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DI SPLAY' 2lvor®lga93 This invention relates to the display obctls8801866
di merfSi onal (3D) video images on a video display. The termvideo is to be

t aken as the display of successive frames of 5 still images collectively
capabl e of providing a noving inmage. Mst-noving displ

di nensi onal, for exanple television (video) and novie mm’m”@mmwbny
applicati ongy §¢orat dy@Ldynensi onal inmges is adequatg becalSe an
observer cgn ogt aFﬁ Stereoscopi ¢ i nformation from movenent . 10 —t+a—-
non-noving (still) displays two di nensional displays are nbst comon and

are quite msgrfbemoma%g% tr@’dig%lgé ogﬁ%%ﬂrﬂ’éfris%%ga;dgﬂéé%gima@ggtoﬁ%r aphy.

Two di nensi on I mages are provi y di spl ays anount of
dar kness avidemdisplalyoUme team veeows tchbe tdeniasrthevdispiay dffseccesaye.frafnaseoft hr ee

di mensipnal, . still 15 di.spl ays can.be provi ded.by. hol ographi c techni ques
with phgt ogildmRpEs 5?'5‘3(0&&?]8%%@3%%9"%9%31’“%‘@ 3% s can be provided by a
t echni que known as autostereo. A three dinensional inage can be provided in
hol ographic filnms by variation of anplitude or phase within the hol ogram
An obser vellosleBavIag SiSPRYSIfe 4P AP OB RINRG tRIGERIOB EdBNEPE MEYIFf er ent
posi tions ffhiss tryR Gear ebpAB&tHNa MhovdrieRt loh Bvélbisid Rlonafinfd desdé By ce bet ween

the two types of display is the amount of information needed, with at | east
an order dfecadg@pnehEeiver canabtaimetetrascopic infarniob feers enovemdst.ogr aphi ¢

i mges,have been displayed using liquid crystal devices, but suffer from 25
very narrow fields of view, i.e. the stereoscopic effect is only observed
over a narinownrrangeg @stilladgblys tWbdimensiorce disglayp laag/ s1oat eorhmonetidlaye

di splaying franes of stjll images _at a high epough rate that an observer
can not d L’éthCTﬁB??/PB‘ifJ_éﬂcef?%ﬁ%s ,ph&ﬁﬁo?w_ﬁé’éﬁg%% O10G5EPIYe #ess movenent .
To di spl awiseRsibRBIgREges bFe pRVRIERINY diSSIsyd WRostsmplitatie $aribighl o dgikeesd han i's
easily and cheaply avail abl e, especi al I%/ for large displays. 111 |1 011l
11111  1111@nd or colour) varies with position within the image. TrUe three dimensional still

15 displays can be provided by holographic techniques with photographic plates for

example. Other 3D effects can be provided by a technique known as autostereo.

A three dimensional image can be provided in holographic films by variation of

amplitude or phase within the hologram. An observer sees a slightly different image
20 by each eye and at different positions (distance and angular) from the display. A big

difference between the two types of display is the amount of information needed, with

at least an order of magnitude more data needed for the 3-D case.

Holographic images have been displayed using liquid crystal devices, but suffer from
25 very narrow fields of view, i.e. the stereoscopic effect is only observed over a narrow

range of angles.

Moving video displays are formed by displaying frames of still images at a high
enough rate that an observer can not detect individual frames, and instead sees a
30 seamless movement. To display 3-D images with movement requires data rates

much higher than is easily and cheaply available, especially for large displays.
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*@0000 * M S SHEET HAS SEEN REPLACED 2 According to one aspect of this
i nventi o&gtﬂgmggt}ove probl em of angle of viewis solved by g-t8801866
n |

di mensi o splay which includes a spatial |ight nodulator (SLM on which
a ‘repeat ed sequence of patterns is illumnated by collimted |ight that
scans 5 repeatedly through a series of_gdiscrete directions in

synchroni sation with the hol ograns. The term "pattern” is used in this

specification to nmean a two di nensional variation in phase and or anplitude
whi ch coul d conprise the hologram autostereo distribution 10 or inmage to
be proj eckhedordierctorahiengspeat dththis inventint ittenatsovesrebledi ofeagjl®ndliewiideo di spl ay
includes: a reen on which successiye fr s of dat atterns e

i spl 2y edsoNed BY T8 TP SOIAES RS APEe Jebed epiadhy
through aos&yHiesaflpsHted 584 nte ol bh®shE MNBuinihatd BN ESImaBdMdhh tHah 8c&fanni ng
of successive frames: - the arrangenent being such that a three di mensiona
movi ngSi nigRreatetly Brouws asgaas pldiscreiectiactiomhid sYOEb@RISFHON Méthithe t he f or m of
aliquid ﬂ%@ light valve or optically addressed 20 spatial |ight

nodul at or A typical OASLMincludes a |ayer of a light sensitive
mat eri al operable to change the voltage on an adjacent |ayer of |iquid

crystal erial,and hence ch e its reflective properties when .scanned by
Che col | RAECH T IRETLan rees TOR seeansrEn RarrHgaive dier iy Wbt ray
be anor phpHsse hhd 608mpAiLtie wradH stliy cdrpridd Glathaseramt by slcayetistrinutibe a
matrix of |ight sensitive diodes capable 25 of transmtting an electric

si gnallOwh8hMageie bRapraiected.

According to this invention a three dimensional video display includes:

- a screen on which successive frames of data patterns can be displayed,

- collimated light source that can be scanned repeatedly through a series of discrete
15 directions in synchronism with the scanning of successive frames;

- the arrangement being such that a three dimensional moving image ban be

observed by a viewer.

The screen may be in the form of a liquid crystal light valve or optically addressed

20 spatial light modulator (OASLM). A typical OASLM includes a layer of a light sensitive
material operable to change the voltage on an adjacent layer of liquid crystal material
and hence change its reflective properties when scanned by the coliimated light
source. For example the light sensitive material may be amorphous silicon.
Alternatively the light sensitive layer may be a matrix of light sensitive diodes capable

25 of transmitting an electric signal when illuminated.

The OASLM may be formed by a front transparent plate carrying column strip like
electrodes on its inside surface, next the liquid crystal layer. a reflective layer of e.q.
aluminium arranged as small islands of separate dots, the amorphous silicon layer,

30 and a rear transparent plate carrying row strip like electrodes on its inner surface.

The photosensitive layer may be arranged for receiving video patterns.
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The OASLM nmay be fornmed by a front transparent plate carrying colum strip

i ke el ectwodeso®n its inside surface, next the |iquid crysipeh/dBsaiscea
reflective |ayer of e.g. alum niumarranged as snmall islands of separate

dots, the anorphous silicon layer, 30 and a rear transparent plate carrying
row strip like electrodes on its inner -Surface. The photosensitive |ayer
may be arranged for receiving video patterns. 3 In one enbodi nent the
video patterns are imged onto the light nodulating | ayer as a succession

of spatially separate Batterns each formng a field with a plurality of
fields col NS SBPYAIMEINAY e OrRAIFEN LI edMaPephPaY the ieisBRdyIAlN®IayPhas @

hol ogram Jc8ssioh 8P§Byti9H&esﬂjarét@rdﬁ‘tt@%saealcﬁrfgﬁni% SRleRY with Qrﬂlﬂ'am qu%lotsy of
smal l er segnents may be used I n another enbodinént to provide g arge area
proj ect i oncaliesiiedyfoning a framaioh atdiaplay rerresestingyd singleghelograar.cEhisl t al | ows

smal | fast i d t ; i isplay ontqQ a

sl owner gctﬁeggﬂpﬁégﬁf%\r/@ngg Wcﬂgﬁé?ﬁé\ﬂ% FéJdg I'\%@ﬁﬁ%@%}%@@? g&frgg ehu<'§§8been
i mged. 10nEmether @mbodgnerdyo bmvmeoallad@aianh?’a ﬁiﬁje&t}fjd’rﬁ(ylfﬂfay Waearilsoinbees vvh: I(:h
may be | ocated at or adjacent, the focal ane o ens arranged optically
inyfront o‘f"t“? ﬂé‘f}%’ﬁ?é‘%@?%&ﬁt aﬁﬁgsgﬁaﬁéaﬁaﬁéﬁegigw m%%@?toﬁ% Tﬁﬁi’émffoout t he
maxi num angnepoite &ispldyddtito brsrswériaeting lightnarediven gesvitchBs Wi Neorhprtérunber
of lasers inproves the angle of viewin 15 the observed display. To obtain

a col our dTpe &ps beap 88aghck f erent frequency | asers are used. The vi deo
i mges gmy be froma projector formed by a layer of ferro electric liquid
20 crystal material on a silicon layer having an x,y array of individually
addr essabl Bigp$casininganaly bepeideddiy areayay alasendourqesexhicttl dragdsi lngatediag

pr oj ect or qu Lo} gcte | ' hr h r.at i ng for {Ae. . by two

ort hogonal Ty ééracfa glng% O#éll (laéé\rgaogr%a{ ?Sn§§gr698%a‘?%tﬁﬁ"#¥a'ﬁérﬂﬁtgﬁ et'Wgﬁgr#E%?We and

opaque | i nise ardfle between each laser may be about the maximum angle which light from the
hologram diverges. Increasing the number of lasers improves the angle of view in

15 the observed display.
To obtain a colour display, three different frequency lasers are used.

The video images may be from a projector formed by a layer of ferro electric liquid
20 crystal material on a silicon layer having an x,y array of individually addressable

pixels and capable of very fast multiplex addressing.

The projector may project its image through a grating formed e.g. by two orthogonally
arranged linear gratings of alternate light transmissive and opague lines.

25
Alternatively the projector may be a video imager and direct its output direct onto the

light sensitive layer.

The video images to be displayed may be obtained in a conventional manner and
30 stored for sequential display. For example a subject may be imaged by a plurality of
cameras arranged at different angles in front of the subject to image the subject in a

time sequential manner.



Al'ternatively the projector may be a video imager and direct its output

direct on i ght sensitive layer. The video inmages to hergdp lgy@d may
be obt ai né‘golg&n&gl&jconventl onal manner and 30 stored for sequenti a?agddl spl ay.

For exanple a subj ect may be inaged by a plurality of cameras arranged at
different angles in front of the subjecyyto inmage the subject in a tine
sequential manner. - 4 - l|ldeally the inmages on a video display should be
three di nensional like those recorded by hol ograns so that changes in
paral | ax can be seen as the observer noves closer to or further fromthe
di spl ay, anmeam/mbamagéeonbsﬁmMEmsmams@mﬂ@be5Mepmhnbwa®msmb©ﬂkng t he i mage

mer o]y i g iR aE ey Bacotanate POBatR et ap ey et Ruco

hol ogr am onmavéd BYs&r t61oY Srtder GofPinalispriyemarsolthaithe oegerstatarn gagles tend to
be at least 1.5 mcrons thick, so the pixels on a liquid cr¥§tal tend to be

no smal Per €enth by inspegting thedmage ke differept V'@V@OPF%?”C{ BeUsingPHosE!ayi ew of a
hol ogram on, h' WU dhr graye%%lrengh@ @¥olliforl BuEBlE?s B s %anélef ﬁovw.gﬁgy ees.

Furthernnre e cost” o urd crystal displays scales with resolution in
such a way asudleo hotdgeam lee aliiayid anystel disbldgo Hmedgfr bratd oyseo RyRiscend i ee

di mensi onal £8 £8MhiBoR0uRe, bRt g&ggséhgé PéLigehARh BB Comal

pi xel | ati onb i € screen nsi onal array of pi xel s
each of whi mbnrzadrhaenmdrdswm abentrfgndyamﬁmr mbafielc( afS/ié\mof & heicdirsploaya lafuid wo

di [ I i ] trols t t f f
i et 1an. SSPRIPUR T mheRiPRg Alrvatidserer OUBRIE HESgthy [0 |
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source of light in the focal plane of a lens. The lens and |ight source

20pr oduce rla8/earaIMs YnegPBPMiChg i n one general direction at any one instant,
and if the direction of the rays is synchronised with the display of
appropriate views of a solid object on the liquid crystal display, then the
eye w || i nTregeatireersional Geaghsniamsdiomae dismaeg@dw@g autersereTheonit piseiE@atoNere i s

E:Ilhgtpl ;9 %g@ﬁ%%QPgﬁgge%P%E%pﬁand ¥ Edﬁw“? cfntg\al Hr% 8{ y%ilx%lg%a% %'f'i/vqicﬁrré/ﬁteﬁl
than being Lambertian (as for the d|splay of two dlmensional images) controls the
intensity of light as a function of ray direction. A simple way of making an
autostereoscopic display is to illuminate a liquid crystal display with a continuously
scanning spot source of light in the focal plane of a lens. The lens and light source

20 produce rays all travelling in one general direction at any one instant, and if the
direction of the rays is synchronised with the display of appropriate views of a solid
object on the liquid crystal display, then the eye will integrate a three dimensional
image over time. The problem here is that in order to avoid the observer seeing

flicker, the liquid crystal display must switch quickly and for good quality three

25 dimensional images this is once again uneconomic.

