"10% h& ()-s9%$10% h& ()-F3 10% h& ()-S10% h& (ﬂZSJme) 2002
h& ()-8dvee&f |fffffdE:/ 10 h 10 h&L610% h& ()-Y3!10% h& ()-Y 1!10%

h& ()-F@ 10% h& ()-s-Y%0% h& ()-F&" 10% h& ()-"ffffghghixY:/ 10 h3#10%

#&' () - f #10%D&YH/E84B s! 10% h& () -s3"Fyl0% h&' () - FZ10% h&' ()r&rmad%ssss ()-Y 10
hi Aj kl OnBrmBndE: / 10 h3/10% h& ()--10% h&' () - FS&Z" 10% h&' () - s$3%40%

h& ()-3!'10% h& ()-L%0% h& () - Bmmmmmm$nbC 10 hF10%4| & () -y&10%4| & ()-F 10
h 10 h 10 h&10% h& ()-Y93 10% h& ()-1110% h& () -$nozqgqsf suz[ 9bC 10

h! X@&FYd0%}| 4| & ()- 4940%1& ()-!\ 4940%-& ()- 4940%& ()-!S3

4%90% | & ()-'S 49%40% | & ()-uvvv v!iv.v:viv~_ @10

h! F'3z10%| & () -3ml0%t| & ()-& 10%4| & éiA?\{/L&;OM 104|

104| s610%| & () - ! X@&FW 0% x& () - |vwyy?{{dE~_@ 10

h! 9$s$ 10K AT IS ARMED &-() -5 $10%t| & ()- vy 10%4| & ()-sS $10%| & ()- Y
"10%4 & ()-{]}u}}}}}}dYNC 10 h! 104| 104| 104|L610%| & ()-F

1"109%4 & () - F@ 3" 1Q0#etRod for BerfotMiveg] akli{a)iash! of @ ¥eldt &oxel 064 theekdimerdfoMGmag: h!

310% U&' ()-3L10% U& ()-31 110% U& ()-"3y10% U& () -FZ10%
displayed on a plurality of optical elements, wherein a first voxel depth value of the first voxel is
5  between a pair of optical element depth values corresponding to a pair of optical elements bounding
the first voxel, the method comprising the steps of:
generating a depth adjustment value from the first voxel depth value;
adjusting a first color value associated with the first voxel using the depth
adjustment value; and

10 displaying a second voxel on at least one of the pair of optical elements using the

adjusted color value.

2. The method of claim 1, further comprising the step of:
scaling the first voxel depth value to be within a predetermined range of indices
15  associated with the plurality of optical elements; and
wherein the step of generating the depth adjustment value includes the step of

generating the depth adjustment value from the scaled voxel depth value.

3. The method of claim 2, wherein the step of generating the depth adjustment value
20  includes the step of:
determining a fractional portion of the scaled voxel depth value to be the depth

adjustment value.
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4. The method of claim 3, wherein the step of adjusting the first color value
includes the step of:
multiplying the first color value by a function of the fractional portion to
generate a second color value as the adjusted color value, with the second color value

5 being associated with the second voxel.

5. The method of claim 1, further including the step of:
modifying the depth adjustment value with an anti-aliasing parameter to
control the degree of anti-aliasing of the three-dimensional image.
10
6. The method of claim 1, wherein the step of adjusting the first color value
includes the step of generating second and third color values from the first color value
using the depth adjustment value; and
wherein the step of displaying the second voxel includes the step of:
15 displaying the second voxel and a third voxel on a respective one

of the pair of optical elements using the second and third color values, respectively.

7. The method of claim 6, wherein the plurality of optical elements are
uniformly spaced.
20
8. The method of claim 6, wherein the plurality of optical elements are not

uniformly spaced.

