; ?@\Be3e} vvwDypz>} 6t} T}w A METHOD OF REDUCI NG DI STORTI ON OF AN | MACGE FI ELD
*OF THE I NVENTION This invention relates to a nethod of r i pstortion
of an inmage as perceived by a viewer view ng the imge. ”IWMEMMH@ on al so
relates to apparatus for use in carryi n](g) out the nethod. TO THE
| NVENTI ON Conventional projectors are commonly used to proj 8%5% nmages onto
di splay surfaces for 10 use, f |l e, in presentations. Such projectors
are usual ly digi t AMETHOB QF RH : ARTAION QFANIMAGE he control of
a conputer on which the inage is stored. wever, unless the projector is

posi tioned such that its optical axis is normal to a display surface, the

resul ti ng Qe OF THERINVENTION di splay surface will appear geonetrically
di storted.” For exanple, a rectangul ar projected (igmage may producg a 15

di spl ayed Thinywentien relatesda adnethethelredering disiortion of animage a,psreqiyes W42 al | el
si des, one,. d i I i idvikpe | mage
is pr oj5Ce)ctQé&%%ﬁéwglgggenfﬁ'lﬁ%ﬁgiﬁg?nsvgﬁg(&p%lgér fegt%ést ﬂo%_'ﬁg%%tr@[é?gﬁ@égﬁ ﬁitC %Ifr)gh%l nd is
sonet i nes geflermettlod.o as "keystoning”. In order to address this problem a
conventional projector can be noved into a position that results in either
no keystoning or an acceptabl e amount of keystoning. This form of 20

manual , OpPRRACKEGROINND D TARR INVIWEFRON be tine consumi ng and inconvenient.
For exanpl®, Tt may only be possible to produce a displayed inage that

exhi bits nGotentions pragedigrs gos¢ammenlygisedie nieissidaages oMo displayisuy aees forat

bl ocks the view of ane or np Vi rs intend i i ayed

i mage. 14V t ¥Fes X &ee@tp&sg?{agﬁ?ﬁ' SB? %‘i"le&f"g? ?ﬂg{ﬁ%&e@s@’igﬁ%p&@r@gﬁ%ﬁ? %)n i's
possi bl e UpARLiihY G FRagiRiNdet the @BitEdllof @fcomPuep6ri athivh thé irhigs ipswF&Lt or .
However, this form of open-loop control can also be tinme consun ng and

i nconveni eHowewardynless theprogsetantis pesitionsd sughothatjtsnntigal axét isagERAIdRPng t he

pr obl em of .di.st ort.i an,of ] i : g% ace. In one
pr oposed ngltsﬂlglﬁs‘ﬂrg ceam(}grrcesgglld ngsgggﬁéﬁ%}@ﬁl@% S B@léﬁp“g; %}g%é;ed to use a
camera to phsedtieally distoftat Fotexamge atiestphgylachrojectad dnagd myy podeenz with a
view to 30 generating mathematical, expression thagyﬁcan ﬁé ad)gl ied to the
proj ectied isalgeed iwpagh that PRPRSLS tRPeFr’if ; ﬂéaé 1%?“@5’091}11’ ° PHAr eSS 1ics

t echni que l&ﬁ@lﬂ&@t@%tﬁ&fﬁ&(@fiﬁb%ﬁds WhisBndd @ (HRXR128S & (RBfecR@lohfd Kivkhan as
"pre-warp vaFues”. The pre-warp val ues conpensate for geometric

di st or t i onphhartdigplaly sypfaay.e Distoripn afshis kihddy spnejreestisferiaddars geaysloningnd ar e

tort i on e Diskreigm ofsha ity spnofiset ferisabd g o
len chat B ptiodarest i trabfa dsePrishionr proiecy i bendiRiEe RS

achi eved. Byt HS{RGInRiBMEY Reyétnitcortad acQpRRNSahGurt OF kelyssdndngd. i, fotrhios
cl osed- 1 oop approach renoves the need for manual .adjustnent of the

proj ector . mdowslyepen-lopp conteal sas howewen Ye timsicrpuming apd MCPRYEMAEFOES i n

whi ch the displ.ay., surfa i r ] { |4 ] d a non pl anar
i spl ay oo PRATPE Y B bp By WprodlSh sblaa gt ricuig 2, "0
conpensat i Rgysiinglbg pevitioning tepudjettoginfa pusitivarthataianks she ¥iewed ohevembeen
proposed, these have in general not proved to be successful. 1o One such
met hod i nvoleyesss atepdingig V@%%—%M&B‘@?@pl ay surface into several smaller
surfaces, each assuned to be planar, before performng a simlar

pr e- var pi navfﬂ?g&ﬁé b{b&cﬁcgs,tdiy%al%"ﬂ?gii'apﬁ@s%@‘é&redﬁohh@Eﬂd%iﬂléluﬁdb?ﬂ[ey any
non- pl anar surface can be app

roximated to a plurality of smaller planar
surfaces, fomusloohtrobsf ani aperatamyf theproisgtar dowevas thisforma of ppn-loepcPMiRdus| y

curved surface uch as those of .spheres.. the. 0] rfaces
required i ﬁ‘“&?@%?’e ?‘816§8HF‘591§g§Bf1 W@P‘é%ler%’ca@g i gcy%%%ma{r% dggllédéfp g%‘%‘ge {S)gsul t
can be i npragieshad ihs prbtbm ofdistaanpf £ inidge divptasses an 'y nonnpattaatirfawemay be
undul y burdensonme for a conventional conputer. It is an object of this

or_exanp

invention to address these problens. 20 SUMVARY O:bTHE | NVENTI ON Accor di ng
to a first Iaspepropesedimethod fRraddiessing fhpprablem, #1135 beerprgp QU5%¢ reducing
di stortion of [ ' I b 65 a lggps VdeBWe h @tvidtv M €W Nng
posi tion, t%@eﬁdet?ﬁ’%&?%% @%ﬁ%&% el?:lsg?a%lggocgs(%%n r(r:eaen’.s car.rvyi ng out the
steps ofy. Zknéentingatheagcilrkpressionscthati cadibe applieel tofthe projedtediimege imaige; b)

[ [ i spl i spl | ' uch that ,,a fi

1;1:1 :tp|r ;ggldngattg}n% toar%inqr?l?sgsdisttgrtig}l% ergc}f ’El‘t}gte%lelgll(]{lee {js léngev%eassg?e-wgrp%}g ?wIthr st

the expressions being known as “pre-warp values”. The pre-warp values compensate for

A
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image is displayed at a display position; 30 c) receiving information from
'sensing neans at a sensing position, including appearance information

i ndi cative of a sensed i mage of the appearance, at the sensing position, of
the first displayed i mage; and including distance information indicative of
the di stance of the display position fromthe sensing position; d)
operating on the appearance information and the distance information, and

t he i nf or ngbinetrid distortiami oféhedisplagedduwige eaispdrby projentorgnisakignmgns aRghfticon

i ndi cat i . th ired. i t . i fihved.i t f i
et act 1 rappliptpRoag g oissBT e fudde 0 HBichbE Viddke BRI, | O USe "
i mage suchelih@ionan tidtstodionRIf@wedsplapddmage cirshy ahdedt Bysingipseivayp

position that nore closely has the appearance of the desi r(ﬁd i %e at the
vi ewi ng poeludsdo compensaiedor distortions thigielepadalper apnragd remeves the Reed 198t i ng t he
di spl ay. neans to.di.spl h i fi P RS Wi i@ and then
meki ng ilsemﬁ?uaﬁ ﬁ@ugf‘%flgﬁ:tée Sﬁ%&r’ét}l&%ﬁ&%ﬁ ﬂﬁlgﬂjselt vvay,goflg aip§ﬁ€)%}s siﬂ)bl eto

nodi fy t hecid@sistaded iBaEch theldeshlasupccRipladr. distortion resultimefremfa nam-a nanner
that is nore 15 easily carried out by conventional conputer equi pnent than
i s the casplangridisphan 3¢6re8 ippotioqErepled-or art. Thus, conventional conputing
equi pnent can be used to carry out the nethod of the present invention to
correct pepgp) hdOWith Bl JHp&YbE bdifpdnsatifg 1hPdis@¥@sTlesultiAg ROfir fonanar

di spl ay su‘f‘ﬁg&é@qﬁ%}@%e élllspl ay neands?ﬂprray i r%cl ude an active display screen
at the’ di splanar surfacesinane besntprapgsed.cheseanpinegengral nefingpved tereaycaesstel (vou) |