Unless the positions of all observers are known then three dimensional images
almost inevitably require data rates to be an order of magnitude greater than for two
dimensional images. Any design of three dimensional display should provide a way
30 of handling these data, but the higher the data rates, the less capacitance can be
tolerated on the transmission lines which carry data onto the screen, and therefore

the smaller the screen.



25di mensi onal images this is once again uneconom c. Unless the positions of
al | obserwerssneave known then three di mensional inmges al nospctasysbesesy
require data rates to be an order of magnitude greater than for two

di'mensi onal images. -Any design of three dinmensional display should provide
a way 30of handling these data, but thedhigher the data rates, the |ess
capaci tance can be tolerated on the transm ssion lines which carry data
onto the screen, and therefore the snmaller the screen. 5 Small displays

with high frame rates can [ndeed be nmade cheaply, for exanple b | aci ng a
layer of fSFIUERAYSEM Nighii@me sReesFaToRo5ed CRirtATE SHRARY AP xaPIRbYh o

digital m greMyd 1BYedsbG8eiBEtric AbiadeydtaYor & RAcoPYlibdaRE SorWaM a biRfitde three
di mensi onal 5i nages, and even with devices where a three di nensional inmage

can be di spliggerordexicergraathase rangier yBulgisehewWanblgeae hree disasiseongi ze is to
make tRe fj 0 ' I RS S Ny ess
rel evaﬁt i “r#éog%'tsag?%b?&aﬁ'@?&??@égweg%?al I eﬁﬁhgﬁsdh’i%ﬁ???éé ?g%% %’?gﬁ%&péns on
| i ght val vie €fferct ofpinageifyling tedmags éad al usabiedsize isstbahalkd thplf@ydsdf widnw cbo
conprise a _sandwi ch of a light sensitive layer and a |ight nodul ating | ayer
such as Iiaﬁrir%lw'crystal. When a voltage is applied across the |ight
sensitive layer and the light nodul ating | ayer together than an i mge

projected onto the |Iight sensitive layer is transferred across to the |ight
nodul at i ngTTa&?E‘r'S;S'OJh'd‘ea‘?ﬁﬁ%B%&O”l%?isﬁ ir%'SH‘?r_ftéfrﬁi%él'%b’ﬁﬁf@”ﬁj HuP?abelyand|
l'i ght qgal vgss Bawmt hhpPEnd &1 Rsht QbIve8\EF Stickily 988kt Eed ALk BRSMIGRpIAIR) | ayers

in a light valve are in principle unpatterned, so one can get a device
whi ch act swhishgoRripgse eessaidwidhorf,a lighgsensitivaslayat @nd pdjahtdmedyiating laaespl ay

U nout 0ROl By R4 B e EPFE Ml |
fassenbl e atmeight:m.odalp&rb@ tayef tagepren treart iann'gnda@eghrqjm@d! umiodheuigm ;ﬁnm%insi onal
been. propaB¥t  TRES R ARG e s Pane Bha TR TR crystal
di spl a§ sosipah/fBagelebirghiquidr@nbilighovalvbiihaldiRamieddied dspséal kihepkzay can
nevert hel ess address all parts of the light valve if the i mge of the
Cliquid crySYEIeraoep g layers i iRl heiagdh e CPifeunRatRrnerhise ONeFantaft & t
addr esses deyice which acts as a high resolution, high frame rate liquid crystal display without
the cost of high resolution lithography. If images from a small display are projected
onto the back of a light valve, it is possible to assemble a device capable of
20 projecting high resolution two dimensional images from relatively cheap
components and various configurations have been proposed. The light valve can
‘be larger than the liquid crystal display so can have higher resolution, but the liquid
crystal display can nevertheless address all parts of the light valve if the image of
the liquid crystal display is multiplexed across the light valve so that it addresses
25 adjacent areas of the light valve one by one within each light valve frame. The
magnification associated with projection makes these configurations inappropriate
for the display of three dimensional images, but because they are unpatterned, light
valves can in principle be made as large'as television screens and still be relatively
cheap.
30



25adj acent areas of the light valve one by one within each |ight valve

frame: TReoRBEsYesi cation associated with projection makes HpReR&98/01866
configurations inappropriate for the display of three dinensional inages,

bdt because they are unpatterned, |ight valves can in principle be nmade as
| arge as television screens and still -lBe relatively cheap. 30 6 Brief
descri ption of draw ngs: The invention will now be described by way of

exanple only with reference to the 5 acconpanyi ng draw ngs of which: -
Figure 1 shows how one can display a 3D i mage by show ng views of the

obj ect onBaef daggriptian ¢fstravingsspl ay and il lumi nating each to an appropriate
direction; 10 Figure 2 shows different volunetric 3D displays; Figure 3
shows that a 3D array of light emtters cannot display opaque inages;

Fi gure 4 shewvehtidreilldicdw o¢ dascrinet dgvagyhifex3bpth sl awts;refebericegurtiee 5 shows
di fferent autostereo coloi c 3D displays; Figure 6 shows 3D object as seen
t hr ough a3GAMPAYING Frawinag L WoIGN i ng rapi dly, the other slowy: 20 Figure
7 shows that close to the screen a perspective inmage is seen whose
conposition can be determ ned by ray traci n%; _ . ,

Figure 1 shows how one can display a 3D image by showing views of the object on a

liquid crystal display and illuminating each to an appropriate direction;
10 Figure 2 shows different voiumetric 3D displays;
Figure 3 shows that a 3D array of light emitters cannot display opaque images;

Figure 4 shows three different holographic 3D displays;
15

Figure 5 shows different autostereoscopic 3D displays;

Figure 6 shows 3D object as seen through a pair of slits, one spinning rapidly, the

other slowly;
20

Figure 7 shows that close to the screen a perspective image is seen whose

composition can be determined by ray tracing;

Figure 8 shows that a plot of pixel direction (6) versus pixel position (x) can be used

25 to identify what the viewer sees on the display no matter how distant it is;

Figure 9 shows a distant photograph of an autostereoscopic display on which each

view comprises a horizontal bar;

30 Figure 10 shows a close-up photograph of an autostereoscopic display on which

each view comprises a horizontal bar;

Figure 11 shows that an off-screen spot can be imaged by setting up rays to

converge through it;



Figure 8 shows that a plot of pixel direction (0) versus pixel position (x)
can be usgdogpode® | dentify what the viewer sees on the di sptcycpgs/om@td er
how di stant it is; Figure 9 shows a distant photograph of an

alt ost er eoscopi ¢ di splay on which each view conprises a horizontal bar; 30
Figure 10 shows a cl ose-up phot ograph of -an aut ost ereoscopi ¢ di splay on

whi ch each view conprises a horizontal bar; Figure 11 shows that an

of f-screen spot can be imaged by setting up rays to converge through it; 7
Figure 12 shows two views of a cubic array forned by parallel projection.
The nini nﬁmuém@?éhQ\Aﬁ)}W%é*@Wé@rﬁat%'q/?ré%\)ﬁfot'@&ﬂibb’é@r?'éﬂ PEYURAIENt d e a

di stinct @,ﬁﬁﬁeeﬁ@? y@@lvgee@o%&g%e\néwé %&%ﬁ 6EMeE fhd 9 ofERKE: QfErehel M of

rear pixe Igure 13 shows two caneras, in the left hand
vi deo caneiea amtenttisthat remuiregitx lake et dodurdn of trar @iketsubily visiblely are
visible, while in the right hand canera one columm of the rear pixels has
becone®visible. As the depth of the distorted cubic array tends to

infinity, FRove 13 3R6WRMNG 2athend, Inawangks hadd aldkelcan@ea bRG tAagoat Pirésagn
adj acent views 10 tends to the angle between adjacent pixels; Fi ur§ﬁ14

shows a hilegyFlapRf cUBicapiatProvisite WHESRATS MAFERTIGRMATE SORSRE oW
aut ost er e%y&eﬁg ﬁ:f& BEEARNiSibR Sid B JBptR ofthd digtoftb & kdbiefaridyqunday be nmade
by tinme-sequentially illumnating a high resolution liquid crystal display;
15 Fi gur einfibits RAY 1remdeRAN Rdend tfwardgpaealigh sotheyange betwerinadiacentmaws 3D
i mager,.,. apd 2 i gur 7,.sh : g ication of Figure 14 arranged to show
2 Tar gl amagstad i by BB E Pl
Figure 14 shows a holographic display of the present invention. It shows how an
autostereoscopic/holographic display with a wide field of view can be made by time-
sequentially illuminating a high resolution liquid crystal display;
15

Figure 15 shows more detail of Figure 14.
Figure 16 shows a simple 3D imager; and

20 Figure 17 shows a madification of Figure 14 arranged to show a large area two

dimensional display.



41, - 8 - Description of a sinple 3D display as shown in Figure 16. An

| mages scr, ofedod3S caused to display a data pattern previ OLR{T?/ GERGRREed. A
scanni ng |'ight source e.g. an array 21 of laser emtters um nates a

| 8ns 22 behind the screen 20. The action of |ight scanning over the display
provides a viewer with a 3D image. Thisgshows that 5 3D may be provi ded by
projection, as well by reflection described below Description of invention

with ref erﬁé&%ﬁgﬁo‘% & 94 hipte. %6 q%%%ryja% shown/ii} F} 93"'?6 %th%réessc ?]Eens e

di spl ay conpri In se proj ect grating
3, light walused th disglannidata batanﬁrevimsls/rreamnday &,sca;mdnr@mgobswm_e,re@. For

| ower perfornman d cost. .the cto ne or e_vi deo

proj ect or ) 2MH %haﬂ?ﬁ‘?reeé?'tt?ﬁaﬂgg" [eﬁé 2&%@{ qheRereen €4r Tht gRien

per f or mangeyi ﬁt%aﬂﬁn@b@bﬁ&b@sﬂay@ﬁwb@s a8 vieWer Yithl £8blimGgk] THIsHOWESthal

di spl ay capa%le of mul tiplex addressed by a matrix of transistors to

gi ve ahi gP BDgeée H”Pr‘ﬂ W]P&J‘Pqt'@“ Aoy etheteliestiameesqrigne belwe. An exanpl e
of this is a digital mcromrror device (DVD) avail able from Texas
Instrunent Inc. 20 The grating 3 may be fornmed by two |inear gratings
arranged &reshoptemadflipventiae withreferangetaigaresetfhane 16i ght and opaque i nes
with a periodicity dependent upon the nunber of separate imges to be
projected onto the light valve 4. As shown the |light valve 4 receives a 4x4
mat ri x of Alsigtods,in IFQ;L&D& deand i1b%lipﬂé)ediomWestlhisérlélhﬁdé‘oa‘ée:irsjagﬁoh 10f 1 ght

di vi ded by at| itch is xi mat el ual to t he angl e bet ween each
of 25 the mag '%?gg?ggfﬁwgt%é! ﬁf@‘ﬂ 4 e9uing oS/ JeS RH@Y% O aPFENof 1ight to
opaque ar @gge@gry_he grating is about 1:3 or 4.

For lower performance and cost the projector 1 may be one or more video
projector(s) which project images onto the light valve 4. For higher performance, the
15 projector 1 may be a ferro electric liquid crystal display capable of being multiplex
addressed by a matrix of transistors to give a high speed image which is projected to
the light valve. An example of this is a digital micromirror device (DMD) available

from Texas Instrument Inc.

20 The grating 3 may be formed by two linear gratings arranged orthogonally. Each
grating has alternate light and opaque lines with a periodicity dependent upon the
number of separate images to be projected onto the light valve 4. As shown the light
valve 4 receives a 4x4 matrix of fields, to be described later. For this the wavelength
of light divided by grating pitch is approximately equal to the angle between each of

25 the four images on the light valve. The mark space ratio of light to opague areas of

the grating is about 1:3 or 4.