-60-



()-3#10% U& ()-s$10% U& () - 3F9! 10% U& () - 3f! 10% U& () - 3" 10%

()-p/ TAE:/ 10" UFS/"10% U& ()-s- #10% U& ()- F+"10% U& ()-F) 10%

()-F n10% U& () - &mL0% U& ()-TbC 10 U' 10% & ()-3mL0% & ()-, &10% & ()-m
10 U 10 U 10 U& 610% U& ()-Y3110% U& () -, QdEbC 10 UY

"10% & ()-:$10% & ()- Y#L0% & ()-Y! 10% & ()-YL"10% & ()- | n}](%o‘?%géobzchDdEbC
10 U $$10% & ()-1 #10% & ()-sO#10% & ()- VY10% & ()- Ys10% & ()"

10% & ()-DPdYNC 10 U 10/ 10/

9. The method of claim 6, wherein the plurality of optical elements have

U&I
U&l
LJ&I

variable spacings therebetween.
10. The method of claim 9, further comprising;:
searching through a plurality of depth values associated with the plurality
5 of optical elements to determine a pair of optical elements wherein the first voxel depth

value is between the depth values associated with the pair of optical elements.

11. The method of claim 6, wherein the step of generating the depth

adjustment value includes the step of:
10 generating the depth adjustment value from the first voxel depth value and
the optical element depth values associated with the voxel and the pair of optical

elements, respectively.

12.  The method of claim 11, wherein the depth adjustment value X is

15  calculated according to:

A= I Dv - DnEari ,

D neari1 - D NEAR2
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10B 10G 10G prov1d1ng image data correspondlng to a set of two-dimensional slices of a

three-dimensional image to an image projector; and
selectively projecting each of the two-dimensional slices from the image
projector onto a respective optical element selected from a plurality of optical elements
10  forming a multi-surface optical device, including the steps of:
performing anti-aliasing of voxels at transitions between at least
one pair of the optical elements to generate the slices with adjusted color values derived
from the anti-aliased voxels; and
generating a first volumetric three-dimensional image viewable in
15  the multi-surface optical device from the anti-aliased slices selectively projected on the

plurality of liquid crystal elements.

14.  The method of claim 13, further comprising the step of:
projecting the first volumetric three-dimensional image from the multi-
20  surface optical device using a floating-image generator, to generate a second volumetric
three-dimensional image viewable as floating in space at a location separate from the

multi-surface optical device.
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causing a single liquid crystal element to have an opaque light-scattering

state to receive and display the anti-aliased slices; and
10 causing the remaining liquid crystal elements to have a translucency to

allow the set of images to be respectively projected thereon.

17. A system for generating volumetric three-dimensional images, the system
comprising:
15 a multi-surface optical device including a plurality of individual optical
elements; and
a controller for anti-aliasing of image data including voxels having depth
values between the depth values of the optical elements to generate image slices having
processed voxels with adjusted color values ; and
20 an image projector for selectively the image slices on respective optical

elements of the multi-surface optical device to generate a volumetric three-dimensional.
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image viewable as floating in space at a location separate from the multi-surface optical device.

5
19.  The system of claim 17, wherein each of the plurality of individual optical elements
of the multi-surface optical device includes a liquid crystal element having a controllable variable
translucency to receive the anti-aliased images.
10 20.  The system of claim 19, further comprising:

an optical element controller for controlling the translucency of the liquid crystal
elements wherein:
a single liquid crystal element is controlled to have an opaque light-
scattering state to receive and display the respective one of the set of anti-aliased images from the
15 image projector; and
the remaining liquid crystal elements are controlled to be substantially
transparent to allow the viewing of the displayed image on the opaque liquid crystal element.
21. A system for generating volumetric three-dimensional images, the system
comprising:
20 a multi-surface optical device including a plurality of individual optical

elements arranged in an array;
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10m a floating-image generator for prOJecting the first volumetric three-

5 dimensional image from the multi-surface optical device to generate a second volumetric three-
dimensional image viewable as floating in space at a location separate from the multi-surface

optical device.