a televisign or .a large LED display screen of I t oor
event s 1Quc g)n%u“tbdﬁ‘étg?& én.vogﬁé 5&“‘{‘)1!%%5 OU-PrAgr glggltéel? glt“ﬁée&ﬁ?r‘gasgg%?issgﬁ%gd at the
di spl ay pogirkiced) eth &sified B bo/flbhad, bifotaIpesfofiing atsilanpearanping opératére
desired i nage. However, a viewer positioned at_ a view ng position th%t i's
to one side that @Ecritred aboep|Alihoygh sutheeryany mppiplanapsurtage sapbe RPIPHERED The
met hod may, be us te addre i : i Sorat a
sensi ng polt ¢ PRy B Blfet B At aahd B RN R o
however, t lig @hemicuslyoaans surfatesdash gy thpseauftspheresyslznmuniiloer ofswpllect i ng 30

i mages onto a display surface such as_a passive screen, gl%ilch rﬁgx f or
exanpl 5 siswiiops regRired Heorey g aghicxe FUTGRENIASPWAFRIPT 4l AFSRPLADIS TesRIL SRR s aged,
however, th h £ j (ﬁﬁlpgg ARGV bivdehdosat
emtted by1 ﬁrggtb‘?aé]?%égf i%g%nﬁ;ﬂgﬁ@%n{ﬁ%%ﬁ%at r e]idlﬁerg%}(’ag@fli gh%, can be seen
by a vi ewerfor 4 donpatitionaliteamputét i s envi saged that the screen may 4 have a
di splay surface that is non-planar. The surface may, for exanple, be
regularly curved, irregularly curved, jagged or exhibit sone other

irregul ar §uEfhaceictORRAaR BAtioh to Adir@R Mhezaprbldnat the surface may even
change its topography over tine. The display surface is positioned at the
di spl ay0position and the projection neans is position at a projection

posi tion. W Y Ié)ﬂcl udes projection neans and a screen,
and partic non-pl anar, the inmage displayed on the
screen in sA@Brdiky to@Bfirsv@ipecttdithibanentits tiappisgravided afmethed dbsduang i nage,

but may instead be a distorted versi on_thgre,of. to Pref.erabl.gg/i }he sensi ng
position ardistentienyf adesitpdimape thehit s desifed Be xigived Aka XIg8EPRPOSIEGN, f1€ np o
preferably, t 1t e A8RIne o hd¥i&s®FL | on neans
preferably Tﬁg‘?‘ﬁ%@?@’%@@%ﬁﬁ?ﬁgﬁggﬁf&g r gl?{gnegdo for oépﬁer ation under the
cont rolasof conputer processing nmeans to project an inmage in response to a
15 projection signal fromsuch neans, In the case of the display neans
i ncl udi ng tHEGSHERS BERTMAHO %‘ftlvFr‘?zflﬁfg:flir "M4§& di spl ay neans to displ ay
the desired image, or the nodified desired inage, includes instructing the
projection nmeans to project the desired image or nodified desi requ' mage
from an 2o byingmcghadisplay mdass pr Grley thedesiasrimagepech thetgefisst ilﬁ@a t he
proj ection neans i.s .preferabl osi.tioned at the projection position. At
step (d), t‘ﬁ@%f%‘gf’pl%{ﬁ%&? st%aﬁ/pHo Hi%ative of the desired i mage may be a
control 3gignal fromthe conputer processing nmeans to the display nmeans;
whereas, the information indicative of the desiyred inage rraﬁ. be data in a
 indiiive

format convemeeaiting informatioadtam sensineBeARS £t SPFBEPOSIIR appeqance

information indicative of a sensed image of the appearance, at the sensing position, of




25 as, for exanple, G F or JPEG data. The control signal nmay be in VGA
'format. Preferably the sensing neans is operable to sense both a

t wo- di nensi onal (2-D) sensed i nage of the appearance of displayed i mages as
t hey appear on an inmage plane of the sensing nmeans, and the distance of the
di splay position fromthe image plane ol the 30 sensing means, the inmge

pl ane being at the sensing position. The sensing neans may jnclude a canera
oper abl e tibe figst disptayedimade; mmcmdmamnqe,mﬁon@am@ﬂwgt%%e FihStaé‘ﬁ"er abl e
to sense the rg_spectiv.e di statﬂ](e:e of each. of a plurality of parts of a
surface ofofthedigpleypasitior fror'he SERMEROSHORsi ng position. The sensing means
may be arranged to present the distance information in the form of
information indicative of a 2-D range image arranged to correspond with the
2- D sensedd) operatingwolthe appearsaee informatipe ap H@@lﬁtw&énf@%ﬂl%a?‘i e the

di stance, fr.om t.he.segnsin 0Ssq L i ; Be surface of
the di spl ajMfeERLER "%‘ﬁ vF gf%se sdgtgzllk%ﬁén %\%\ﬁ o?ﬁlﬁge?%gg %‘2%%3&3?‘%8%5? of the
sensed i Mag&ired iﬁla%”d,) td grependaodifich irfomiatioarfor wsk in strnetingthe disgley nEesh par t
may be a pixel of the image of which it .is a t.he cas pf t he

. { .
surface of tadieplay & piodifiedofesdon okthe He%ﬁfltlmﬁ&?s‘gg rﬂ%\dt ﬁg‘stlherlo(ﬂslflﬁ%\etd k4 E‘F Y

ace that
i s substant, a] | o]l 1 raB& 6f e dpdireded on

t hat surfag’épfaﬁ%dcﬁq%géggﬁgéogg%ﬁ%gwﬁe ‘Ttlﬁﬁthﬁ!égsﬁlelé;%@g? ive inmage, or, in the
case of thangdyd deeviewingiosition tematid thel fiystidisplayjedtimag® i nf or mati on need not
i nclude the actual distance, fromthe sensing position, of the display
surfacdlor parts of that surface. Instead, distance informtion that

| ncl udes | of ofRiaMné BT hckRs Ridibhey tespaBidd@silesimage, from t he
sensing position, Of each of a plurality of parts of the display surface
woul d suffice, if, for 15 exanple, each respective distance were not the

actual distance, but jnstead included,. ; (=T I L @ct ual
di st ance. SAcRsIpg 9“‘1{ ngha%wgr‘ggr?g efjd\}sga%ggﬁgﬁg%tﬂm}:i}ﬁeﬁ%gfﬁ f téé)}?;?(:st.ual

di st ance, %di@ﬁﬁ@dé&@h%ag@to%dﬂb@%rc%r\&dmslmimthmtofdh s tenoe, thattiamowoul d
suffice. 20 Th sensiur)fg) means may i nclude two caperas %si t.{ onetg (gsoafrt,
such that tehslyerietorRyeonyaiopd compuiss eqyiRmgpt then i5ihe (Ase NIRRT e

di stance informatio Th i i i icafv biahe

i ncl udi ng zﬁ%%qrm&hﬁgg%\gﬁﬁgﬁﬁqw glgg é%%%rﬁtaﬁg?ﬁ iﬁ%héyodﬁ%ai ni a nunber of
readi |y i depdthéd etthe pR@enttibventibe taedridet perccived distggtionergsuléng fremués | i nes
arranged in a grid. ?he desired inmage may be a photographic i mage for

vi ewi ng by exp@ple ayer-plapgedigalay sy, %mage may be a frame froma collection
of frames that go to nake up a video, filmor sonme such other form of
moving picture. Step (b) may include the step of sending a control signal
to the g sphiaydisptanmetns miemelyle 30 actpvetdisnlay seoesa arterisPlunROSHM ISP 281 gnal

bei ng based on the informatipn r iyed . rod t he
proj ection ﬁ?éﬁ*?énlﬁﬁé‘ YIE‘E’SEISB ymﬁiﬁ'q‘fﬁa% %ﬁerﬁ %&%{?%%gelt]gm?rﬁpc 'tsic\;/éeea%gt ep
(e) may si njpbafddustdd sfGodrReerit QRhak comurels Ty haredbistis tie casey teel imtage t he

di spl ay neans. Step (d) may be such that the aﬁ]‘f) ifiet? infornae;t/[iggﬂ
produced t hdisglayedias the dieplay pesitireatsteprbbyogldaisy yg?"“l’fﬁtt PPPYARS Gt step
(a) and/or a nodifiedversio G ' thaPistBnéléigpbay
nmeans in st ‘?§“f"g)n,1agﬁhgggie§lers é’%(v(e épgﬂgﬁ% a?hg%gggoe%g?ﬁng the nodified
versi on,of {Hlelip0iYtscRlen Saynill seea diveorttidipiagy: TheamshodSmap b¢ uyediaypdiiges ude
the step of operating on the appearance information and thﬁ}(fg\jig&%gce
i nf or mat i onthisbiipasitioning Ge seRSItEMEANSEha STSHEPOSTOB AT AC MEHIEE T ve of the
desired imagesiﬁcgo produce nodifying informati on for use in producing the
nodi fi ed i nPOYHati on. The nodi fying informati on may i nclude information