The light valve 4 is a relatively standard item, such as an optically addressed spatial
light modulator (OASLM) sometimes called an optically addressed light valve;
30 samples are available from Hughes Inc., Hamamatsu Japan, and Peterlab Ltd St

Petersberg Russia.



The light valve 4 is a relatively standard item such as an optically
addresseqvég%bﬁg | i ght nodul ator (OASLM sonetines cal | ed gr/opés/maéd y
addressed |ight valve; 30 sanples are avail able from Hughes Inc., Hamamat su
J&%pan, and Peterlab Ltd St Petersberg Russia. 9 As shown the Ilght val ve
is formed of a front plate 8 and a rear9plate 9 both forned of glass. The
size of the plates determ nes the size of observed display. For exanple the
di splay may be 300 x 300mm or nore. The front plate 8 carries four strip 5
el ectrodes 10 fornmed as four columm el ectrodes 101 _4. The rear plate

carries fégrshennitpe dglatetalvsde dormeds ravsentapdate Sand %Waélpé%? Odersl farmedqof
Typically Fa@@ gRe sgfetéfﬁﬁé‘gfagé%&&gmﬁ%é b §£§§F6AS d 8isf UTFoﬁQ}aH-I

sufficienf not to ecta y an observer ovvn t ectrodes form
a 4x4 nrat thadneplagegayebﬂ 80@x 3pDmed or(rtnloeetémerfrphbmatei&cargaafdw strgser ved for
much s r,area di s but er suijtabl e nber .

For examEEoutaEs To SmeER BEP bR e cors 1B . OTAT e Hiaid Rafistilalh T e

pl ates 8, Spr aefipddaked fbM’nédDé@ﬁﬂB ra\a e\vmr@hesmm pewbnsélnynh@ged batvexss t he
surface of the plates, g or spacer beads

Syl cal 1 v adiaentra Sekiroiet e Areub ] Guahy wBN R o SoiEetpls 1 it PRSTYgsTal
material A3 shthhé %Ie%trbh?ﬂfon%% ﬁ)?tf Jn%?r?x‘ &%ebﬁié%fs rhpifé! ( f’HeUt@}rﬂ' wa) fsor med by

nuner ous dots. s a layer anor phous silicon, sen5|t|ve to Iight
i maged t hesealy. re?ﬁeemeh@ﬁgﬁmauﬁr a|r¢@hcnf Jisripysat @ntdoartyr@herawtrabms -can be

the Sg‘@Ea m%l [ Egre&{anﬁccglgg]d‘l;xga%xé)fortZl?)Q%él; gfﬁl‘b?G ?rriégglré % are appl ied to

the r a con serve 20 to change
t he phy5|cal arrangenent of nDIecuIes within the liquid crystal Iayer 13.

The unit 16 also tines th Ioadln attern operati f. the projector
11 & PR g TiRe Bl Setapargod b spBe PR RV R SR Phal e | v
emtting hrs&irface df%@blé@%@]@@ Fmaishﬁ sfp@e@d bedRNR Hlaybhes Bpicawans oy | ens 5.
Each laser 6 is arranged to illumnate the whole of the front plate 8. An

observer 3ugithickeéa fﬁ"ﬁ@l%ﬁaﬁﬂ?@'ﬁ“ﬂﬂ@e‘:%ﬁa{’ﬁéteF'Pb?ﬁ dexting h9hght val ve 4
wnen ashol aaean y&lagepﬁ bPEmictui L8] AR RN Of NERES LASRL S or

['1lum nation uence the | ase I nproves the angle of view, and
a sequencerrm’rpﬂmiscsgrcaph?p&nSItwagngmtsmBOed)Ume%df@swaveiﬂng'ﬂmgf kadltogr aphi ¢

three di nepo?éc e n% tﬁgl )>é'r 15 can be the same or different from that of the lasers 6..

Voltages are applied to the row and column electrodes by a control unit 16, and serve
20 to change the physical arrangement of molecules within the liquid crystal layer 13.
The unit 16 also times the loading of patterns, operation of the projector 1. and

switching of the lasers 6.

The laser array of independently emitting lasers 6 is arranged in the focal plane of the

25 scanning lens 5. Each laser 6 is arranged to illuminate the whole of the front plate 8.

An observer 7 will see a holographic image on the front of the light valve 4 when a
holographic pattern is illuminated by one of the lasers 6. lllumination by a sequence
of the lasers 6 improves the angle of view, and a sequence of holographic images is

30 observed as a moving holographic three dimensional display.



- 10 - Operation to display a noving 3-D display will now be described: A
seri es of wpifoesegr ded hol ographic patterns may be provi ded pgrispdsfos8s
conputer store 17 or |aser storage disc in a conventional nmanner. 5 A
p&ttern is formed on the ferro electric projector display 1 and i naged
through the lens 2 and grating 3 onto-tlRe area shown as "A" in the figure
14. At the sane tine a voltage is applied to row 1 and colum 1 so that a
vol t age appears across the pixel shown as A 10 The pattern projected is a
finely detailed pattern containing phase information as part of a

convent i o RETRIATGrdigRC2 MAYHY. 3- PSRN Tomphs Pﬁ?‘g'qeﬁa@es%ﬂ?ﬁééﬂf%g at "A"
falls on Ak e i whi ch in
turn al te?g‘?‘%'hée‘g5%"’?@5’2"’;%3\5%?{??’%3‘; \k/)\né?ﬁ In tcﬁéb fr?(rg atéorﬁqﬂlgggttgrrééw g)es ‘mnute
vari at i on lagferstdraggydisanda tenventiona manneat i on i n physi cal arrangenent of the
l'iquid irystal nmol ecul es which gives rise to mnute variation in phase

i nfor ion across the pixel. This is a first field. The above process is
repeat ed onpatmmis f@fmédmenpthe(mrm éMWp@&ctdB"dﬁp)a)'f Panfiamabéetrdsudginwthet 0

si xt een. al , of Si X nfleld rovi de rame, or , one conplete 20

01 0gr aphins HaBLSEER S PTRE TG SRORY 78 & 1t GPCEs 4 b PR SSNBE Sone
frame all vbhggd iscuplpded:foyr@wm amdt&umal1 dodthbes verade ameaamgedro&@trﬁéam@lsent a

hol ographi c i mage when illum nated by one of the |asers 6. 25 A second
frame is iSRAWB@Sdhto the light valve 4 as in the first frame. This second
frame jos slightly different fromthe first frame and is illumnated by the
second laser 6. This is repeated for a third frane, and illum nated by the

t hi rd | asdheattermn projecteiea@ finely dajaileldaatterraperyainfngraiasetitfarmatinnezs parter s
are used. oFQoofidiBhandfiraE thast HeRlfol FidnloeAbobuf g, dEagH and

bl ue Iight wod separa e of nore
t han one loagke lighttisensiieo@yart tlahd aites itapoodasivihehahgh eurofaitetsetheoscopi ¢

1L 0 e SEESLBE Oy SRR MRS, s o AR B Sl

succests ominfitediatib®dreiftphySitsl hfangbiment ditAERGuIRIcANstSl@8ol8cuTBY WAh gkt hr ee

di nensi onal image to be seen by the observer 7. o o
rise to minute variation in phase information across the pixel. This is a first field.

The above process is repeated for each of the pixels shown as “B” to "P” for fields
two to sixteen. A total of sixteen field provides one frame or one complete

20 holographic image within the liquid crystal layer 13.

At the end of one frame all the liquid crystal material 13 has been arranged to

represent a holographic image when illuminated by one of the lasers 6.

25 A second frame is imaged onto the light valve 4 as in the first frame. This second

frame is slightly different from the first frame and is illuminated by the second laser 6.



The display of Figures 14, 15 may be sinplified to provide a |arge area two
di mensi ong)o 65,6u@dx2y as shown in Figure 17. This is simlar %&Hﬁﬁ&/o&f“
Fegures 14, 15 except that a single light source 6 illum nates the screen 4
afd reflects light onto a 15 large area display. Aternatively, the screen
4 itself may be nmade sufficiently largéi1to provide the required size of

di splay. This enbodi nent uses the technique of a small fast sw tched
projector 1 (such as a DMD) formng a plurality of segmentpatterns or
images to_give a large size frane of information that can be switched at a
sl ower raﬂ'g's('b[ﬁpeﬂq for anikrame opyxkilvaiiiated by teghird sasey 6t or oligieueefe. This
t echni quelb@% LLi i = d t he
screen 4 fa 2 r?}gnaﬁ%g%fi]rnge;téﬂaﬁg’gle{e ﬁ%ggsbé}veéﬁﬁ\}grgl %:8{ eggr%\eog‘%'aag%?%”rp"g{%@ﬁ is

i maged onBx3 birey stregegredn anthbluedigBDvbadde wad, keuobgetivede@draftoiigheyi t h a
reduceg aggl efof v'kew. Sclanni ng succe s'fve atter nsb%;ovi dei a novi n,% 3D

di spl ay as°F Q' FIogu il o 1939 with g5sgsip Pi8Y8? §'Fswedle of slereofkaPCext of
t he pri or ity tdaiceBBsErvérsor'gbBeakrdy bel ow. the application then continues
with the clains of this application. THE DI SPLAY OF THREE DI MENSI ONAL VI DEO
| MAGES 5 |. Introduction Conventionally televised i mages are two

di mensi ongheylec A Ridte fdfresCha/d belhAGBE LRERIEOR ek NEhe R UAROIRE nrke"
exanple, are able to operate by them Nevertheless 1 en dept

per cept i offiaings ¢y imagedl A suscessiorsof diffenent petb af three fretriegsifroeded b keoing gery,

dent h1per GRRl bifflrshrdthfiteo BI4CERLS heLba & 31 the | mges have a three
di mensi onal - contentl . Television and Vi deo ganes are likely to be nore
realistic with three dinensional inmges, and the interpretation of

conpl i cated dat e Si e,. There has. therefore been a renewed interest
in three ﬁ?%gﬁgfaésE?‘qué?ggﬂﬁ%ﬁ%ﬁa S{KPﬁf'ggtt‘hB?oé'dea 13528 BE@@et ai | ed wor k2
on the sygihemsionaedigslay a8 shéwsin FigententHidisedmagaonsatofisgdesiiuabse of the
conponent on whose radical evolution the rest of the systemw || depend:

the di spl @Fept that a singlekight awise &dllumiaatesithe sciegn ezndrefialsitiobt eroias needed
to nmake aasﬁesﬁjeﬁﬁigp%yl. CAIGRat Byt mef‘s%réjér{?ﬂ%lpﬂg b'e%sufﬁ&%g@!?%@ one

need nerely take the’liquid crystal display froma typica
conput er , Previdp théeedyired sizelafidisplayorThissembodimest aset thedeehraqspofita swatice of

light SOWSstdé\ﬁ{c?ueﬁ%raS&BPﬁ’(éJ&ﬁ AseéqEMEﬁ%ﬁvm%\’aip%rality of segment patterns or

images to give a large size frame of information that can be switched at a siower rate
(but still above an observable flicker rate) to observers. This technique has been

20 termed tiling. When a 2D image is imaged onto the screen 4 a 2D image is seen by
the observer. If a holographic pattern is imaged onto the screen 4, then a 3D image
can be observed although with a reduced angle of view. Scanning successive

patterns provides a moving 3D display as in Figures 14, 15.



25 Figure 1. The spot source mght conprise a |aser beamincident on a
transt uc n, and under the action of the lens wll t he
d!s | a e‘o{)ﬁ%@gg whi ch converge to forman i mage of the sglalrr}éhreﬂgggl;%ge t he
p| cture on the display will be visible only if observed fromwthin the
confines of the imge of the source, the-30 picture will have a restricted
field of view, and is set up to be a view of a three dinensional object.