22.  The system of claim 21 wherein each of the plurality of individual optical

10 elements of the multi-surface optical device includes a liquid crystal element having a controllable

variable translucency.
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23.  The system of claim 22 further comprising:
an optical element controller for controlling the translucency of the liquid
crystal elements wherein:
a single liquid crystal element is controlled to have an opaque light-
5  scattering state to receive and display the respective one of the set of images from the image
projector; and
the remaining liquid crystal elements are controlled to be
substantially transparent to allow the viewing of the displayed image on the opaque liquid crystal
element.
10
24.  The system of claim 23 wherein the optical element controller rasters
through the liquid crystal elements at a high rate during a plurality of imaging cycles to select one
liquid crystal element therefrom to be in the opaque light-scattering state during a particular
imaging cycle, whereby the optical element controller causes the opaque light-scattering state to
15 move through the liquid crystal elements for successively receiving the set of images and for

generating the volumetric three-dimensional images with three-dimensional depth.

25.  The system of claim 21 wherein the image projector projects the set of
images into the multi-surface optical device to generate the entire first volumetric three-
20  dimensional image in the multi-surface optical device at a rate greater than 35 Hz to prevent

human-perceivable image flicker.
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an adaptive optical focusing system for focusing each of the set of images on

the respective optical elements to control the resolution and depth of the projection of the set of

10  images from the projection lens.

28.  The system of claim 21, wherein the image projector includes:
a plurality of laser light sources for projecting red, green, and blue laser

light, respectively, to generate and project the set of images in a plurality of colors.

15
29. A system for generating volumetric three-dimensional images in space, the
system comprising:
a multi-planar optical device including a plurality of planar liquid crystal
elements having a controllable variable transiucency;
20 an image projector for selectively projecting a set of images as two-

dimensional slices of a three-dimensional image onto respective liquid crystal elements to generate

a first volumetric three-dimensional image viewable in the multi-surface optical device; and
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elements are stacked in a linear array forming the multi-planar optical device.

31.  The system of claim 29 wherein at least one of the plurality of planar liquid

10  crystal elements is a curved surface for receiving and displaying a respective image.

32.  The system of claim 29 further comprising:
an optical element controller for controlling the translucency of the liquid
crystal elements wherein:

15 a single liquid crystal element is controlled to be synchronized with
the output of a respective one of the set of images from the image projector for the single liquid
crystal element to have an opaque light-scattering state to receive and display the respective one of
the set of images from the image projector; and

the remaining liquid crystal elements are controlled to be
20  synchronized with the output of the respective one of the set of images to be substantially

transparent to allow the viewing of the displayed image on the opaque liquid crystal element.
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10%/ () - sml0% () - 9! 10 /gosxzimg image data corresponding to a set of two-dimensional slices of a
three-dimensional image to an image projector;

10 selectively projecting each of the two-dimensional slices from the image
projector onto a respective liquid crystal element selected from a plurality of liquid crystal elements
forming a multi-surface optical device, to generate a first volumetric three-dimensional image
viewable in the multi-surface optical device; and

projecting the first volumetric three-dimensional image from the multi-

15  surface optical device using a floating-image generator, to generate a second volumetric three-

dimensional image viewable as floating in space at a location separate from the multi-surface

optical device.
35.  The method of claim 34 further comprising the step of:

20 controlling the translucency of each of the plurality of individual optical

elements of the multi-surface optical device using an optical element controller.
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10  of imaging cycles;
selecting one liquid crystal element therefrom to be the single liquid crystal
element in the opaque light-scattering state during a particular imaging cycle;
causing the opaque light-scattering state to move through the liquid crystal
elements;
15 synchronizing the projection of respective images to be displayed on the
corresponding single liquid crystal element in the opaque light-scattering state; and
generating the volumetric three-dimensional image to have three-
dimensional depth using the synchronized projected images on respective liquid crystal elements in

the opaque state.
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10 10m Gyldird firstvBinhf¥& thoee-dimensional image in the multi-surface optical device at a rate

5  greater than 35 Hz to prevent human-perceivable image flicker.

39.  The method of claim 38 wherein the multi-surface optical device includes
about 50 optical elements; and
the step of selectively projecting includes the step of projecting each of the

10 setof images onto a respective optical element at a rate of at least 2 kHz.