i ndicative of a mathematical expression that maps 1 o the desired inmage to

th d i d/or th d i t L f 60 el

pref arred chuRPTEDI: vt nener e e e bdF SRR peBRop: pidchng

relies qp d%g%giomorwdig@sytg RbisMéh ROSdskion scredn, athidheasy, for exapgileysinply t he
e g

sensed i'mage, erm ni e relative positions of the six corresponding
points in t kekedisformdbfiatihecoloursd sutfage. Hiixemyasaged.droweyen b HISFCTRGn Pnt s

are determ ned; and. al so t erm ni.ng,.the. di N if oY hdi 0
posi tion, ofc@a¥mme 1‘““%?@?38%0%{%&%#1“? Héﬁﬁt@%ﬁ%@\?@ﬁg é{lggﬁ%rﬁ%te Mg%gigdsi??)dgi at ed
Wi th a respegid.ya IREcAT bd f8n 69 VSR fagtiduddry i is davishgedatbhy/the s¢reemingy ance

information 1 ncludes information indicative of the distance, fromthe
sensing position, of each part




of the display surface on which a pixel of the displayed inmage is shown;
and, preferably, the mathematical expression is used to operate on this

i nformation. The mathemati cal 20 expression may be, or at |east include, an
expression that can be expressed as: x2 sx, _ Y2 S.Y1 MA 3x4 Z2 (x2 ~.y2 )
S 1 wherein a point (x 1, y~) on the i‘rage pl ane of the proj ection neans
is proj ected to an unknown point on the display surface; that point being
capt ur e byhavee dsplayisnrfaceethatsis agn-phanar. Jbi urfgoemayy r examples be m@gﬂfb'l ane

t hereof; the unkno oi nt .on t scieen i s 3D _poi nt ving ¢ inat es
of (e, vesurvel ety G iedidereorih P asnd s Trog B su R A B I S &
associ at edg vhiishgel thab 1] sfatOMageddischange eoRpaimapiesvedfin{eXThe ¥Rplaziz) when
with respect to a coordinate system Sz associated with the sensing neans;
wher ei n t hrarfaeg isiprsikinnabet thedisplay pesitorn anshihe RECISGHRE ANGINE HPBSHINEsensi ng

means to the. ' f, & : [ ion ma
oo v 1 i gt SEREE WARE i b iR i it BEQESIop mOflt Snf¥RuESE, 20T
l\\(/t )~ XZ IV'B;fain\j\ilhl‘yﬁﬂbé_fu1arII\};I~ M@Zﬁﬁ(“fele“ isYIZm])-pl?nar]\/ﬂha imadBdisplayed\Brife serebbBlZz (xz ~
z + erein is the element o ,3xa at the i-th.row and j-th

col umn. Tostebamayredl nathays the papssrage of %qeﬁ‘éeqa%& tpy 1gytey Ebjr 0j

ect or ”eancfistbge&{)&siiom%‘?eﬁ ane of the sensing neans, the ternms (x|, y~) and
(xz, yz) can be interchanged to give: X~ sxz Y, SYz - M, 3x4 Z2('x2~Y2) S 1
wherein the matrix MB,sXa maps points fromthe i nage plane of the proj

ection meapns.tq.t i mage plane of .t he sensin NSy u .

mat hentft i |efeé§%¥,35% ?%ﬁgﬁgég’sﬁtgn fB‘fi gypvg%\glgg & ogﬂoxﬁfég%; %’;ﬂl o%ﬁégﬁlﬁlf' Allat i cal
expr essi 0N, BRMyrEtaFdIE thd¥® &b Yoditinssdre Boifiéidédie desired image to give a
nodi fied desired i ndge that, when projected, results in an imge of a

desired size being viewed by the viewer. The mathematical expression may

have the effect.of. selectin 15 ion. wthi i at the
i mage pl anih%?r_oieﬁ o gﬁg?srﬂe%é% fncilﬁ% 4 ?@g%mog’ Sgoggg%&o%?l f?*g%%@‘r egi on
that it isuglRsiHee@dnt6l dfi dohfpltddprdcassirgemean tb pryéct an tmagiisiragrohbsto ar egi on to
be filled by the sensed i mage. The mat hematical expression may include a
scal i néf f appoisction signdl fFomsUhiBEInEd to the desired image to nodify the size
and/ or position of that inage. Preferably the scaling factor maintains the
aspect ration of the desired

In the case of the display means including the projection means, instructing the display

means to display the desired image, or the modified desired image, includes instructing
the projection means to project the desired image or modified desired image from an

20  image plane of the projection means. The image plane of the projection means is
preferably positioned at the projection position. At step (d), the other information
indicative of the desired image may be a control signal from the computer processing
means to the display means; whereas, the information indicative of the desired image
may be data in a format convenient for processing by computer processing means, such

25 as, for example, GIF or JPEG data. The control signal may be in VGA format.

Preferably the sensing means is operable to sense both a two-dimensional (2-D) sensed
image of the appearance of displayed images as they appear on an image plane of the
sensing means, and the distance of the display position from the image plane of the

30  sensing means, the image plane being at the sensing position. The sensing means may
include a camera operable to do this. Still more preferably, the sensing means is
operable to sense the respective distance of each of a plurality of parts of a surface of

the display screen from the sensing position. The sensing means may be arranged to



20 image. The mat hemati cal expression associated with a particul ar sensing
"position and/or projection position may be stored so as to be retrievable
for applying to one or nore subsequent desired i nages. The expression nay
be stored in a | ook-up table. The 25 nmethod may i nclude the further steps
of storing and/or retrieving the expression. It wll be appreciated that,
in the event that the topography of the display surface changes, or the

rel ati ve ppoesentthe distanoemformationean thfe fome opindprawtion indieaitys of di2sBirangesur f ace,

sensing neans_and the viewer ch es, ~t he net hod need.1q _be repeated
Lot ake adRBanRrgeet i TR RER U Bl Rise Tiaee s B hfl #EE B riffect ol
i nvent i on,imap&ehiifdipite tetistagdep Aol tHE séndiblgpdkifign Careskctipe paesttheg means

programmed to carry out the nmethod of the first aspect defined above. 1 o
The conputstrfags ¢fdbe displgy sergers thabis apseciatrdevidhe corespppdingpart b thssensedr s,

whi ch i . i i rs. The
Comput or PSS LS ARl DM R e ARG e R b R L e
proj Sg_ti ahe W&f&dﬁdsh ialisapmt,lodéﬁiéthisabﬂhesngm of tiepdikpsay mrecmesaihﬂg means
may additionally, or exclusiv e contajned In sensin ns.,ksuch_as
that defi r@&ra%%ap%ofmhét_ sf hets sagantt Y Geeere Byaﬂoy%l e SisRlaved i or
the sensing, ai@ﬁlagéd (r)lbﬁmg%lg?atce.%agﬁ‘f)%rt %radﬁdm ithhé?reEﬁEcEiQe /RChr, ¥ this

i nvention, there 1S provi a conputer gram 20 having code portions

whi ch wherthegase of 8d suyfacn apoing thegewcessi ng neans cause those neans to carry
out thl% met hod of the first aspect defined above. According to a fourth
aspect of this invention, there is provided a record carrier, the carrier

havi ng r ecpiedfistatdeahRematioH Mdedot RR1UAB it achifal HREEBE)| fRonk YheCeAFibE er
processi ng 25 neans, or equi pnent arranged to communicate therewith, to

cause t hosositioanef the displaypurfege aripertpref thatsusface. Hastead; distanse sdfermpsionned

above. The,recqrd carrier . | e... etic disk, a
eni - cona Bt OAhdedflofioTRYicARre dihaREPRENE il FMNAMRADEC 2 £ 51,
aspect of gd3ition] Siveaoh bOA pluRAllt§ of arly s\théléigplay Surfivelwould ufficgliglforconveyi ng
informati on which i s readabl e by conmputer processing neans,_ or_equi pnment
associ Bt ecexendie grahesnestivadisianeewee nebtiis acual digtance, Bukinstaed welidediaof t he

first as pe&'&’lstﬂﬁf Ae@ﬁ%oﬂ%ﬁthe}?ﬁa?&i%e. @Hﬁﬁlaﬂfy, %a@llx %Léétﬁz@ldisﬂrﬁgwere

provi ded, such as an electri
not the actual distance, but were scaled up or down from the actual distance, that would

suffice.