Q her i egﬁF%xttotf'ﬁmet &L&@y o RS (i%nt%lpegttéb%%VVQHe BBoIMBS, Wt Ririnki&s ot her
areas by detlecting t | aser beamtio a different position for each view

| f this opathdbé olainsoftbiseanpdchten. a rate sufficient to avoid flicker and if
the whol e of the plane of convergence is illumnated then the result wll

be a steady three dinensional - 13 - image even, as will be-shown-| ater, .
if the di IpEPISALAY e\nemQEapIMEwsloNamvwmmAws/er gence. __The three

di mensi onal images formed by such a display will be crude because both the
am)rphcﬁJs silicon transistors and the nematic liquid crystal typically

found in @ |Rtrbbideiigh crystal display switch too slowy to formmany views, |

Furthernore the display will be small because the conpl exHy‘T‘h—qtn—eF\
crystal displays makes the manufacture of |arge devices expensive. This '

exanpl e C%\«géﬂtﬁ%yteﬁéﬁ%@t.m ééaﬁenevow.mghgaﬁa@%t Enétﬁ@sgff.%ﬂﬁa@aﬁl di spl ay.
10 Because xtra dimension, true three dinensional Images require an
order of msag:eptumrdmatrmrgedtaa dorterampievare abiertsiopaadte bytiypas., Nendrthéless ir st

chal | 100 3R SBe o B EE 15, L PRV S S g

provi di ng pthepset eejuidkesahd moiré reliableuf the dinagés Bamacetkbaadumd’asl'rqu oduct: i.e.
enough pi xel s qach swi tching suffici ent}% UI Cc lﬁ to transfer 15 the data
i nto nmodulcartent’| iTglevisignand Yideq samesalg sletodie BRELTEARCOHE IESfuf act ure of

a displ ay d%é&.édaeﬁr?agééow Meeﬁtemréﬁaﬂaﬁ of @&Hbll’daﬂﬂi @4t e tsingle PTegriesi on or
cl eanliness. Each of these chal es amliar to the desi gner of
!

di spl ays hes Yhﬁf@‘ﬁqu'éffﬁﬂﬁ fer@we@mem @}%@mqnﬁ@@e'ste%@'qwaw%w by tgm e
that, qixghl Eéﬁaeé(r:@c, B SR tﬁ‘é%{:’sﬁ &%eee@%r%dea%oﬁe@rhra\fé&iseawe%es are

nmerely a tec noIo I ext ensi on therr I mensi onal predeCessors,
Nevert hel ess&rablfmofvtae |cetr1p00¢ntsmhem®§ radicaimvojutiontthe cashaf thei systempwililder i ng, so
‘this al‘tI% A |,] RID FaS{ed by review ng of sone of the nore successful

t echnol ogi gk rénatg G g that they conprise three, distinct schenes of

pi xel l ati on, One of these, autostereoscopic, shows prom se but is flawed at

I 25 | ut th I t lib t hi The f th
oot ion CHReR goPE S UPEeD I EPGH L B BbthERr oA e PSRy S GURr coscopi ¢

t hr ee g nmgqpsé onal i nage. and shows that for a typical size of display one
can do as well if not better with a hologram The fifth sectjon proposes a
hybri d of dRNSQNal EWRIESpIET EWWBIOGSWEHW&G@W%%'F? e oAy SiR! YFRIEE t he
advant agegopf both and the sixth section shows how 30 photonic devices nmake
the display of such inmages possible, The paper concludes by evaluating the
bandwi dt hadypica éap-tapeompykrit wmtr@éxﬁcbékumln@ipr fog at'ees BR@R@CE R IP9F ee

di mensi ongl,fL 5pYigk JMRLdRNbDBeh Al MU RRECBsShol/ife di splay with the

conputer. ure depen ence 0 on advances in gigahertz
Swi t cl2és.

Figure 1. The spot source might comprise a laser beam incident on a translucent
screen, and under the action of the lens will illuminate the dispiay with rays which
converge to form an image of the source. Since the picture on the display will be
visible only if observed from within the confines of the image of the source, the

30 picture will have a restricted field of view, and is set up to be a view of a three
dimensional object. Other views of the three dimensional object can be made visible
to other areas by deflecting the laser beam to a different position for each view. |If
this operation is repeated at a rate sufficient to avoid flicker and if the whole of the

plane of convergence is illuminated then the result will be a steady three dimensional ,

[ THIS SREET HAS BEEN

REPLACED



WO 99/ 00993PCT/.G B 98/ 01866 - 14 - Il. A review of three dimensional video
di spl’ays woopear way of screening a three di mensional i magericiokfisest end
the principle of conventional television to the third dinension by making a
dévi ce capable of onitting 5 light at any point in a vol une (Figure 2).
Perhaps the earliest way of doing this-Wds to reflect |ight froma cathode
ray tube off a circular mrror which vibrated |like a drun8.4. An inage of

t he cat hodienagayevienbes ioir b@dhawn Vasry iffige isplagne eRwet ANy TeorAikd Blant Rer eby
sweepi ng out a three dinensional volunme, but the supporting structure was
heavy and YHESf9%EYCH of view limted. Light enitting di ode screens56 or

| aser-  10TscaRaedingk i i Ff By embes] sussd amsﬁm b%‘;]crg?@%gét&% BRy tube.

but the depth scanni ng mechani smrenains cunmbersone. _ o
unr est ri ct!8d aMPPREOWT silicasnirengistpe dothe dedh g ligpidramysig! tapitaky duneirsa onal

array of |y ) t O | lonal ol unme. Apon t her
veyeth o R T L RPRY D Sol B RN R A P G B eis ™ th o
t r ans| ucenwill berszeall vdtiacke itise sorapleeity byiiguas enysth0displal® makaBethavdaRucrh@sphor
screen whigh is scanned %i nsi de a vacuun) by el ectron beansl3 . The | ast
has the aa‘ﬁé?f?ﬁé%v@esfxe @dp>screen and scanning mechani sm but any
rotating screen systemhas a singularity at the axis of rotation. 20 An
unrestri ct_led field of view w thout any singularity can be provided by
scanni ng a paf¥arpple|cesxeniseiniiusiEates Heproplemypefitbive dimeasipasl dignlah enits

light yhergdahige bpER e RRARR nBAT $68 thtée %ﬁnerﬁ’?o&awﬁ‘g?gde%;rera&{?%ég@t eliy one

cubic centinmetre has been denonstrated, but even a er Woul'd, 1ike
bot h vi br d0agHtuae Mee date thasi tmei digensSodalsmades praltse fipstaniatngertbyed by t he

em SSi on ' |- [ ptian. Eacn of.t%iese disltg%sis
therefore(?'frlleo%j é% {]%'%F g“g%@'%{? dé%i%@? é,e%od?/\ﬁialcéosts pe 8!38 yasyagaeqrﬁg s are
t hree di menfficeEmaratehS&ecane inthaestabiidingttharstdspankif (WithGls @fident shce
bandwidth product: i.e. enough pixels'each switching sufficiently quickly to transfer
15 the data into modulated light. Last is the challenge of enabling the manufacture of a

display with these properties without requiring prohibitive precision or cleanliness.

Each of these challenges is familiar to the designer of displays for high definition two
dimensional images and it is arguable that, pixellation and optics aside, three

20 dimensional video images are merely a technological extension of their two
dimensional predecessors, Nevertheless the variety of schemes recently put forward
is bewildering, so this article will proceed by reviewing of some of the more
successful technologies and showing that they comprise three distinct schemes of
pixellation, One of these, autostereoscopic, shows promise but is flawed at iow

25 resolution so the article goes on to calibrate this. The fourth section considers what
resolution is needed for a flawless autostereoscopic three dimensional image. and
shows that for a typical size of display one can do as well if not better with a
hologram. The fifth section proposes a hybrid of autostereoscopic and holographic
bixellation which gives the advantages of both and the sixth section shows how

30 photonic devices make the display of such images possible, The paper concludes by
evaluating the bandwidth of the latest photonic devices, noting the trend in three
dimensional display towards the integration of the display with the computer. and the

future dependence of both on advances in gigahertz switches.



Schenes for the display of opaque inmages have been proposed. for exanple
staclk® ng ] qui rystal displays into a volunmel6, but even jf.th gyere
ivnterlea\ygag(bfj\ﬁbﬁgglight emtters the result would still be iﬂncz:épa e of
di'splaying reflections or specularity. - 15 - The advantage of a
volunetric display is that it can provi.dg.an unrestricted field of view

W t hout excessive data-rates, requiring as it does a data-set of only three
di mensi ons, (t,he alter, Y i . ineffect torequire four). This
means that"5"\/6%%t°rfiq@'te§i%g’]%fé%@&%%?%%‘ Gut potential application, for
exanple in air traffic control or battle nmanagenent. But the ideal is a

device free of all optical restrictions, and one which with certainty can
i Spl 2y ands RAR-ES WEDIRISETESAE TR et BT e SXBACHG Bgreie o

ef fecti vel YodvepBaes tbiBGisRRlth & tHva\umERSIBh @ymrﬁgﬁé edviet kapaplbbeBmitting

di mensi onal obj ect by recording their conplex anplitude, and dynamc

hol ogr afis _bghs abenE ROt B yelmesFiguray)-oPediapp s Pagesl wai efdaindisisyanal
| magelrs (F1ogr.lé'%l8ct4l?ghé ﬁgﬂ,raeafétﬁabeergr}pquegrg[ﬁ g&uﬁa%rrﬁmrgihmh%rgﬁe%qikgu on two

di mensi onal™ i nmage conventi ona i crystal spl ays can be used to
di spl ay sudtura‘hcAmignags ofdhd eathodisway hibg faumedat (adinadigpeeseritom fieel d of

viewl8.19. Wd fields of vj Uj,. Y [ ti too fine for ive
e dn sV Ehelsy SiEelng WA hEMUEESOAE e o Lo s ARKE L
Ihi gh res?ﬂlj Wbis@uf@aa)t ah@ed fidld omswlnmcé@. hU@‘\I@srn’ﬁihi_ageﬁchheftéftE%er&tr"Flol' lefsequi'L e g k-
arge nu er o connect,,@rs, n one schene .avol ds tnhis scanni n t he acC
of an dBti LEATPIARRRSS oiavs BErHUETy CEIRAOR 2HiAyodR T THO% SUh DTy

tube2l. 22 Evaminy fcREKisth FemBRisQeiBRorh@e resol ution of any Iiquid crystal
di splay cannot be less than two or three tines the cell gap, the result of

which is to restrict the field of view of the hologramto a few degrees.

Acoust o0- oph| QY If e NS i p?rﬂﬁ'n ﬁ.@é}] to
di spl ay 252%0%'“0@&?%%&%%0%%?!88?!3%23?%{?@919%3 bglns I cu fgs{‘g%gwi t S%Z%gnni ng
m rrors anarrybklighttemiters dirotiph edhteesdimensiobal vmliwoheleda®ngmiberovays thgai n
there, ,Ls alsp the diffjiculty of .mpd i i ght . at I Lution ..
suffi ci1ll.§nt ﬁ?%giféq 83”%”8@ af’iaélyaéf 0c];fl '86% %\bﬁﬁr{\$| 8%1é|§hwftﬁg t%&é‘:‘g&g?t séségél}s\fvg'-cgpt iC
crystal s wstdtahhed by isghs'SHeédand withunshosphbdsdareee asidnds ecarirgalestde a
acousti c waves the %enerqa%i on 9f ich tends to

after thisVaAUINYY €N REAAT i on' RS W%ﬁtgg a&?@%!@%é’ig%g% g?t:f%a;a”%gtnever
t he pi xel | gddrihgPiethdhism, but any rotating screen system has a singularity at the axis of
rotation.
20
An unrestricted field of view without any singularity can be provided by scanning a’
pair of laser beams across a transparent material which emits light where the laser

. 5
beams intersect’®.

An image of approximately one cubic centimetre has been
demonstrated, but even a larger image woulid, like both vibrating mirror and spinning

25 disc displays, provide only for the emission of light and not for its absorption. Each of
these displays is therefore not able to provide opacity, so while the displayed images

are three dimensional they are necessarily translucent (Figure 3).