40. The method of claim 34 wherein the step of selectively projecting includes
the step of:
projecting red, green, and blue laser light from a plurality of laser light
15  sources, respectively, to generate and project the set of images onto the plurality of optical elements

in a plurality of colors.
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10 10 associated with depth values of said image, comprising the steps of:
providing image data representative of said three-dimensional image,
5 including voxels thereof having depth values that do not correspond to the depth
values of the plurality of the optical elements;
anti-aliasing said image data by processing said voxels to produce anti- aliased
image data; and
selectively projecting slices of the anti-aliased image data including said

10  processed voxels onto the plurality of optical elements to generate said volumetric

three-dimensional image.

42.  The method of claim 41, wherein said voxels are processed to generate

depth adjustment values for one or more of said voxels.

15
43,  The method of claim 42, wherein the depth adjustment value for each
one or more of said voxels is generated as a function of the distance of said voxel
from at least one of the optical elements.
20 44,  The method of claim 43, wherein the depth adjustment value A is
calculated according to:
A= \ Dy - Dygar: & ,
D Neari - D NEarz
25
where Dy represents the voxel depth value, and Dngari and Dngara2 represent optical
element depth values that satisfy the condition Dnpari SDv<Dngar2-
30
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46.  The method of claim wherein one of the modified color values is

obtained by multiplying the color value of the voxel by its depth adjustment value A.

47. The method of claim 45, wherein one of the modified color values is

10  obtained by multiplying the color value of the voxel by the quantity (1-A).

48.  The method of claim 45, wherein the color value specifies at least the

brightness of a voxel.

15 49, The method of claim 45, wherein the depth adjustment value is divided

by an anti-aliasing parameter P to control the degree of anti-aliasing.

50. The method of claim 49, wherein the modified color value of at least
one of said processed voxels is determined by multiplying the color value of said
20 voxel by A/P.

51, The method of claim 49, wherein the modified color value of at least
one of said processed voxels is determined by multiplying the color value of said
voxel by (1- A/P).

25
52. The method of claims 50 or 51 wherein said one or more processed
voxels are selectively projected only if their modified color values exceed a
predetermined threshold.
30
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1010% () - ﬁW&%ﬂ@ of LEHBof the plurality of individual optical elements using an optical

element controller to respectively receive and display the selectively projected

processed voxels.
10
55. The method of claim 54, wherein the controlling step comprises the
steps of:
causing a single optical element to have an opaque light-scattering state to
receive and display the selectively projected processed voxels; and
15 causing the remaining optical elements to allow the selectively projected

processed voxels to be transparent.

56.  The method of claim 54, wherein the optical elements comprise liquid
crystal elements.
20
| 57. The method of claim 43, wherein said depth adjustment value is
generated according to a function provided by software that is used to render images

having a three-dimensional appearance on a two-dimensional display.
25 58.  The method of claim 57, wherein said software comprises the OpenGL
application programming interface and said function comprises a fog function

provided therein.

59.  The method of claim 58, wherein said function comprises a

30 combination of said fog functions.
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10 encoding 1 1mage data correspondmg to a three-dimensional image witha code
to indicate the presence of a run of zeroes within said image data;
5 generating from said encoded image data, data corresponding to a set of two-
dimensional slices of said three-dimensional image; and
selectively projecting each of the two-dimensional slices onto respective
optical elements of a multi-planar optical element to generate said volumetric, three-
dimensional image.

10

61.  The method of Claim 60, wherein said code comprises a zero-run flag.

62.  The method of Claim 60, wherein said encoding step further comprises

the step of providing a count of zeroes included in said run of zeroes following said

15  code.

63.  The method of Claim 62, further comprising the steps of:
initializing an image data buffer to store all zeroes;
sending said encoded image data to said image data buffer;
detecting said code; and
20 jumping ahead in said buffer responsive to said detecting step by the number

of data positions equal to said count of zeroes.

64. A system for generating a volumetric three-dimensional image, said
system comprising:
25 a multi-planar optical device including a plurality of individual optical
elements;
a controller for generating image slices; and
an image projector coupled to said controller for selectively projecting said
image slices on respective optical elements of the multi-planar optical device to

30 generate an image that is viewable in the multi-planar optical device and that has a
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5 said image overlaps said two-dimensional portion.