20  The sensing means may include two cameras, positioned apart, such that the method

makes use of stereo vision to arrive at at least the distance information.

The desired image may be a calibration image including a pattern. The pattern may be

such that it contains a number of readily identifiable points. The calibration image may
25  include lines arranged in a grid. The desired image may be a photographic image for

viewing by the viewer. The desired image may be a frame from a collection of frames

that go to make up a video, film or some such other form of moving picture.

Step (b) may include the step of sending a control signal to the display means to thereby
30  control those means, the control signal being based on the information received at step

(), to project from the projection means the image of which that information is

indicative. Step () may similarly include the step of sending a control signal to the

display means.



'9 signal provided over a network, such as, for exanple, the Internet. The
signal nmay be a radio signal, such as a radio signal provided over a
wirel ess network. According to a sixth aspect of this invention, there is
provi ded a nmethod of reducing distortion of a desired inmage that it is
desired be viewed at a view ng positior® the nethod including conputer
processi ng nmeans carrying out the steps of: a) receiving information
indicative of the dgsired image; 1 o b) instructing proj ection neans to
proj ect the Sir i e from Oj. ect.ion sition.such that a first
di spl ayed é}%gﬁ n?"é'etlﬁsél gﬂf‘éﬁ“e&ﬂocﬁﬁg‘{ ‘5%‘?"3&? I%Pfdgig‘ e(g{he’é?nmss%rf’%\ﬁ}%ﬁ%si tion; c)
recei Vi ng RPRERSBME hibihAlonabecved dt 8iF) (4)rantl/of amsddifed R bion aF the coaisl Ng
position, this information being indicative of a sensed inmage of the

appear ancesignal sanh to the display means s step (h, whereinriiers (o) wouldi ingludg ssmdingdhe: o)

recei ving di j nf i - : ' : ' ti
bost t1 dn. TRREET §ftslo ot a8 HERF RO AREIRISER M nd) inklie el 251
posi tion fgeyafdperatingjoaché sppepantd information end thpelistdrica gnformatiom, appthar ance
information and the distance informat,ion, rlg%‘{he i nfornmation i ndicative of
theddesi r e‘@quﬁ*ﬁg%n Obﬁhe&}}?&nfi’m%}oﬁd{‘ I6HIVERd tReAesired Bagenlo RIedCed i nage, to
produce nogdj k- i 10 : k 1 i t
bdiefifl ISR B ud: R ptticihd tdiRbAMEN ilErrhdifonPTRE RblifPRMgMeaNS o

proj ect a noq version o e ed I mage su t hat anot her
di spl ayed iaforinatigemay inkilsdd iafechation indecatives of amatheniatical expieatiomthabmeposel y

has th f the desired i h i ew it [
Uhe 11 st BF AP dwoEniagBs Soped REseeToRoR g1 B c4r B Sb AL PE ASTHEANBaBD Tho) cct

the nodi figdrdRalchddiniE8ahe ARHARASL eABYcSsie istahfaneRirinGR@Irefi@anur es of the
first aspect of this invention may al so be features of the other aspects of

t hi s i nvenddtemining 16 IBRIFE pDESOR 0T AL BRstEX mRiEs DRA e dAmege detqrpining

enbodi ment .of this | tl il : S 0 LA ly,
wth 1 of or RceR s horRE Bb R e rors e S i Akt RN HATR S OnY
schemati ¢ gliR@TaBiredpotding pointdart Aetethimedemdiatsoaietearmiiing dtel distancepfiemwhen

re-warping is applied; Figure 2 is a schematic diagramillustrati th
gener a|15pa|— ﬁg@ﬁgﬁosgfonagggqchpﬁgixmfints of the display surfacgc that are associatedlvsl;]l% ©

a respective one of the corresponding pairs. Preferably, the distance information
includes information indicative of the distance, from the sensing position, of each part
of the display surface on which a pixel of the displayed image is shown; and, preferably,
the mathematical expression is used to operate on this information. The mathematical

20  expression may be, or at least include, an expression that can be expressed as:

Xy
X, )
sy, |=M ,,, 2
V1 A,3%4 Z, (x2,y2)

1

wherein a point (x;, y;) on the image plane of the projection means is projected to an
unknown point on the display surface; that point being capture by the sensing means as
25  apoint (X,, y2) on the image plane thereof; the unknown point on the screen is a 3D
point having coordinates of (Xi, Yy, Z;) when referenced with respect to a 3-D
coordinate system S associated with the projection means and coordinates of (X2, Ya,
Z,) when with respect to a coordinate system S; associated with the sensing means;
wherein the matrix Ma 3,4 maps points from the image plane of the sensing means to the

30  image plane of the projection means.



perform ng pre-warping; 1o Figure 3 shows co-ordinate systens associ at ed
with"the projector, display surface and canmera; Figure 4 is a flow chart
illustrating calibration steps perfornmed by the apparatus shown in Figure
2; 15 Figure 5 is a schematic diagramillustrating a mapping transformation
for a calibration pattern between the p7rOJ ector, display surface and
canera; Figure 6 is a schematic diagramill ustrati ng the mappi ng
t r ansf or nékhinexpiressionm@obeapphiidert todwe expregeedwhen pre-warping i s appli ed;
Figure 7 is a flowchart illustrating the steps carried out by the
apparatus in pLyi a pr nsf tihon to an application imge
before it is géht a2 1 m«t’ﬁ%éz 28] stlor; 25 Figures 8a shows an
appl i cation irgg mgxwmﬁﬁgmzﬂzmwgnm& enbodi ment of the present

ow

i nvention; Figur :Z égg i gure 8a appeared when
proj ected ont Hdn 38 Ty é% gi’,t‘re 9a shows the inmage captured
by a canera notionall y positioned at a view ng position; 11 Figure 9b

shows a range . t.he | an uf ythe carmer a;

Fi gure 10anlg‘ﬂ?)'\ﬂgﬁg Fr@t?efl?rgg’ g?p g} |t%eft {hrtg&’e sgﬂ%%o a projector; and
Figure 11 b shows a substantially distortion-free i mage as seen at t he
viewing p I n the
Fol 1w ng. oo BelsEhddpbing frnk el bshe QL prore o R AR | ¢
di st or ts orplade &f the syneimigankansEbhetepas Gaj y@dndix.ayPaat beintachanigedfpoging: i s
reduced by applying a pre-warp transformation to a desired i nage before
that image is sent as an input to a proj ector. The pre-warp transformation
is such the proj ected i gg appears to 15 a viewer as the desired i mge.
The desired i e| may aliso e tgrnmed the "application" inmage. The

pre-war pi ng rgduces,the [i mage d| stortion perceived at the particular

Vi ewpoi nt by ogﬁ‘p A3 qtpr tyte distortions caused by both projector

m sal i gnment and he no -pI nar di splay surface. 2o The general pre-warping
concept is illustrated iln Fi'gurd 1, which shows the application inmage is in
the form of a rectangul ar grid pattern It will be appreciated, however,

that a recta tﬁ%g%{q%g%ﬁarpg é)lmsn SRS Mha eﬁ)? Se"a()i%(?het é‘r B | tn% fio0f

expl anat i OW tron |nage I FPE T ec angul ar

grid feat uthesmageplhly 6f tAs seh¥igi riehnk STHUR the ynafltematichlsdpreaabion engyireposes. As
shown in Figure 1, the rectangular application 2s inmage is skewed before
pr oj ectq oneXpyessedingbigdPmnt r ansf or mati on to produce an i mage

The mathematical expression may further modify the size of the desired image to give a
modified desired image that, when projected, results in an image of a desired size being
viewed by the viewer. The mathematical expression may have the effect of selecting a

15  region within the sensible area at the image plane of the sensing means, that region
corresponding to a region that it is desired be filled by the sensed image and causing
that region to be filled by the sensed image. The mathematical expression may include a
scaling factor that can be applied to the desired image to modify the size and/or position
of that image. Preferably the scaling factor maintains the aspect ration of the desired

20  image.

The mathematical expression associated with a particular sensing position and/or
projection position may be stored so as to be retrievable for applying to one or more
subsequent desired images. The expression may be stored in a look-up table. The

25  method may include the further steps of storing and/or retrieving the expression.