30

Schemes for the display of opaque images have been proposed. for example
stacking liquid crystal displays into a volume'®, but even if these were interleaved with

light emitters the result would still be incapable of displaying reflections or specularity.



image.. They can be further limted for exanple by summ ng the hol ogram from
a ramme ofoigependent|y nodul ated spatial frequencies, al tdgaugBosaiess S
then not so nmuch displaying a true hol ogram as di splaying a three

di'mensi onal image hol ographically. - 16 - It is because of the need to
reproduce optical phase that the data rdtes of a true hol ographic display
are extrene. But the human eye is no nore sensitive to the phase of a three
di rensional image than it is to the optical spectrumof a colour 5 inmage,

and just as colour inmages need.conprise.,only red, green and blue primaries,
A oe ar ot arsHRYT RS Yo lEr OBy I rahitfat Revidh St oar <t T Phr o
ray intensiiby, Witdoitexfasivel diita-rites e Bitihh @R ittcrcb@gid's&alt§@epbfférﬂ>dtrwe

aut ost er eoscopi ¢ pi xel | ati on. Autostereoscopi pl ays are naned after
t hei r st er 80WNGIANS (Brecaiiaceativep vilhpe 6ROVD i eitRAt tereakise (st Tlys wieeans that

spect ackes, o itlid dig bl 83 n A LARBAREABATa dbBRIAYS LhEFRAELASH gSrRomY i se a

pair of liqurd crysta ters are nchroni se a screen that
di spl ays atdrdratat battlefrbarmgemeanghButine igéaitisia @syicafrde wf s opticaliféstadtens] y

high frame, rate the viewer .sees a.flicker-free imge. .The i e provides
st er eopsi 52" 9B€ W:hhcg‘ ‘%'it%%r&ﬁ'%y CRB SR AW %‘feed‘ﬁﬂleﬂ,s'%%'t'mﬁg? '{F%eopsi s,
which is thelogmaocul ar 15 perception of depth we accunul ate by

subconsci ously novi ng our heads around a scene. OF the two, stereopsis is
confined mainly to animals such as predators and primtes who need to nmake

i nst anfpest ARiGRa etdeRidly raBshd theloptidhIGWARL BN 8latRYENof B thid@se speci es
ki neopsis is a nore relied-upon determ nant of dzd?ﬂth in static situations.

Vi ener s candigigisidnaheleieetlysiesorgingsthe s compiryermplitedd. agd gynamisr adearefiisc 20

di spl ays26 i t Ipagggf' : 1t he. | ack, of

ki neopsi s, %%SO nye& P gg%/eag%oglwé%o\?ﬁdﬁ t %%@%%8%@%?@} 9 s%telﬁg'tae X)'

spect acl es fepreyswste. hdipgatrais Inesrelyebigb resvigtondwardmefisieda mage vands
projected into aope eye,. and, this can be done usjng the, display described in
the I nt r oducySRHICRATSUS SV St PR s 1Ro0P v aiith & dodaet dEls copi ¢
(Fi gur @55) , wih woradrowhi4t lat bidsent) glervofsiicawn 'S \aniedfibiappy vigiwceglirgr eek and

latin that seens peculiar to the display industry, One cannot expect a
Vi ewer to k%'é%"aﬁ'PB teR fin for Retive T”i‘a&'@‘d‘ﬁ) ﬁ@g)é?f'ﬁ’“f rroeleetricdvishiratiedisplayhe

display, socf16e AHARIEQAIhiGR AsdiiRioAldt rafilstit §ictisERINSVIHBERSS they $tA require
continually nmonitor the position of the viewers heads and adjust the
proj ecti on dRTEL SUERET 0f APNEEINrS ANdRNEcTciir Mg 3voidsGhiby escrnaing drrebarts of of
eyes can in L achpl - d : ohz vi [
e e A A L A AL ey N
and ki A@opsthis. imnfpuevemeentdhe rasolutioglof aby lipwd Siysta displagicaphatybesieesvthani tivo
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Acousto-optic modulators provide phase modulation and have been used to display

25 colour dynamic hologramszz’"24

. The difficulties with scanning mirrors and bulk optics
can to some extent be avoided®, but once again there, is also the difficulty of
modulating light at a resolution sufficient to get a wide field of view, which in the case
of acousto-optic crystals with their high speed of sound would necessitate gigahertz
acoustic waves the generation of which tends to melt the crystals. Even after this

30 physical limitation data rates are necessarily high, whatever the pixellation of the
image. They can be further limited for example by summing the hologram from a
range of independently modulatéd spatial frequencies, although one is then not so
much displaying a true hologram as displaying a three dimensional image

holographically.
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of f- screen p| Xe While the resulting inmage would therefore be sonething
sfiort of truly three-dinmensional, it is unlikely that viewers would notice.
5 The design of the display for such sydbens is relatively straight-forward
because the data-rate of conventional video need be increased only by a
factor of two (or four for two viewers etc)2726, so that the major

‘chal I enge becones that of identifying and tracking the viewers.
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scene. Of the two, stereopsis is confined mainly to animals such as predators and

primates who need to make instant estimates of depth, and it is arguable that even in

these species kineopsis is a more relied-upon determinant of depth in static

situations. Viewers can experience nausea after prolonged viewing of stereoscopic
20 displays®® and this may be due to subconscious awareness of the lack of kineopsis,

but the real problem with stereoscopic displays is that spectacles get iost.

Spectacles become unnecessary if each view is projected into one eye, and this can
be done using the display described in the introduction, This and displays like it are
25 called autostereoscopic (Figure 5), a word which like television is an unhappy mix of
greek and latin that seems peculiar to the display industry. One cannot expect a
viewer to keep his or her head fixed merely for the convenience of the display, so one
approach that is attracting greaf interest is to continually monitor the position of the
viewers' heads and adjust the projection optics and view content accordingly.
30
More than one pair of eyes can in principle be tracked, and if the content of each
view is matched to eye position then the display can provide for both stereopsis and
kineopsis. Furthermore it might be possible to display views with approximately the

right perspective by guessing the distance of each viewer from the screen through
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tracks only one face, and is less effective with a variety of faces. Advances in
technologies like speech, handwriting and object recognition mean that the day must
20 surely come, when systems will be aware of their surroundings. but the development
of such machine intelligence will heraid a new generation of computing. and progress
in these areas has so far been slow. Meanwhile the possibility of irritating glitches
due to intermittently unfamiliar situations is never quite excluded. and users are
notoriously intoierant of such weaknesses.
25
Multiple view autostereoscopy makes the position of the viewers' heads
irrelevant because the display projects views to every position where a viewer might
be. It will be left until the next section to convince the sceptical that such an image
can be truly three dimensional, but with the need for a many-fold increase in

30  bandwidth the, design of the display now becomes rather daunting.
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robust agcdptind @é@ and continues to use the high data rate of cathode ray
tubes to produce image qualities in advance of lenticular arrays. It is
perhaps all the nore remarkable that a crude concept with many simlarities
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take what amounts to a single lenslet with sub-pixels from a lenslet array display and

raster scan it across a screen with spinning mirrors 48 but it is difficult to see how to

30 multiplex across the screen in this way without moving parts. The alternative is to
multiplex the views over time, and with the lenticular screen this can be done by
replacing the lenticular screen with a low resolution array of slits*>-*°. Due to pin-hole
optics the slits act at any instant like lenslets and with a low resolution display

underneath produce a low-resolution three dimensional image. By scanning the slits
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even the existing liquid crystal displays, and greater confidence in the desirability of

Q

video three dimensional images will be needed before advanced liquid crystal

displays are developed.

20 A time multiplexed cousin of the multi-projector system can be constructed by
replacing the several projectors with a single large projector whose projection lens
covers the whole area filled by the multiple projectors56 , and placing over the lens a
mechanical®’ %8 or liquid crystal®® shutter which blocks light from all but one area.
At any instant the projector does the same as one of the projectors in the spatially

25 multiplexed system, but at successive instants different areas of the shutter are made
transparent so that each view of the three dimensional image can be projected in
turn. Careful alignment is unnecessary so a cathode ray tube can be used without the
expense of beam indexing, indeed the concept is so fault-tolerant that the author was
able to assemble a crude, system from a cheap video display unit and a couple of

30 fresnel lenses.

In the contest between spatial and time-multiplexing it is the lenslet array which

seems to be receiving the most attention from manufacturers, perhaps because the .
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20 images. The next section aims to remedy this.
Ill: Coarse autostereoscopic pixellation

The first proposals for television conjectured systems of spinning slits, and it is

25 instructive to consider what happens if a spinning siit is placed in front of the
hologram of a three dimensional image. Itis a common experiment to look at a three
dimensional object through a spinning slit and it is seen that the scene is unchanged
except for being dimmer and perhaps slightly blurred. A hologram should reproduce
the wave-fronts of a monochromatic three dimensional image exactly, so a hologram

30 seen through a spinning slit should also appear unchanged. What makes such an
experiment significant is that the slit prevents superposition between light from areas
of the hologram alternately exposed by the slit. So we can consider the hologram as
an assemblage of independent slit-sized sub-holograms. The results of this

experiment would be no different if a raster scanning hole were used instead of a
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wher e soneone 5| ooki n t it will see a picture that can be represented on
the diagr agﬁc%n@ngecgia)é@%hgqr being yet dimmer and perhaps more blurred. Only light
15 travelling from the first slit through the second will be exposed at a single instant, and

if both slits are replaced by raster scanning holes of sufficiently small diameter then

the light passing through both will necessarily constitute a single gaussiah ray.

Because the second hole exposes rays travelling to different directions alternately it

destroys superposition between them. It follows that even if it uses entirely

20 incoherent light, a system which modulates rays as a function of both position and

direction will suffice to display a true three dimensional image,

This thought experiment demonstrates that autostereoscopic displays have the
potential to produce real three dimensional images, but the images will only be

25 genuinely three dimensional if they are comprised of enough views, and the eight or
so views available from existing autostereoscopic displays are too few. If the image

is not then genuinely three dimensional, how different does it look?

Taking the display described in the Introduction as our mode! of explanation, imagine
30 that the illumination is collimated and that an eye is far from the liquid crystal display.

If a single illurninator is switched on which shines light via the lens towards the eye,

then the eye will see the whole of the view associated with that illuminator. If instead

the eye is close to the screen, Figure 7 shows that the angle which the eye subtends
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It is the coarseness of view spacing which causes the flaw lines rather than
autostereoscopy itself, because the process described above is exactly how one
gets perspective with a real object. Far from the object an eye will see a view
comprising a parallel projection of the object in that direction, but close up the eye
20 will subtend a different angle to one side of the object than to the other. So the eye
will see rays from one side of the, object that are part of a different parallel
' projection from rays from the other. Figure 8 shows this schematically, and rather
conveniently it proves possible to synthesise the diagram of Figure 8 on an
autostereoséopic display by configuring each view to comprise a horizontal bar; the
25 left-most view with the bar at the top of the screen, the right-most with the bar at the
bottom, and the remainder spaced evenly between. The result is an optical test
which calibrates the accuracy of the three dimensional display, and photographs of

an 8 view-sequential projection display are shown in Figure 9 and Figure 10.

30 It is tempting to suppose that the 3D image on a shuttered cathode ray tube would
be smoother if the scanning shutter was scanned continuously as each view was
written on the cathode ray tube instead of being moved by a single shutter width
between the display of each view® . The idea is that this might smooth

discontinuities between adjacent views which arise when the angles between them
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single view. This Is exactly the result we would get if we put a weak lens in front of

the screen of a conventional autostereoscopic display, so the 3D image is not

smoothed but merely distorted.

10
Tolerant as the eye is of flaw lines between views, they nevertheless remain
apparent. The claim that an autostereoscopic display produces a true three
dimensional image can only be valid if the spacing between views is sufficiently fine,
but just how fine is sufficient?

15

IV: 3D Pixellation

The spacing of 1° per view that was reported in section Il to be satisfactory for the
present generation of displays requires 60 views for a typical field of view of 60°. It is
20 tempting to state that flaws will only be eliminated on an autostereoscopic display if
views are as finely separated as the human eye can resolve® , but it was one of the
breakthroughs in the development of two dimensional video to realise that such rigour
is unnecessary. This section assumes that a three dimensional image will be
acceptable if with the same pixel dimensions as the equivalent two dimensional

25 imagei it can be displayed without flaws.

The volumetric array is the format in which computer aided design images are usually
stored (indeed perhaps this is how our minds memorise three dimensional images) in
which case the angle between each view need be no finer than the minimum

30 difference in projection angie needed to render two views of such an array distinct.

Holograms are physically perfect three dimensional images so have no flaws
between views, and in weak moments proponents sometimes claim that all else is

mere compromise. But as the previous section demonstrated a hologram is to the
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Figure 12 shows that the angle (A6) subtended by this distance to the centre front of
20 the array equals the width of one array pixel (Ax) divided by the depth (z) of the array.