66. The system of Claim 65, wherein said two-dimensional portion of said

image appears to be offset from said three-dimensional portion.

10 67.  The system of Claim 21, further comprising a tactile interface for
enabling a user of said system to virtually interact with said second volumetric three-

dimensional image.

68.  The system of Claim 67, wherein said user can sculpt said second
15  volumetric three-dimensional image as if said second volumetric three-dimensional

image were clay.

69.  The system of Claim 67, wherein said tactile interface comprises a
force feedback device that receives and translates movements from said user and
20 modifies said second volumetric three-dimensional image in accordance with said

movements.

70.  The system of Claim 67, wherein said user can remotely feel and
manipulate said second volumetric three-dimensional image.
25
71.  The system of Claim 70, wherein said user can feel and manipulate

said second volumetric three-dimensional image over a communications network.

72. A system for generating a volumetric, three-dimensional image, the

30 system comprising:
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elements that are separated from one another by spacers;

a controller for generating image slices; and
an image projector coupled to said controller for selectively projecting said
5 image slices on respective optical elements of the multi-surface optical device to
generate said volumetric, three-dimensional image;
wherein said spacers and the surfaces of said individual optical elements are
optically combined using a material selected from the group of index matching fluids
or optical cement.
10
73.  The system of Claim 72, wherein said index matching fluid is

circulated through an external chilling device.

74. A system for generating a volumetric, three-dimensional image, the
15  system comprising:
a multi-surface optical device including a plurality of individual optical
elements that are separated from one another by spacers;
a controller for generating image slices; and
an image projector coupled to said controller for selectively projecting said
20 image slices on respective optical elements of the multi-surface optical device to
generate said volumetric, three-dimensional image;
wherein said spacers and the surfaces of said individual optical elements are

optically combined using an optical contact technique.

25 75. A system for generating a volumetric, three-dimensional image, the
system comprising:
a multi-surface optical device including a plurality of individual optical
elements that are separated from one another by spacers;

a controller for generating image slices; and
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an image projector coupled to said controller for selectively projecting said
image slices on respective optical elements of the multi-surface optical device to
generate said volumetric, three-dimensional image;
wherein each of said individual optical elements includes an anti-reflective

5  coating disposed on a substrate.

76. The system of Claim 75, wherein said individual optical elements are

separated from one another by air.

10 77. A system for generating a volumetric, three-dimensional image, the
system comprising:
a multi-surface optical device including a plurality of individual optical
elements that are separated from one another by spacers;
a controller for generating image slices; and
15 an image projector coupled to said controller for selectively projecting said
image slices on respective optical elements of the multi-surface optical device to
generate said volumetric, three-dimensional image;
wherein said image projector first projects said image slices on even numbered
optical elements of the multi-surface optical device and then projects said image slices
20 on odd-numbered optical elements to generate said volumetric, three-dimensional

image.

78. A system for displaying a volumetric three dimensional image of a
three-dimensional scene having a virtual depth Dy, comprising:

(a) a controller for generating data representing a series of two

25  dimensional slices at varying depths through said three dimensional scene;

(b) a multi-surface optical device having a physical depth Dp including a
plurality of optical elements; and

(c) an image projector responsive to said data for selectively projecting
said series of two dimensional slices on respective optical elements of said multi-

30 surface optical device to display a first volumetric three dimensional image viewable
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5 79.  The system of Claim 78, further comprising a projector for projecting
the first volumetric three dimensional image formed in the multi-surface optical
device to generate a second volumetric three dimensional image viewable in a space

outside of said multi-surface optical device.

10 80.  The system of claim 78, wherein the virtual depth Dy of said three
dimensional scene is mapped to the physical depth Dp of said multi-surface optical

device by a linear relationship.

81.  The system of claim 78, wherein the virtual depth Dy of said three
15  dimensional scene is mapped to the physical depth Dp of said multi-surface optical

device by a non-linear relationship.

82. The system of claim 78, wherein said plurality of optical elements are
equally spaced along a depth axis.
20
83.  The system of claim 78, wherein said plurality of optical elements are

unequally spaced along a depth axis.
84.  The system of claims 82 or 83, wherein a depth within said first three
25 dimensional image is further mapped to correspond to one of said plurality of optical

elements.