230 with a pre-warped geonetry. The pre-warped inmage is then projected onto
"the display surface 210 by the projector 200. The values of the pre-warp
transformation are chosen so that the geonetric distortions introduced by
proj ector msalignnment and the non-planar display surface when the
pre-warped i mage 230 is projected onto $he display 30 surface and then
viewed by the viewer at |east partially cancels the pre-warp

t r ansf or melt milhbe ppreciated that,riyg thenevgat thaithe tnpogiapby obthetdigplay swaee 202 at t he

sel ected viewpoi nt . therefore. has _reduced or. no dist.ortion. Accordingly,

W th the SBREaeh R IGIve POSitaR 2 S B B BT RRIRHRh sl SSEREMAR Y o
rect angul adenéiipafRarsthd the PRMWRE ENRZed) Yhd Ethd @0AId rked to bé eipested td fakeist r at es
apparatus that enbodi es the present invention. This apparatus is for 5
derivi ng taveopref thospchangessf or mati on val ues and applying these to an
applicq;ion i mge. The apparatus conprises a proj ector 200, conputer
processi ng neans 250, a display surface 210 and a canera 220. The canera
220 : s bot Acclﬁiﬂdiﬁ@td @@écogaaﬁfeat @ﬂtﬂisan\reiati_gm tham]{mpxideié _ngahlheiﬂch}ding

si mul t aneously capture both an optical image of the djsp|lay surface

(i ncl udi ngCORAITRERRESHNG BICAYERIOBRENRBHOHITY PB '@emeébﬂcf %frp{{ae ﬁaﬁﬁawea*at a for
each 1o pojtH,.89pde display surface. Range data is a measurenent of the
di stance froma point on the display surface 210 to an i mage pl ane of the
canmera 220. The projector 200, which has a field of projection 201

(denarcateg by the solid . lines in the ﬁ%&ﬁre% is coupled to tge conputi ng
means Y50 RRRICOMRUHRERCESHBR MeARY MRy Melidging Of Biop: B EERTOGFE Tl eS| n
response t Ry SRirhRBbE c6MBinkdlin ShdhtahsrepeRBhAlRBmpAER. THE cBMPERS PlodessiRANS
250. 15 In the present enbodinent, the conputer processing nmeans 250 is in
t he for m omeansprssaiditionabputexelusivgy, bentanedinpaejieciianmeansisaeh grothetabl e or

fixed conpyter .processing _neans such as_a._laptap..: r I; re al so
sui tabl o, SRIFeAPEY THr BomBRenprobiibe tierts 50 ni Bhall ol M fly Be

t ransf or magdiedinaPinéehsing ARady kK 6§ Mat ddfe@@bsver cal i bration image 211 onto
the display surface 210. The calibration inmage includes a 20 calibration

patterhdthat is a structured pattern including one or nore calibration
feature poi Ny re- ke it T i i eature

por nt's- 1 or Bt Bl SRR el SRAAP aRAN ddePne EGRE MBS BEHS R U0
or col our egspeétn one enbodi ment, the calibration feature points conprise a
plurality of dots of distinguished intensity/colour. Alternatively, the
corners of geonetrical shapes (e.g. rectangles, 25 polygons) may also be
used as Cakbéurpfn Q5 a tGRT MpBCRIAHIRE Snverdtish, ARkt £ProRBEH & BAEuEAPREAN?20 S
placed at a sele ted vi ewpoi nt 202 and used to sense or, in other words, to
obser veo boh#vinheode-mortionsehici whereexeghied batcompuisaprasessing mpansycedseghosehe

di splay surface 210 and.the r data for e ints in the observed 2 30
D i nage. Tm‘fgnset\9§Wy8B€ﬁh855‘?eﬂi‘?afg%§h%§ﬁ?ﬁsrp§8t cL‘%nf"ﬁgbocvgmsra 220 in the present
enbodi ment is supplenmented with a correspondi ng range i mage which is a
conposite map of the range data. Information on the profile of the display
surface 21@cperdingttaiadewrtl aspaettafahis ivgationrilige lsmogﬁ@;ﬁmrqcardwagmrethz, t he
canera 220 i{iene i i f.i gl 13 :Vi hy the
broken | ng&ng ltc‘{‘b‘(;w?n ‘%"&ﬁé@ Eiue%%r‘lék‘ﬁﬁnﬂ?tgér“svélé‘%ﬁ ﬁ%#e?#ﬁ%ﬁ%ﬁ‘%ﬁ@%‘;‘?%;é%éﬁ on 201
O];Tb t ge 2pr;)'mtﬁh@bé _ manttalm?gécsuolzcamnauﬁ_ dmﬁe%k%t:, td\cahb@thpszeglemslty calmefsczI [ ?ed
enbodi nent e display surface IS curv, e canera s coupled to
the PC 2500#ihe N?E}?drﬂ%@? g’fsﬁ@gpﬁcﬂ%%%‘f?‘t&’dﬁ ’gl%“s‘ieé?ﬁd\ﬁﬁgieé r‘i‘ﬁé{feh’énd range

i nf or nat i o | &b i LB RE hiRhibry ShifaRkaibed by

t he caneraggg@&gﬁﬁepggggg@ﬂ?gﬁghgﬁéggggghﬁﬁere @?M?s procg%ség’to derive

t he pre-wadpvite.ansf ornmati on val ues. The pre-warp val ues are derived using
an al gorithm based on obtaining the mapping transformation for a given set
of featurgs wﬁ}ch Ere proj fﬁ;eq by t;&;he péOL;iL;r 200 andaéa:iget . f
correspgndifidord 130 ¥eh AdpedtST thiSRERneiPBENS ided® f@EEtRe 1 alrls o
t he aIgorithn?m?%ﬂ Sé deggfibeqlin t he succeeging payggggphs. The PC 250
subsequent lcyneypig isformptonlwhiohdsirgadableb s pomputasprocepstigancans AreguRpISht cat i on

i mges before they are.outputt ta the. proje [ reat ced

di storti on 2&°F& e?i tg?re‘fvﬁg’tjtoscgvseegﬁ‘ésﬁ rwaélsvbog?%y %%g TE%OTCE-O fﬁle$ﬁgtr%$%?e, t he
pre-war pi N@etificd o906 MBHel sDshatiia¢ be @A RReREAL Ggndl proviled] Suchiasanietectritabd on not
only observing the 2-D appearance of the displayed projected i nages, but

al so the shape of the display surface through the range data captured by a
canera placed at a selected view point. Range data and its correspondence
with the optical imge can be 20 obtained with products that are capabl e of
generating a range image together with the normal optical imge. One
exanple is ZCamIM from 3DV Systens, wherein each pixe



in the scene captured by the canera is tagged with the di stance of the

pi xel fromthe camera. Alternatively, the image and range information can
al so be obtained with normal stereo vision that uses no | ess than 2 nornal
caneras. But the systemw || be 2S bulkier and the generation of range data
requi re heavy conputing. Wiereas, in prfor art arrangenents, the camera
only captures the optical imge on the display surface and wherein

non- pl anarsignat prvidedaver a hetwolk, sudnasdfomexaropleythe ingbmetp [Tha signglmaybes and
the pre-warp. transformation. val ues de hved i ndependent |y for each 3o

surf ace, trﬁ&oﬁ@’?g ﬁvclb%f&ﬁwaﬁg@é’ 1089 OXHe? glrgﬁssa@eggo pture the range
image. In this way, the present enbodi nent elim nates the problem of having

to nodel a non-planar display surface as nultiple planar surfaces
encount er eficdording o apipthoaspect of thisimyertipn, Hherdie pprviidad aimethod of zedppimg

processy ”gd'%n}o%eof'lecfeﬁgé?ﬁn?agg i 8¢ héJﬂr’é@ b SR a2ed VilSHifis g@sh&w the

i mpl ement ed a5 4 conput er program executing on conputer-processi ng neans.
The conput@ethpd dghalimgreommeaer procussiag neansweanyying cavhesspd afcated in the
processi ng means or on a portable data storage device or sem conductor
nmenory device coupled to the conputing neans. Additionally, it is to be
appreci at e,g rE&?\;ing ti‘bﬂtihdlﬁat%to‘f’?r?erhe%ﬂ@di?ﬁ . ector, conputing nmeans and
camera may ‘be car |eg out both wirelessly or tthrough wired comuni cati on or
t he conbi nation of both. 10 Turning nowto Figure 3, the coordinate systens
used in an al gori.thmfor, deriving the pre-warp trapsformati on are.shown.
The pr b ect)drSIBistnRRISetign Reant by PrpifsLBe Srsifed Tmees iPrra BIRIsSECRBPSiaY 2. D
coor di nat eq gy i Dfir&akdplARAimEE is AkplayBY 6n & APIdySRFfade Y diSlaPhosdin; cal

i mge points representéd as co-ordinafes (x I, y~ ) on the proj ector inmge
pl ane 202. The canera 220 has a separate canera i mage plane 222 where