Ap = &X (1)

If the width of each pixel equals its depth and the array is n, pixels deep it foliows

25 that:

A0 = —— (2)

n .
So the effective angle between views of a volumetric display is the reciprocal of the
number of depth pixels, and the, angle subtended by each view on an

30 autostereoscopic display must equal this if it is to show a flawless image of
equivalent depth. This means for example that the 3D equivalent of a VGA image

comprising 640 by 480 pixels will need approximately 480 views in azimuth if it is to
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aut ost er eps gfipitesigiagPl ay is limted, and that of a hol ographic display
determ ned by the laws of diffraction. The angle between views (AO on an
aut ost er eoscopi ¢ display cannot be | ess than the angul ar divergence (80) of

e 28 0 G SRPHAMAGSIF Aot O L OSSP By o
di f fract i ton@8d by parallel projection i.e. to assume that views are formed by imaginary
cameras far from the scene. In reality the projections the cameras form will be not
paraliel but perspective, and each camera will be able to resolve fine resoiution close
to, but coarse resolution far away. The smaliest object which can be resolved at any
15 distance from the camera is equal to the width of view visible at that distance divided
by the number of pixels per line in the camera, Rather than a uniform cubic array a
more apbropriate test image is an array of voxels (volumetric pixels) in which the
voxel dimension is proportional to the distance of the voxel from the camera: i.e. a
distorted cubic array (Figure 13).
20
Through what angle can the direction of projection be rotated before the projected
image changes? If one rotates about the frontal centre of the cubic array, the limit on
rotation without change is set once again by the rear voxels of the array. There will
have been én unambiguous change in the projected image once the direction of
25 projection has been changed sufficient to transiate the image of the rear voxels by
one voxel diameter. Simple geometry shows that as the depth of the cubic array

tends to infinity, this angle equals the angle subtended by two voxels at the rear of

the array to the camera.

30 If each pixel in the image plane of the central camera is mapped to a voxel at the rear
of the distorted cubic array, then the angle through which the camera can be rotated
before the image changes equals the angle between its aperture and two adjacent

pixels in its image plane. It follows that in order to televise a pixellated three
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J 20 == (3)
n,

If such an image is to be accurately reproduced on an autostereoscopic display then
the angle at which rays from the edges of the display's screen converge should equal
the field of view of the cameras. This is so that if the display is substituted for the
original scene, the image recorded by the cameras is unchanged. Eguation (3)

10 therefore sets the angle between views on the display, so if a display with a field of
view of 60° has VGA resolution views and is to act as an infinitely deep 3D window, it

needs approximately 640 views in azimuth.

While these translations between volumetric and autostereoscopic pixellation are
15 correct geometrically, the angle per view of an autostereoscopic display is limited,

and that of a holographic display determined by the laws of diffraction.

The angle between views (A8) on an autostereoscopic display cannot be less than
the angular divergence (86) of the rays which constitute each view. which is
20 determined by the wavelength (1) and the pixel diameter (Ax) according to the, jaw of

diffraction®

A
3 = — 4
s (4)
s0:
A
25 AD 2 (5)
AXx

Continuing with the example of a display acting as an infinitely deep 3D window with
a field of view of 60° and VGA resolution views, the angle between views according
to equation (3) was 1/640 radians. So with red light (=633 nm) equation (5)

30 stipulates that the pixel size cannot be less than 0.4 mm. This is the approximate
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10
Equation (8) is essentially the same rule of geometry as equation (1) but referred to

the co-ordinates of the display rather than those of the camera. Combining this with

the law of diffraction given by equation (4) gives:

(Ax)2
<Ll 7
< A (7)

15
In section |1l it was noted that although a three dimensional image can be seen
through a pair of raster-scanning holes, the image will be slightly blurred, It is
diffraction which causes this blurring, and if the diameter of both holes is Ax then
equation (7) sets the maximum distance z between the scanning holes. Should the
20 distance nevertheless be made greater than this then diffraction through the second
hole would filter detail rastered by the first scanning hole such that its effective size

would increase to that allowed by equation (7).

25
Section Il also noted that one can represent a single dimension of autostereoscopic

pixellation by plotting 8 versus x. But it is well-known that the spatial frequency k of

the intersection between a plane and light waves intersecting the plane at angle 6 is

given by

30 k = %Z—t—sine (8)



- 28 - If autostereoscopic pixellation is represented instead by a plot of
k vemsus wolsb@ebes he di mensions of pixellation are |imted peraosdsionseg
equatlons (8) and (5) to get the classic expression: 5 k. & 27t(9)

Depi cting autostereoscopic pixellation as an array of independent

sub- hol ograns of dianmeter Ax, equation-2®) reaffirns that the m ni num
increnment in spatial frequenci es 10 Ak which can be resol ved by each
sub-hologramis equal to 2mdivided by its width AX Consider the effect of
equation (7) on the three dimensional equival ent of a high resolution
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hol ogram so that: But for a hol agrsamphe ray di vergence does (@t equal
the m ni num angl e between 25 views because in the far-field a single ray
does not conprise a view. Instead if a lens in the far-fieldis to forma
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m ni rru% r an w'h %rc%ﬁ%% eséged by each sub-hologram is equal to 2n divided by its width
AX.

Consider the effect.of equation (7) on the three dimensional equivaient of a high

resolution monitor, where pixellation can be as small as 90 um® . The maximum
15 depth of a cubic array would then be only 16 mm, so autostereoscopic systems are

fundamentally inadequate for high resolution 3D images for which only holographic

pixellation will suffice.

The angle between views on a hologram is also governed by the law of diffraction but
20 because of coherence the maximum width of any ray equals the width (x) of the

hologram, so that:

50 = — (10)

But for a hologram the ray divergence does not equal the minimum angle between
25 views because in the far-field a single ray does not comprise a view. Instead if a lens
in the far-field is to form a view n, pixels wide, then by conservation of information the
lens must image a ray bundie n, pixels wide (or nx/2 if the modulation of the rays is
complex). The minimum angle. of view of a hologram is therefore n, times the
minimum ray divergence:
30

n._A (11)

v

A6
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part - way betvveen then it will forma superposition of the adjacent views. 5
The choice of nx in this instance is somewhat arbitrary, but once made then
t he smal | est area (Ax) which can be reszdved on the, hologramis by sinple
geonetry: Ax = n.(12) Combining this with equation (11) gives: 10 0(13) x
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smallest area (Ax) which can be resolved on the, hologram is by simple geometry:

Ax =L | (12)
X .

Combining this with equation (11) gives:

10

A 2 (13)

\%

This is exactly the same as equation (5), so if a hologram's pixel size is defined to be
15 the same as that of a diffraction limited autostereoscopic image both have the same
angle per view, and therefore both have the same information content for the same
quality of three dimensional image. Since it has already been shown that a flawless
autostereoscopic image with equivalent resolution and size to a conventional VGA
monitor is at the diffracti.on limit, it follows that under typical conditions a flawless

20 autostereoscopic image contains no less information than a hologram.

Diffraction effects will not matter with large displays, nor when cameras are imaging
large scenes. But if high resolution images are being formed of small-scale
phenomena as would be required for example in 3D keyhole surgery, diffraction

25 effects in the 3D camera will need to be considered and will obey rules similar to

those given above.

The depth of field of a hologram is found by combining equations (6) and (10):

3

(14)
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to cause an off- screen pi xel to cone |nto focus somevx/nere above t he screen.
Di splays of this kind nake possible an internediary betwee
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hol ographi c piXxell'ation into a hybrid scheme which instead of projecting a
series of beaawetllghﬁsfcﬁmrént agfpsseibei aptisal wavsyfeentssaalthough if all the screen is

opaque except for one pixel then light will diffract as with incoherent autostereoscopy,
if several adjacent pixels on a bulk optical display are transparent then light will
diffract less. indeed one can imagine writing a zone plate on such a display in order
20 to cause an off-screen pixel to come into focus somewhere above the screen.
Displays of this kind make possible an intermediary between autostereoscopic and

holographic pixellation by combining them.

25
V: Hybrid pixellation:

It is proposed to combine autostereoscopic and holographic pixellation into a hybrid
scheme which instead of projecting a series of views to different directions, projects a
30 series of holograms to different directions. For example the concept described in the
Introduction could be adapted to the new scheme by reconfiguring the liquid crystal
display as a hologram, and reconfiguring the illumination to scan through a series of

discrete angles (instead of continuously as before).
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Fourier Transform of the far-field distribution™".

(15)

k .kA
E(x)= [E(k)e JEX

where K is conventionally infinite but in this case need equal no more than the field of
15 view divided by the wavelength. The hybrid scheme requires that this near field
distribution be separated into a series of n holograms each to be projected to a

different section of the far field. If the far field is divided into n sections, each

subtending an angle Xx, then

E(k)=i{h(k—qx)—h(k—(q+ I 1E(k)  (16)

20

25 where h represents the unit step function. It follows that

n BN

E(xy=Y [[hCk —gx)—h(k=(g+xIE(k)e %S gk (17)

* dk (18)




E(x)= Ej[h(k - (pc )- h(k - (g +1)KITE(k)elk (17) g=1 - 32 - isA =f E(k
+ (pe(19)wobsdoede® =(20) 5 Eq(x)FT[8(k -(21) g=1 Were FT deegicessilsss
eperation of taking a Fourier Transform and Eq(x) denotes the Fourier
Transform of E(k+qgx) frequency shifted by gx. A lens focuses parallel rays
of 10 light so as to produce in its fo8al plane the distribution of conplex
anplitude which in the absence of the lens would be the far-field. The |ens
is therefore said to execute an optical Fourier transformon |ight
travelling fromone Fourier plane to the other. A spot source of |ight
constitutes the function x}, and if thivs is placed in the focal 15plane
of a l'ens then paral | el %wuel Eéhtsyti)rI—appear in the far focal pl'&he with

g=l o

> E,(x)e (20)

q=1

2": E(x)FT[s (k- gx )] (21)

Where FT denotes the operation of taking a Fourier Transform, and E,(x) denotes the
Fourier Transform of E(k+gk) frequency shifted by gx. A lens focuses parallel rays of
10 light so as to produce in its focal plane the distribution of complex amplitude which in
the absence of the lens would be the far-field. The lens is therefore said to execute
an
optical Fourier transform on light travelling from one Fourier plane to the other. A
spot source of light constitutes the function &(x), and if this is blaced in the focal
15 plane of a lens then parallel wavefronts will appear in the far focal plane with
distribution FT[5(k-qz)]. A suitable liquid crystal display will modulate these
wavefronts with the function Eq(x), and time sequential addressing will sum the
series, albeit as a summation of far-field intensifies rather than a sum of complex
amplitudes as specified by the algebra. That the result is nevertheless a three

20 dimensional image is because, as ever, the eye is insensitive to phase.

The field of view of a hologram is by the law of diffraction approximately equal to the
25 wavelength of light divided by the pixei diameter, so the field of view () of a hybrid
three dimensional image is related to the wavelength (1), number of views (n,) and

the pixel diameter (Ax) by:

(22)




distribution FT[5(k-qz)]. A suitable liquid crystal display will nodul ate

t hese wavwbrepbeswi th the function Eq(x), and tinme sequentimt/gg6Has6é NQ
will sumthe series, albeit as a summation of far-field intensifies rather
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pi xel l ati on schenes requires that 10there be coherence between adjacent ‘

pi xels, and this is a fundanental property of displays with a single |ight
sour ce and Hybridismgtthe sutosterpescapicng hdtegraploe eixehatishartheeresdegairésothat r ay

tube system can al di spl hybr.i d ixellati n_ images _and. it has, al.ready
been it ed AP HECL)SPERME SUrhPHSEa et Mt i PaTEEd REPPTHY based
on |iquid cigpdyalwitthi = pihgiedighfléource and bulk optics. In principle therefore the '
shuttered cathode ray tube system can also display hybrid pixeliation images and it
has already been noted that the system can screen data at higher rates than that

based on liquid crystal displays.

15
In the description of coherent optics the two lenses in the shuttered cathode ray
tube system can both be considered as effecting optical Fourier transforms®.
Adopting a classical layout, the cathode ray tube, should be in the rear focal plane
of the rear lens, and the liquid crystal shutter in the focal plane shared by rear and
20 front.

It is well known that if one takes the Fourier transform of a function twice over the
original function results, albeit with a change of sign. The same is true with optical
Fourier transforms, so in the front focal plane of the front lens there appears an up-

25 side-down image of the cathode ray tube screen. It is by spatially filtering the
optical Fourier transform of this image that the slit in the focal plane shared by both
lenses makes each view of the cathode ray tube image visible to a different

direction.