85. A system for displaying a volumetric three dimensional image of a

three dimensional scene, comprising:
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5  Zmax and minimum virtual depth value Zyy;

(b) a multi-surface optical device including a plurality of optical elements;

and
(c) an image projector responsive to said data for projecting said series of
two dimensional slices onto respective optical elements of said multi-surface optical
10  device to display a first Volumetric three dimensional image viewable in the multi-
surface optical device, wherein the slice associated with said minimum virtual depth
value Zuy is projected onto a forward optical element of said multi-surface optical
device, and the slice associated with said maximum depth value Zyax is projected
onto a rearward optical element of said multi-surface optical device, with remaining

15  slices being projected onto respective optical elements therebetween.

86.  The system of claim 85, wherein portions of said three dimensional
scene which lie beyond the maximum virtual depth value Zyax are displayed as two-
dimensional images on a rearward optical element.

20
87. The system of claim 85, wherein the values of Zyax and Zy are

assigned interactively by a viewer.

88. The system of claim 85, wherein the values of Zyax and Zyn are

25  assigned by a viewer during application startup.
89, The system of claims 86 or 87, wherein the slice associated with said

minimum depth value Zuy is projected onto the forwardmost optical element of said

multi-surface optical device and the slice associated with said maximum depth value
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(a) generating data representing a series of two dimensional slices at
varying depths through a selected portion of said three dimensional scene, said
selected portion corresponding a maximum depth value Zyax and minimum depth

value Zynn and

15 (b)  projecting the series of two dimensional slices on respective optical
elements of a multi-surface optical device to display a first volumetric three
dimensional image viewable in said multi-surface optical device, wherein the slice
corresponding to said minimum depth value Zyy is projected onto a forward optical
element of said multi-surface optical device, and the slice generated at said maximum

20  depth value Zyax is projected onto a rearward optical element of said multi-surface
optical device, with remaining slices being projected onto respective optical elements

therebetween.

92.  The method of claim 91, wherein portions of said three dimensional
scene which lie beyond the maximum depth value Zyax are projected as two-

25  dimensional images onto a rearward optical element.

93, The method of claim 91, wherein the values of Zyax and Zy are

assigned interactively by a viewer.
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94, The method of claim 91, wherein the values of Zyax and Zyy are

assigned by a viewer during application startup.

95.  The method of claims 91 or 92 wherein the slice corresponding to said
minimum depth value Zyy is projected onto the forwardmost optical element of said
multi- surface optical device and the slice corresponding to said maximum depth
value Zyax is projected onto the rearmost optical element of said multi-surface optical

device.

96.  The method of claims 91 or 92 further including the step of projecting
the first volumetric three dimensional image from the multi-surface optical device to
generate a second volumetric three dimensional image viewable as floating in space at

a location outside of the multi-surface optical device.

97. A system for generating volumetric three dimensional images

comprising:

(a) a controller for rendering a three dimensional scene and for generating

a series of two dimensional slices through said rendered three dimensional scene;

(b) an optical device onto which said two dimensional slices can be

projected; and

(c) an image projector for selectively projecting the series of two
dimensional slices on said optical device to generate a first volumetric three
dimensional image, such that the apparent depth of said first volumetric three

dimensional image exceeds the physical depth of said optical device.

98.  The system of claim 97, wherein said apparent depth is provided by

occluding portions of said rendered three dimensional scene.

99.  The system of claim 98, wherein said apparent depth is provided by

including forced perspective in said rendered three dimensional scene.
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100. The method of claim 1, wherein said depth adjustment value is
generated according to a function provided by software that is used to render images

having a three- dimensional appearance on a two-dimensional display.
101. The method of claim 100, wherein said software comprises the
OpenGL application programming interface and said function comprises a fog

function provided therein.

102. The method of claim 101, wherein said function comprises a

combination of said fog functions.

103. The system of Claim 21, wherein said floating image generator

comprises at least one holographic optical element.
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