Co- or i nat Bacrae GoreieP o Hhuidh AP AFE TR Redh o 3P SEf e ®onis

addi ti onal infinpdern BeiRpiklicaive 0 sGked tfagebfathe appapan S ehedesingi th t he
projector 200 and the camera 220 respectively as shown in Figure 3. The
ori gi nlof position, aftdre Sirsh dispdaved iBeES; syst ens associated with the proj ector
and canera are located at the optical centre (OL and 02) of the projector
and canera respectively. 20 The optical centre is the point where the

opti cal axdprecdivingdisanep adbonaton feanedcand sémimpantas ahtheprapatingyositiong amer a
i mge plane, In the esent . enbodipent, a pqint (x~, Vy,) on the projector
i mage pl anﬁll%@@’m@tlwﬁ) B‘flé%f@ac%e obihe distaeis th&ﬂlﬁﬁfayoﬁsetwél lﬁ?rgghway surface
210. The pgiohictigRpbdiGordi SPl ay screen 210 25 is then captured by the canera
220 as a point (XE, y2) on the canera image frame 222. The unknown point on
the sck®&en is a 3D point wth coordinates of (X~, Y~, Z ) when referenced

with respect to.3-D coordinate system S ~ associated. with the, proj ector
200 and cothMERTESN SFE esaranSe imalinTand B Gt iabarone il o

coor di nat einfyrsiaBioh Hlicktive oF eealdsivéd it algh for @M iiforrationdndieftived thepr esent

t he di stance of a point on the 30 display surface 210 fromthe optical
centre of desiredimpgesta predp@onadified idenmatipn dor yss yid mstryeting thy REOJeRIPi ng of a
poi nt (X~, V=~ r Q] L STRESET ' reen 210
i nvol ves am%i"%sst[’ pgﬂ%%%é%‘&l\ﬁlé(?g%rgﬁogco??%nde\%\}%osle %gr%%érr}gﬁhéﬁ%oﬁeza@}ég%ent on
15 fact®dr simsagehis displahal stehadisplay postion that mbrd diesepy lgsah¢ appebrantdief ther een and
the projector' s, optical paraneters, suc s Lts. faqcal,K | ength. Meanwhil e,

t he mappi n@esbrﬁgélnfﬁﬁ %t?hQYISWiQ%SH1°§6ﬁ%SA{§g}P%%ﬁt ‘Pépolf‘YFél‘ ra i mage frane
(xz, y2) involves a second perspective projection whose paraneters are
dependent on factors such as the relative position of 5 the canera to the
scr een andfjitihgructing the' gojeptiorcmbansdo arogect the. m@lificé dedmeddinggd.ay screen 210 is
non-pl anar, the display screen surface shape also affects both the
paranmeters of first and second perspective projection. Unlike the known

net hodg, deggk bPRdrea th Bptional RALRELSRNE fitsh YsPRET thid ¢@Fenfih nia§GlkoHR

knowl edge of these spatial and optical paraneters in order to obtain the
(x, , vy, ) features ofithe pthamgnpieeig obthisivvetiony the first and second to
perspective projections. In a preferred enbodi nent, the first and second
perspective projections i.e. the




rel ati onship between the 3D projected i mage on the display surface 210
"((X1, Y~, Z, in coordinate system S1 and (X2, Y2, ZZ) in coordinate system
SZ) and the image on the 15 projector and canera i mage planes (x~, y~ and
X2, y2) is approxinated as: X, sx, () sY~- M,3x4 Z1 s 1 and: s'x Xz z
S~yz - M2.3x4 ~ (2) s' z 1 20 where matW®ices M and Mz are projection
matrices for the prOjector 200 and the camera 220 respectively. Equations
(1) and (ZBRE N RA @ nodel which is conmonly 25

adotedln co tr SiQ eafo II|n t he, ecti roj ecti on of
Fher D wor MG Shb lﬁeth%ﬁésrwnéon PR fhof SaBiptd
per spect i Vﬁﬂy)rvﬂt}ﬁfet”ér@;ﬁbeltaw ARSmMPEh YR draRings 2 Wiiekn a poi nt on a 3D obj ect

passing through the optical centre of 16 the proj ector or canera and
formng a point on the proj ector or canera inmage plane. In equations (1)

d (2), [ d
“An | ot odh el Eahdt A SR ehe (R ARE T B oML R Ylent Ol i
any one ofpra-wuipingis a;:fphmtrdern conput er vi sion textbooks. One exanpl e of

such is Three 5 Di nensional Conputer Vision, by Qivier Faugeras, MT
Press, 1993. The pinhol e canera nodel has the advant age of wusing sinple,

| near eq“ﬂ%‘n‘&%s L QEndHRAR! dl glntlnﬁstlaﬁflé%%eh&%l %}o HoRfehSY a&)ﬁé&%ﬂfs?&uc' ng

conput ati on conplexity. ernative s Includi ng nore

conpl ex rmpmfosmmgprh-wmg; nto account the effects of Iens di storti on may
be used. to If the relationship betwee the t 3--D.co nat stens S 1
and" 510 s Eles LaHoB Sa SUPARE Yo eiRgraleg S BRI o ISP 53, TEFRE sl ay

surface 210mdrhiere is the foll owi ng transfornatl on between its coordinates
in S~ and Sz: X,XzY~Y215 Tax4 Z, Zz 1 1

Figure 4 is a flow chart illustrating calibration steps performed by the apparatus shown
in Figure 2;

15
Figure 5 is a schematic diagram illustrating a mapping transformation for a calibration

pattern between the projector, display surface and camera;

Figure 6 is a schematic diagram illustrating the mapping transformation for an

20  application image when pre-warping is applied;

Figure 7 is a flow chart illustrating the steps carried out by the apparatus in applying a
pre-warp transformation to an application image before it is sent as an input to the
projector;

25
Figures 8a shows an application image used in a simulation of an embodiment of the

present invention;

Figure 8b shows how the image of Figure 8a appeared when projected onto a non-

30  planar surface;

Figure 9a shows the image captured by a camera notionally positioned at a viewing

position;



 Substituting (3) into (1), we can further have: Xz sx, Yz S Yl = M.3x4 ~
"T4x4'Z 2 S 1 Xz =M~ Yz Zz 1 20 (3) (4) Wth the knomﬁedge of Zz which is
the range data of a point captured by the canmera 220, equations (2) and (4)
can be used to fornulate the prOJectlve transformati on between the
coordinates in the imge planes of the froj ector 200 and the camera 220,
as 17 a function of the range data Z2 captured by the canmera 220 by the

foll ow ng steps. Firstly, (4) is re-witten in the form of: sxlm' 2
nL4X2m 3Zz8Y1 "~rr23

2 183 ~is the
ol emont _of TII WP fe Tt ipdhe EHETOT g AT Fib e e g 5y 1
re-written as: s x2 nll nl2 S~Yz n21 n22 S n31 n32 hl4 Xz nl 3Zz n24 Y2 ~'
nz3Zz n34 1 n33Z2 (6) 1~ where n;~ is the elenent of M at the i-th row and
j-th col unﬁgurprl@ﬁhs Qftise Modiffedapplieasion SMAgRSRYIOBPIOEIEHANME ned: Xz mll m

m4 Sx,; m-3Zz Yz = |nv( ne, nez nea )( SYi - ne3Zz ) 1 nB1l nBz nB4 s nBj Zz
15

Figure 11b shows a substantially distortion-free image as seen at the viewing position.

10 SPECIFIC DESCRIPTION OF A PREFERRED EMBODIMENT
In the following description, an embodiment will be described in which geometric
distortion of a projected image perceived at a particular viewpoint is reduced by
applying a pre-warp transformation to a desired image before that image is sent as an
input to a projector. The pre-warp transformation is such the projected image appears to

15  aviewer as the desired image. The desired image may also be termed the “application”
image. The pre-warping reduces the image distortion perceived at the particular
viewpoint by compensating for the distortions caused by both projector misalignment

and the non-planar display surface.