30 This set-up, however, cannot effect the hybrid pixellation scheme, not so much
because individual pixels of the cathode ray tube do not cohere (the device could,
after all, be swapped for something else) but because if the slit were narrowed to a

spatial impulse it would filter out all the low frequency detail from the source. One
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one device stands out for its lack of c_:omplexny and high space-time periodicity: this is
the light valve (also known as an optically addressable spatial light modulator).
Section 1l notes that video holograms have already been screened by optically
addressing such a device with a cathode ray tube but the field of view was narrow.
20 With time multiplexed illumination it is possible to get a wider field of view and the
frame rate of the latest light valves makes this possible68 . Figure 14 shows how the
light valve can be addressed by multiplexing the image of an array across its rear,
and high frame rate arrays now have the space bandwidth product needed to
address light valves over large areas. The great advantage of this approach is that it
25 removes from the screen the two most expensive items: the active matrix transistors
and the connector array. One is then left with a screen which may be large but is
uncomplicated and a small video projector which may be complicated but is not large.
Both devices are therefore potentially cheép, and it is encouraging to note that
arguably it is exactly the same division of size and complexity between phosphor
30 screen and electron gun which made it so economic to manufacture cathode ray

tubes.

While hybrid pixellation provides for flawless three dimensional images it remains

unclear that users object to minor flaws, and autostereoscopic pixellation would
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of 2 kb gdypsaléntapacsewingeopent eal 80ty aefm@hdbyMibeMvaterl. After dividing
by 3 for colour and 60 for flicker, one can estimate the solid angle
avai l able for viewing by multiplying by 2,2 , equal approximately to (0.5 x
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optim2agi csrmm_lru:d:msidm$h@pmblem of writing data to these devices at rates approaching

400 GHz for a 16 cm by 12 cm screen.

An optical fibre is capable of fransmitting data at such rates, and a simple method of
scanning its output would be a tremendous prize both for displays and

30 telecommunications. But existing acousto-optic devices can barely scan at | MHz,
and optical amplifier arrays remain rather elementary. It was research into photonics
which led to fast-switching light valves, and it is research into photonics which is
producing some of the more promising ways of addressing them. If the addressing

problem is simplified by requiring an image which is three dimensional only in



25 shoul d consider the problemof witing data to these devices at rates

~appr ®achiyig odifdes3z for a 16 cmby 12 cm screen. An opti calpdy,858/d1866
capable of transmtting data at such rates, and a sinple method of scanning

its output would be a trenendous prize both for displays and 30
t el ecommuni cations. But existing acoust®eptic devices can barely scan at |
Mz, and optical anplifier arrays remain rather elementary. It was research

into phot opyfisin miefmo# sqetc% il scribA GAth %Ollh@hécéﬁaﬂn\é@%e an@ rhle deduE&sear ch
into photonics Ich is producing sonme of the nmore prom sing ways of

addr essi ndot(fiame rafe x W@taf@dmgbﬂ'ﬁg XpFighil xenvi of liopeipt (20080k By &@dﬁlxr ing an

i mage whi t i mtgq a 16 cm
wi de scre?r%()@t-hgf’j% i nt egﬁh@?ﬁ'nlel ﬁ%}s(at!teﬁlve'th afha rraa %Ofg)t( eqt e(sgrngne rate
x 1/ 1 ater aiversﬁﬁnid cbllitl @&o&(stmaﬂmb hnldgoamsfcdthaimsbay=tuléé’£0(])ﬁex dibdB axra@s 16 X
240/ 2) = brings the data rate within the range of existing

devi ces5 arfﬁ"??'@%tr'gtaérﬁé]saﬂ MigRFNLTA 255 hol ograms, cathode ray tubes,

| aser diode arrays, 5 ferroelectric arrays and mcro-mrror arrays.
Acoust o-opti c hol ograns have a successful history but are limted by the

speed of SAPNE-PPtENAIRITBIGAEVE an%{CéPF%tP%h'mrstwtafe pmitad &Y tasereed & dat a
rates to appr@xh GEG RS oft %té‘r@is @n.cﬁré& Qw/s\e@é{ﬁ&@@wra@és @%Jpr&lmbférpn In

practice even these rates are ficult because of the nmelting problens
ment i oned 4 GHgdat amnptida) waaelhogle qfewlftam@sorcakm irectiecamendhese fated arg ‘scanned

2L Teapneridell REd BT (ReFRE W gl hEiaLhagiianaangl e 1s narrow and

beam i |gh Si zé can o a dianeter of a
few mcrons. But it |s dlfflcult to make such a small 15 spot bright

thout def t d_of | ect
Bt more ¢ Redthaseay BEF G P CleRtautatall AGRES 2l BoHBRe GBI {noy .

remai n chyjrbR8iBgSne bafhatiofiafgdR ighaayw bddhe irdddtay rdt toayrsghviieksJoY size
de-nmul tiplexing the input to a 20 sufficient resolution that raster

scanni ng icg@ndiekapt thadianegiar plerifeyy migers bBuhibisrddicelt to rﬁahe geth émelecut ed
by a | +5qu'égg%a%%¢.@gm @gs&rEmgL\ran&Ba %ay nl a8k rElirkds rﬁéétﬂ%m’fbﬁaﬁ beepopper at ed

at 8 56 arrays have been fabricated of ng the
tant al i si wynmtosgredharnt &Jﬁa@e wiledieeh phalleodes are mcannwwe@biﬁe%@y@emawy

alternati Vﬂallenges

Laser diode arrays and the other arrays work by de-multiplexing the input to a

20 sufficient resolution that raster scanning is either not required or need be no faster
than can be executed by a liquid crystal hologram. An 18 x 1 laser diode array has
been operated at 8 x 1 GHz, and 256 x 256 arrays have been fabricated offering the

tantalising prospect of space bandwidth products far in excess of any alternative.

25 Ferroelectric arrays are fast-switching liquid crystal displays where the active matrix
transistors are etched in a silicon integrated circuit. A 320 x 240 array with a potential
frame rate of 20 kHz has been demonstrated’®, offering a space bandwidth product
of 3.2 GHz. This is just about enough for 2 16 cm wide screen, and it is
demultiplexed enough for the array's image to be scanned across the light valve at

30 the 20 kHz rates achievable by a one dimensional ferroelectric liquid crystal
hologram. Deflection angles wouid be small (0.5 mm divided by say 20 cm from
hologram to screen equalling 1/40 radian) so the resoiution of the one dimensional
hologram would be a wavelength divided by 1/4C radian, approximately equal to 20

microns.
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three dimensional video suggests that the decompression machine will have
computationai power comparable to that of a typical computer, and with the current
trend for the display to dominate the cost of a computing system it must be

25 questioned whether there continues to be any advantage in going to the effort of

separating the computer from the display.

This section has brought the paper to a conclusion by attempting to demonstrate in
some detail that it is practicable with existing technology to display a medium-sized

30 colour three dimensional video image with no moving parts, an adequate field of view
and no flaw lines. Three dimensional video is not some remote or esoteric prospect;
it is a viable, analytic technology and its development, like that for two dimensional

video, will depend on further progress in the three fundamentals of display technology



30 colour three dinensional video image with no noving parts, an adequate
fieldd of wo fSWoesy3d no flaw lines. Three di mensional video ipcfelpserEesrenote
or esoteric prospect: it is a viable, analytic technology and its

devel opnent, like that for two di nensional video, will depend on further
progress in the three fundanental s of- 3isplay technology - 38 - - spati al
demul ti pl exi ng, screen space bandw dth product, and | ow cost per unit
screen ar—SBatnal demultipleding, s%'éb%h@%%né@v@ﬁpprtd%@tea%W%bQ%'r uhfleges can be
pi xel lated In three ways: volunetric, 5 hol ographic and aut ost er eoscopi c.
Wi | e volsoreenrarea.i nages use bandmndth efficiently to give all round view ng
and hol ographi c di spl ays have hi gh resol uti on, autostereoscopic displays

i mge opaque objects with the wide fields of view needed for nost
applications. 10 Autostereoscopic displays which track viewers heads offer
the prospect of greatly reduced data rates, but nmultiple-view

aut ost er eoscopy avoids the need. for nmachine intelligence and the | atest
such displays tinme-nultiplex views to get the 1 view spacing which seens
adequate for the first generation of three dinensional displays. 15

Al t hough acceptable in the short term the inmages on autostereoscopic

di splays with 10 per view are flawed and may cone to irritate. For true

t hree di nensional inages the angle per view nust be approximtely 1/100 for
an i mage 640 pixels wide, At this spacing even an autostereoscopic display
wi th pixel dianeter as big as 0.5 mmw || be diffraction limted, and its
data content no less than that of . a hol ogram 20 Hol ograns have greater
depths of field than autostereoscopic i mges, nmuch greater resol ution, and
are virtually the only option for pixel sizes finer than 0.5 nm

Hol ographic and tinme-nultipl exed aut ostereoscopic pixellation schenes can
be conbined to give a hybrid which has the virtues of both. A sequentially
il lum nated 25 hol ographi ¢ display has the sane data content, resolution
and depth as a hologram but the field of view of an autostereoscopic
display. In principle all that is needed is a liquid crystal display with a
space-tine periodicity of the order of 1 Mit s-lcm.. but this is
_inpractical over large areas at |ow cost, 30 Faced with the demand for high
space- bandw dt h products the optical comrunications industry has devel oped
| i ght valves and high franme-rate arrays sufficient to get the requisite
space-tine periodicities over |large areas. Light valves



are sinple enough to operate over screen-sized areas at |ow device cost and
the arrawpo fydvexle a way of spatially distributing data acpepgpbdeiské ght

val ve which need WO 99/00993PCT/ (GB98/01866 - 40 - not be expensive
provided they are small. Projecting a small array onto a large |ight valve
t herefore gives a display which is chesp-and has high resolution for the
sane reasons that the cathode ray tube does. 5 The high frane rate array
shoul d be as close as possible to the el ectronics which deconpress the
three dinensional inage in order to mnimse high data rate connections.
The compu¥iat Conalusponger of the deconpression electronics will be conparable
to that of nobst conputers, and it is not unlikely that the conputer and

di splay systenms will therefore conme to nerge, 10 The progress of two

di mensi onaley ttftee ditasnsidrit fnades danveNpikelatdibienherevafs: stieadyricevol ution
towards increasing resolution and size, draw ng on par advances in

. : d . Il el.
t el ecoPmifleBPYRSNd\AKEqsteTeREFORICs plVale ¥RIUPEHIEITRARS S%gﬁ’é Widbheff ctilges may

seem 1 eVl Ul ORRfYind Wlving 8RE holbg phRUKIaf<nHRBMGH RabIkiBE, pi xel I ation and

di splay optics are 15 not™ undul y sophi sticated and that the remaining
chal | engeautestereoheoriadispiays frorge ARpAerAIRItDWAD the Wisls: fiekds ofigweasedet t he

screen's dwidth product, an increase in the rate at which data can
be physi cfgrﬁjg)gh%)@'r%ﬂiséd across the screen, and the attai nment of both in

a single systemw thout great conplexity of manufacture. Photonic

component s devel oped for optical, tel econmuni cations alread et_the 20
requi ﬂQznﬁ%‘ftgs?b’?osf:ﬂ?'ééi'stﬂﬁ’(gHQ'%}]‘&?‘S\N'% S Qﬁﬁgﬁ ﬂ@erﬁmﬁ pfog‘@ﬁ}rgtoﬁgeogé?%tb are
likely toeaQedd dai8 rhesi Riteha@thlevibw Batosteratsdapy Hesied ihe.ne2l. fobhachine
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intelligence and the latest such displays time-multiplex views to get the 1° view

spacing which seems adequate for the first generation of three dimensional displays.

15 Although acceptable in the short term, the images on autostereoscopic displays with
1° per view are flawed and may come to irritate. For true three dimensional images
the angle per view must be approximately 1/1 0° for an image 640 pixels wide, At this
spacing even an autostereoscopic display with pixel diameter as big as 0.5 mm will
be diffraction limited, and its data content no less than that of a hologram.

20 Holograms have greater depths of field than autostereoscopic images, much greater

resolution, and are virtually the only option for pixel sizes finer than 0.5 mm.