20  The general pre-warping concept is illustrated in Figure 1, which shows the application
image is in the form of a rectangular grid pattern. It will be appreciated, however, that a
rectangular grid pattern is shown for the sake of simplicity of explanation and that the
application image is not limited to rectangular grid features and this assumption is
merely for illustrative purposes. As shown in Figure 1, the rectangular application

25  image is skewed before projection by a pre-warp transformation to produce an image
230 with a pre-warped geometry. The pre-warped image is then projected onto the
display surface 210 by the projector 200. The values of the pre-warp transformation are
chosen so that the geometric distortions introduced by projector misalignment and the
non-planar display surface when the pre-warped image 230 is projected onto the display

30  surface and then viewed by the viewer at least partially cancels the pre-warp
transformation. The resulting image 240 perceived by the viewer 202 at the selected

viewpoint therefore has reduced or no distortion. Accordingly, with the application of



,Wereas, fromequation (6), the follow ng can be obtained: Xz nll nu nl4
'S~xz' nl 3Zz Yz =inv( nzl nzz nz4 )( S~Yz - nz3Zz ) 1 nil n3z n34 S~ n3322
(5A) (6A) 20 By equating these, the projective transformation of
coordinates (xl, yl) fromthe projector inmage plane 202 to coordi nates (x2,
y2) in the canera image plane 222 i.e. ' : (x1, yl1 ) ~(x2 , y2 ) can be
fully determ ned by: i's sx, -aZz(xz,Yz) xz -dZz(xz,Yz) sy, -bZz(xz,Yz) -
C3x3 Yz - axe(werp transfermatippin thmmllodlmz(ltxzmmngmao Jraegec?4liipnepseiyedibe 5
Caner a |matg i%%@ ff where a, b, c, d, e, f and C3x3 are the paraneters
obtai ned fr F %nd (6) after sone cal culations and normalizations. Zz
(xz , yz ) refers to the range data corresponding to point (xz, yz) on the
canmera i m pl ane 222. Equation (7) can be further reduced to: sx, xz sY,

- D3x3 Yz ﬁgu@@%ﬂz%{%&%wmra(u@af embogies the pressniigyentions Thisapparstus issfor he
resul t S ol qdQidd{ the B Ak P fofihiBorYaidekland Ep@gfn@%es(e% ah Sopifaloh [IRGL! ant

because it at es rans ormati on i onsh
(xI, yl) thetdppaqamsJoentpmes apmmtqmIzeo,a:oﬂﬁﬂltdr@rca:emmglmeénsZZSOya)hsprayt he

canera inm e 222. For case di s y screen 210 is
pl anar, rr“i%{/f g g]& Fé@&wawg;@@d? hﬁ'ﬁla&? |°am6€a MAJBY8 and
equation (&}ne‘f@%kfﬁgt&ﬁlé t0 shﬂﬁtdn%oﬁsw Sptird bo%zan%\ﬁtlc iRgS of the i I%hus the

ef fect of the non-planar display screen 210 en rnto acc t by the
term 20 E3wrfige (incdudinyany lmageatqm“edmhe(ré}a)n hmpmjcctlmm)l andesngeitata fongachi mage

? zf%c :)ﬁ)t ed o\%ttorﬁ t}ut,] 815 aty s&r ace. q?%ge da lilsaeE }nce)erl]su erklen%arf]the dslsc%al?c% onll tatpglr}ltI n the

on the display surface 210 to an image plane of the camera 220. The projector 200,
which has a field of projection 201 (demarcated by the solid lines in the Figure), is
coupled to the computing means 250 and arranged such that it is able to project digital
images in response to suitable control signals from the computer processing means 250.

15 Inthe present embodiment, the computer processing means 250 is in the form of a
personal computer (PC) 250. Alternatively, other portable or fixed computer processing
means such as a laptop or workstation are also suitable. During the process of
determining the required pre-warp transformation values, the projector projects a
calibration image 211 onto the display surface 210. The calibration image includes a

20  calibration pattern that is a structured pattern including one or more calibration feature
points arranged in pre-known positions. The calibration feature points for observing
changes in the application image may be monochromatic or coloured. In one
embodiment, the calibration feature points comprise a plurality of dots of distinguished
intensity/colour. Alternatively, the corners of geometrical shapes (e.g. rectangles,

25  polygons) may also be used as calibration feature points.

The optical and range camera 220 is placed at a selected viewpoint 202 and used to
sense or, in other words, to observe both the 2-D image of the calibration pattern
displayed on the display surface 210 and the range data for the points in the observed 2-
30 Dimage. Thus every optical image captured by the camera 220 in the present
embodiment is supplemented with a corresponding range image which is a composite
map of the range data. Information on the profile of the display surface 210 is obtained

from the range image. As shown in Figure 2, the camera 220 positioned with its field of



19 xz sx, Yz 'SY1 = MA 3x4 Zz(xz~Yz) 1 sx, Mxz +MzYz +M-3Zz(xz~Yz)+M-a
'SY~ Mz~xz + MzzYz + Me3Zz (xz ~ Yz ) + Mea s MB,xz + MBzYz + MB3Zz (xz ~ Yz
) + MB4 where M~ is the elenent of MA 3Xa at the i-th row and j-th col um.
(9) Equation (9) has a formsimlar to the normal projection from 3D
coordinates to the 2D i mage plane. In éduation (9), the matrix MA 3Xa nmaps
the points fromthe canera image 1 o plane to the proj ector inage pl ane.
To obt ai n vibe 22hdersecatepby thy Hrolem lirtes sipover) ingb¢ Bigureyanterspttargthe dietdnd caner a

 nt or changabiosRonp i AP pisiecip 2082 he renle g1, iieprdssil) 1 s
Thus, the {ddseftedantbodff@itihe dpRSsuMBcd 21BN t@RB@L | ons invol ved in mapping a
point fromthe projector 1 mage plane 202 to the screen and then fromthe

screen to the canmera imge frame 222 is expressed by a single projective

1ol el BERATe B PR ] SRR UGS, 2

only 8 deg ree rX 0 1 N € single

proj ecti veinidgaafd edn@e iifBfrea Rt peRdinitieto R pbjRefed ¢ libratidtpaferfisicapudddy t he
proj ector inmage plane 202 to the canera inmage plane 222 will be referred to

as P in thikesaneaddlrgd fedbagk tathe PCdehera it imripesisedyiogisaive tha getaP s can
o i . e _ . |
e easlly eﬁ{si’dxﬂﬁﬂoxw?luéé. %ﬁ%&ﬁgvglﬁgaré G%@%Qfgén@pﬂgdﬁ}hn(%séd o/ ) on

the projector 1 nmage plane correspondi n ornt captured by the
caner a 220pbtaimgaeheimapping ti2fsf8fgimnrfor € given setdf fgaturbewhahearaprogiceaddyt o an

S at0 polh préjeutr 200 @Gt eSTeipondins AR iamean Bismabe eBch Ry Bk coRba0as
can be car 5iechaits dneaiehhPyi 6. BALARE! Bife QlocbdybRARE s/ TR PEST O m P

wi t hout having to obtaln ge o e set-up such ‘as position, optical
par anet er s25Gsmbsamentyoampdics fteydedved preprerap firanffermlatsm ayargcappheatiopr oj ect or  or

canera. In, the pre-warping nethod of the present enbodi nent, .t he.range
val ues do IAEohBRaTS Box o ayibugRsn e gisltetbr, 5 GRerad Toficed BRprtian B A such
as a const it selRuddalibwpoiht P t he actual value), and/or a scaling of the
range values, will cause little or no adverse effect for the processing.

This i 45 because any such deviation or scaling can be absorbed by the 11

Therefore, the pre-warping transformation which compensates for distortion is based
on not only observing the 2-D appearance of the displayed projected images, but also
the shape of the display surface through the range data captured by a camera placed at a
selected view point. Range data and its correspondence with the optical image can be
20 obtained with products that are capable of generating a range image together with the
normal optical image. One example is ZCam™ from 3DV Systems, wherein each pixel
in the scene captured by the camera is tagged with the distance of the pixel from the
camera. Alternatively, the image and range information can also be obtained with
normal stereo vision that uses no less than 2 normal cameras. But the system will be

25  bulkier and the generation of range data require heavy computing.

Whereas, in prior art arrangements, the camera only captures the optical image on the
display surface and wherein non-planar surfaces are then broken down to multiple
planar surfaces and the pre-warp transformation values derived independently for each
30  surface, the present embodiment uses a camera to also capture the range image. In this
way, the present embodiment eliminates the problem of having to model a non-planar
display surface as multiple planar surfaces encountered in the approach of adopted in

the prior art.



gl obal paranmeters obtained in the calibration process. 15 Figure 4 is a
'flowchart illustrating the calibration steps 500 for obtaining the 11

gl obal parameters for the projective transformation by using the approach
of Figure 2. The canera 220 is positioned with its field of view 22|
intersecting the field of projection 20 of the projector 200 on the

di splay surface 210. The calibration steps 500 conprise firstly, at step
510 proj ecting a digital inmage conprising a calibration pattern onto the

20 di splaysurface 21Q.. This is done with.the PC 250 cont.rolling the

o of ot onTB PrPraga8 Shy eIt AT bt RPRERHE ERplSBRAERES shown
in Figure peorhf\RerGitbirafrPdxeOitinad &fnﬁbt@&fﬁédéﬁﬁdg fhefid. drieadohfpuber peskrand t he
calibration feature points are dots 206 wi th distinguished intensity/colour
| ocat ed atmeyibe ragorsied opmenoryfdeviges looated brtha prosassingmeansadr ograipdriablées 203.