Holographic and time-multiplexed autostereoscopic pixellation schemes can be
combined to give a hybrid which has the virtues of both. A seguentially illuminated
25 holographic display has the same data content, resolution and depth as a hologram,
but the field of view of an autostereoscopic display. In principle all that is needed is a
liquid crystal display with a space-time periodicity of the order of 1 Mbit s cm’, but

this is impractical over large areas at low cost,

30 Faced with the demand for high space-bandwidth products the optical
communications industry has developed light valves and high frame-rate arrays
sufficient to get the requisite space-time periodicities over large areas. Light valves
are simple enough to operate over screen-sized areas at low device cost and the

arrays provide a way of spatially distributing data across the light valve which need



-41 - Figure 1:One can display a three dinensional inmage by show ng views

of tee obj on.a liquid crystal display and illum natin l;}aﬁ
appropri ﬂ@ggp?sﬁﬁion Figure 2: 5 Figure 3: images Fi gurg : %?%Bﬁbrlg“&

Vol umetric 3D displays A three dinensional array of light enmitters cannot
di spl ay Qpaque Hol ographi c 3D di spl aygpAut ost er eoscopi ¢ 3D di splays 10
Figure 6: A three di nensional object |ooks the sane when seen through a pair

of slits, one spinning rapi . the atheg s - :
screen a Pef %?)éé’?‘?r\?@’eig?@\jgegyeé’eaéﬁ S lsi@?r?%ﬁéi%tsirg%gﬁ% %rétgcfgt% ggretn%%rigeby
ray traci QgvelRerefore gives a display which is cheap and has high resolution for the same

reasons that the cathode ray tube does.

5 The high frame rate array should be as close as possible to the electronics which
decompress the three dimensional image in order to minimise high data rate
connections. The computational power of the decompression electronics will be
comparabie to that of most computers, and it is not unlikely that the computer and
display systems will therefore come to merge,

10
The progress of two dimensional video has since its invention been one of steady
evolution towards increasing resolution and size, drawing on parallel advances in
telecommunications. While the display of video three dimensional images may seem
revolutionary, this paper has sought to show that the pixellation and display optics are

15 not unduly sophisticated and that the remaining challenges are the same as for two
dimensional video: an increase in the screen's space bandwidth product, an increase
in the rate at which data can be physically distributed across the screen, and the
attainment of both in a single system without great complexity of manufacture.
Phbtonic components developed for optical telecommunications already meet the

20 requirements for three dimensional video, and the two technologies are likely to

continue to interact to their mutual benefit.

25

30



Figure 8: A plot of pixel direction (0) versus pixel position (x) can be
used'et 0 iwenbodwiwhat the viewer sees on the display no matgcarchayveighest ant
Pt is. Figure 9:Distant photograph of an autostereoscopic display on which
each view 20 conprises a horizontal bar. Permission for Reprint, courtesy
Society for Information Display. Figurettho: d ose-up photograph of an

aut ost ereoscopi ¢ di splay on which each vi ew conprises a hori zont al
bar. Per nirsgiren: for Repgicah d.s@myré&ﬁye Mrﬁtdﬁafiﬁ’fagéﬁaylﬂfmm@iﬁb(&@ obtrpl ay.
Figure 11: An of f-screen spot can i ma ed setting up rays to converge
t hrough |t°ble§®°Ftladl&1P5* CirZSf?{AﬂfsB‘Plé\%Ed&f“”él ‘%’%r‘?éﬁﬂ ai’ipé‘g)ﬁ‘r@rt 9 par al I el

projection. The m nimum angle (AO between the views required for there to
be a distinct difference in view content is that required to make one
col um of Figsse 2pi xel golionetric IP displays - 42 - Figure 13.1n the left hand

vi deo Csa%r‘g'}l % E E/g trﬁ;{ég%mﬁﬁéﬁlaﬁ a?rfap/ otﬁﬁ% | 65|Isec%n58‘{)¢]gp g)é ?XCbI el s has

vi si bl oecounno
becone vi smbges, As the depth of the distorted cubic array tends to

infinity, and 2 tend_t rds parallel, so the angl e between
adj acent w'%'r{KE tends%&?gtrﬂ@'%ﬁalcggg @%et ween adj acent pixels. Figure 14:An

aut ost er egsgippise/ hol p@tpdre6sdbpipdD\dispidys a wide field of view can

10 Figure 6: A three dimensional object looks the same when seen through a pair

of slits, one spinning rapidly, the other siowly.

Figure 7: Close to the screen a perspective image is seen whose composition
can be determined by ray tracing.

15
Figure 8: _ A plot of pixel direction (8) versus pixel position (x) can be used to

identify what the viewer sees on the display no matter how distant it is.

Figure 9: Distant photograph of an autostereoscopic display on which each view

20 comprises a horizontal bar. Permission for Reprint, courtesy Society for Information

Display.

Figure 10: Close-up photograph of an autostereoscopic display on which each
view comprises a horizontal bar. Permission for Reprint, courtesy Society for

25 Information Display.

Figure 11: An off-screen spot can be imaged by setting up rays to converge
through it.
30 Figure 12; Two views of a cubic array are formed by parallel projection. The

minimum angle (A6) between the views required for there to be a distinct difference in

view content is that required to make one column of rear pixels fully visible,



be nmade by tine-sequentially illumnating a high resolution liquid crystal

di sp]oay wo 0é/8dves esol ution liquid crystal display can be asggntsmmisssom a
Ilght valve and a high. 10 franme rate array. Table 1: The angle per view
(‘A0 and depth (z) of the three pixellation schenes can be related by the
wi dth of the image (x), the depth of tH&-inmage in pixels (n,), the width of
the image in pixels (n),), the field of view of the inage (a), the 15 pi xel

size (Ax) gi@hd 18he Wavré ftghdhd video carﬂér‘é@rﬁg{r@G&QﬁBGﬂsCBQBéGﬂs&ﬁfedc@iﬂc
TABLE 1 5D| stortedCart esi anAut ost er eoHol ogram vol unetric volu rg ic Angle

per vi ewAarrayere pisikle whilegn thetight hand Cam%asonmqmngéﬂb%@% / 01866
44 become visible. As the depth of the distorted cubic array tends to infinity, RAY 1 and

RAY 2 tend towards parallel, so the angle between adjacent views tends to the angle

5 between adjacent pixels.

Figure 14: An autostereoscopic/holographic display with a wide field of view can
be made by time-sequentially illuminating a high resolution liquid crystal display. A
high resolution liquid crystal display can be assembled from a light valve and a high.

10 frame rate array.

Table 1: The angle per view (A8) and depth (z) of the three pixellation
schemes can be related by the width of the image (x), the depth of the image in
pixels (n,), the width of the image in pixels (n,), the field of view of the image (a), the

15 pixel size (Ax), and the wavelength (1).
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- a screen (4) on which successive franmes of patterns can be displayed; 5 -

a colel i %391069%%ht source (6) for illumnating the screen dépchéboises
synchroni sm w the display of successive franmes; - the arrangenent being

such that a three dinmensional noving i mage can be observed_by a viewer. 10
2. The display of claim1l wherein the. kgght source (6) is-an-array-of |ight
sources that can be scanned repeatedly onto the screen (4) through a series
of discrete.directions in synchronismwth the display of successive franes
3. The dié‘ﬁ?‘!ﬁ/ of claim1 wherein the screen is forned of a plurality of
separate areas 15 each separately addressable sequentially in"afiefd tine
to collectively forma conplete frane of a pattern. 4. The display of

cl ai m 3 whea ehree direensimpe velepekspldvinciudengides a front (8) and a rear plate
(9) containing a |ayer (13) of,afliquid crystal material .and a |ayer (15)

of a |ighta oceadAled whichaicesssitie fHBRFSH RATETSRE PGS IE ol t age on t he

adj acent | ayer. . j.qui A2 : (TN I RRVI-¥ 4)

bet ween roon gt I spUftéi) BT iR prec (A EH STLRKRIHENED G2 o
(15), anqiigﬂl%cg,fg@@esgwemsgs (10, 11) on the inner faces of the plates
(8, 9) for "applying a voltage across the liquid crystal material (13) the
el ect r odegh¢ afrangement deifigngichdhater thirge Himensional By Ve sapsrandieobsanicdssabl e
segnments in the liquid 25 crystal |ayer (13). 5. The display of claim3
wherei n t9Ye WEMEEN is formed by an optical |y addressed spatial |ight

nodul at or having a plurality of separately addressabl e segnents each _
arranged to receive a sub-patternin a field tine. - [ TH' S SHEET HAS
SEEN REPI2ACERR display of claim 1 wherein the light source (6) is an array of light sources that

can be scanned repeatedly onto the screen (4) through a series of discrete directions in

synchronism with the display of successive frames

3. The display of claim 1 wherein the screen is formed of a plurality of separate areas
15 each separately addressable sequentially in a field time to collectively form a complete

frame of a pattern.

4. The display of claim 3 wherein the image screen (4) includes a front (8) and a rear
plate (9) containing a layer (13) of a liquid crystal material and a layer (15) of a light
20 sensitive material operable to change the voltage on the adjacent layer (13) of liquid
crystal material, a reflective layer (14) between the liquid crystal material (13) and the
light sensitive material (15), and electrode structures (10, 11) on the inner faces of the
plates (8, 9) for applying a voltage across the liquid crystal material (13) the electrodes

(10, 11) forming collectively an array of separately addressable segments in the liquid

25 crystal layer (13).

5. The display of claim 3 wherein the screen is formed by an optically addressed
spatial light modulator having a plurality of separately addressable segments each

arranged to receive a sub-pattern in a field time.
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WO 99/00993 _ DE,PTItormr._ -' - 49 - 6. The display of any of clains 1.
2, ol 3 89;/{’6 bf her including means (1) for projecting patterts~on the
mage screen Z 8. 13.). 7. The display of clairm6-wherein the neans for
projecting (1) includes nmeans for 5 projecting a plurality of field .
patterns in sequence on spatial separat®-areas (A to P) of the inmge screen
or light sensitive -layer (15) to forma conplete frame of an-thage:- —8.

The displ ay clal AIRS BFRIdiAR TBANS: SohndTajteat inepidime nudes (@) dpyi t al
mcro m r?or%%v‘il%&elg%g)vi ngd gr%tlri x of separately addressabl e pixels

col | ect i velyfeRin@puatienis on the image sareenoi. Bak).of a pattern for projection
onto the screen (4). 9. The display of claim®6 wherein the neans for
projecting includes a cathode ray tube video display for projecting an

| mage or 3 PAFL (001 AN 4 TBAR Wil e RN fdr Projelfnd Q1) etudis sidany fof

claim?2 |1 ght” source 1 nc es an optical arrangenent (5)
and an array. fng}?lz?ﬁﬁfrﬁ}t? Jrifiid paesncRSseqfiyncaronaspgaal sppratxanvat @ yo Phof he
focal pl akhe Jof the optical arrangenment 85). 11. The display of .claim!l

wher ei n t ige inhayletsceenror dightyensisivedaxer (1 )ghforsnp codpletoameP! apaags-sp| ay of
claim2 wherein the light sources (6) are capable of emtting at different
wavel engt hs. 13. The display of claim6 and including a grating (3)

between %e e jd%%iaiyn(gf DEARS #Rerei) tRNMHesRI BEPrdjédting includes a digital migro
mirror device having a matrix of separately addressable pixels collectively providing a

10 pattern or part of a pattern for projection onto the screen (4).

9. The display of claim 6 wherein the means for projecting includes a cathode ray tube

video display for projecting an image or a part of an image onto the screen (4).

15 10. The display of claim 2 wherein collimated light source includes an optical
arrangement (5) and an array of separate light sources (0) arranged approximately in

the focal plane of the optical arrangement (5).

11. The display of claim 1 wherein the light source (6) is laser light emuitter.

20

12. the display of claim 2 wherein the light sources (6) are capable of emitting at

different wavelengths.

13. The display of claim 6 and including a grating (3) between the projecting means

25 (1) and screen (4).
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TH S SHEET HAS KEN REPLACED - 50 - 14 A video display for displaying a

| ar ga& i NS od/phes) Observer, conprising a screen for di spl ayicqggdslifkns,
the screen Bel ng formed of a plurality of separate-areas each capable of

receiving a segnent of a pattern the segnents collecti vely forming a 5
conplete frane of a pattern; projectiofAneans for projecting a segnent of a
pattern to each separate area of the screen in sequence; neans for

recei ving each segnent of a pattern and form ng-a conpl ete-franme:—and neans
for illumnating the screen with collimated light to display a |arge area
di spl ay. 14 A video display for displaying a large image to an observer. comprising a screen

for displaying patterns, the screen being formed of a plurality of separate areas each
capable of receiving a segment of a pattern the segments collectively forming a
5 complete frame of a pattern; projection means for projecting a segment of a pattern to
each separate area of the screen in sequence; means for receiving each segment of a

pattern and forming a complete frame; and means for illuminating the screen with

collimated light to display a large area display.