Alternativ her. . I brat | t . I it abl ! 25

cal i br 25: i o%gt%/setg é? ge‘ﬁg?lﬁ% Senﬁé%n@i@at%? %nreﬁ{é)a fl%{lg %gﬁ%g Zﬁ Iﬂ%eepof"?(;pl}ﬁ@géé\qu%par ate
frames. FoAdditiBidllyCittiy todbe dppkatidtédathhdomminiyativnehedadenih@propsttdreat ur e poi nt
is showmn in Figure 5. As defined in equation (1), the calibration feature
points are® meagFARthermsre PRy S caTRE gat Petinkirelssyiner ryghayiredr een 210
by the matfj = aptures at step 520 an optical and
range i nagéedr%?ﬁ{!tﬁﬁéemélgq}it ?%@@@%%%@9%&214 di spl ayed on the display surface
210. As defined in equation (2), the mapping fromthe display screen to the

canera_i e plane js.given by M. |In the next.step 530, software residing
't he!bC Dumng eey todiBure Coeogidine SYSSH i & Pgenbr (pr desiing ghe
l'ocation opreGadrp Waasmﬁﬂatf&a&yg&vﬂplme?rgj%@tot 206 h& RrifBgEIBAAIR Of the
optical inage captured bé the camera 220 corresponding to a given set of
known cal i wrthiah @ssopiated B goordinate ystanheEgnhaipplicasioniimage cgmpmsss aFhes of

cal i bratiop,.featur QLhts 22 be identified means of intensity
andl or ool GRS pBRichrSoled B oo el o Sorthe R qrdment bR
pattern 220X Jht daraeral?P0thas a gepHdte cantéd ¢RagAsiinC2I Y B PERIICE hetimegn a
calibration feature point on the prqgjection inmage plane and a calibration

f eat ur & pofaRtured by Hie @EISE Fe reRIBNIsH 2 80 9FEIAERK 24 Xad OF Hhecaseasirtet 210 near
equati ons, 1Y) f | 118; i | i t eature points
nave 1o b N, TR Udaliolty SOCOGRAANAES, B B MBNCT ot 2 D20,

I n a pref eassedatedivdithi theptojeciarr20tahd thetcaprra 22MDifespectivelgras sisgvomh Figuredi. nt s
are used a,[i]d equat i g_‘n 8).1s sol%ed usi ng Ieast-ﬁiqu res estimation nethod
to correct HRoPTIgB0S Ehe hartdyisDecaordipate syeribasserialad il theproigeter and Gamedy 540,
sof tvar e T gSiigliaa #hd ficECARE (O Wrgth feBictk Gl Blifierh Respddin@lyobal
paranmeters in ta_he rrapp(i;?ﬁlg transgo??mﬁ((?%n P uésrijr?g t he opt?rca p%l%t%‘%}p

associ &t edThgopticehcantre inthelpoins wherepthe pptica axio of hepoejdttayorednidsa at i on
feature poj > range _data _assogiated with the calibration feature
points in inﬁéégeé’gsﬁg?hgﬁ?%%eoqﬁfl%ﬁr@m?ﬁﬁgﬁlpﬁe paranmeters of the nmapping
transformati on P between the inage plane of the projector and the inage

pl ane of the canera are fully determ ned by solving the |inear equations of
equat i on (Bythe prasensfenrhodimenti aeoint{xy.e) ¢t the Preipetoninnage piangi208 ispreifctedr ei n
before, thgr j e . ] a or
di spl oy soroaneduolf pBREy U5 AFE BRI B0P TR ol ol bRl sorc kB TR0 T, e
di spl ays suisftherecapauredbbypthiredmers Z40vaskypoiair(k £ lyatdnngie cahedarimapofraealr e

poi nts. Once the parar,reter}sl%lof t he mappi.ng transformation P have been

obt ai ned f F BRI WIPOIR| ANNG BITERR 15 AcbRUNT Wik conrdingles 9 (X arfat 6 dhenon
required f auferkEahafPres Mt fF3-DPoFdRatD Sy iGh & %s@ﬁqteﬁ%tlﬁtﬁglghﬁgct_&m(ﬂﬁy

application I mage before it is outputte}é fromthe PC to rojector. As
shown i n Fagflewrdinatehel e Ywafp whem neférencedtwitinregpecp (i ¢oddinate apstep i cat i on

i mage 258 to produc re-warpned i e on the projectar image plane 202.
The b o- vaPRoRPa SHty e BB D oL e Tyt G iR ot OBt e dhappi ng. 30
t r ansf g MalispRy khi@abet2N© FIPHRGpbikall FREE oPIhe Peojefier 20D dnldeafiRiEIR | mage pl ane
222, and S is a scaling factor. The P-' conponent corrects for geonetric

di st orti onrespectively. a rectangle in the application image 258 will also

SRR RO ey T R TR R Bk 2 BSHSSLEY 7 2

screen 210 involves a first perspective projection whose parameters are dependent on



22 positioned (see Figure 6). Since the mapping transformati on P between
'the projector image plane 202 and canera i nage pl ane 222 cancels out the
P-' conmponent in the prewarp, the transformati on between the application

i mge 258 and the image "seen” at the canera is just the scaling factor S .
Figure 7 shows the steps 800 of applying pre-warp transformation to an

i nput application inmage 258 in accordance with one enbodi nent of the

i nvent i on. faFjorsstulcly as the rekatipe pdsitiont dfghe prfjdctay t6 Hetsorees and theggpbieewrso an

application_i e to adjust the dinensiqns and placenent of th l'ication
Pege oo ¢ PR Hacph R Rohiias 1 Fochl BB, e ilethE S ot por] B ey

i mage pl ange diplagizersn kdtheicaiers ithagt Mamledk §§1) inGelv & a @8nd PerBpdcfied angul ar
region within the canera i mage plane 222 &correspondi ng to a fraction of
the area tpaieciamwhesd pargnetastaseidependens op dfasters serh asithe relativigosidian®ht s of
the applicatli I et ) 3 . I .0 t he

t ar get 4r egiﬁéﬁ%{ﬁg}aggi ees%?ﬁegxaﬁg:ﬁge C\fmagfega ? é%ﬁ%ﬁf’?}%ﬂ’g{se ri %IF ?%%gggsﬁd S’?ﬁ’g{‘ it has
to be w th210 ishenipldnafiithadieplagseaden dunfade shiapt alsb atfedts bethhe pamnicterdief t ar get
region is selected to be as |large .as possible (limted I rrage Si ze

b
vi enabl e biirst ard sespmd pgrspestvewiofectipe  Halkethe knowa n&ﬁthquéi%me éatliebn i nage
contents i L I: g@é@@ Faw fect cri bed
enbodi man'ETﬁl 81?’ }%Flgﬁg‘éé@ioﬁ Elggés)%gﬁl&ﬂdé&f@gt or g\l)lT gl\é%ée]g)ea@%lezgﬁsog tl’% ﬂ t ég&gs pect
rati o of theori@abab@hethex],hg—-apPp(4,CAY indppiiiRdRcid®yithe Mbst Bhdbdend when
mapped to the canera inmage p'I ane. 20 After applying the scaling factor S ,
t he P-'10 copgspeehive prfojachienpr e-war p transformati on which is based on the 11
gl obal paranmeters obtained fromthe calibration process is applied to the
application image in step 820 before it is output to the projector. After
thi's pre-waf PhtbrrelRenbodRRet IBE firdd ¥ind B ok BérspictilE Brdpétitiohs L. ahe Vi €W pOI Nt
wi |l have reduced or substantially no geonetric distortion. The required
pre-war p t redatonshipieiween 2 3D progedies imaggiondle displap surface@dn (66, ¥av&dni n t he

ar e sont - SR b0 3RY BB Fah PodiginatRRs ety e WRIRRERAMKS ' on

processes piofectitiahil @smeratimdpe pRged (¢ yeRAL k5 3t) Gappfoximetedas:p
transformation, the nunber of pixels in the pre-warped i mage nay be | arger
or smaller than that in the original application imge. In order to

approxi mate the value for eac 5? pi xel in the pre-warped i mge

i nterpol ati on net hod 58 ch as |Bi'-|l i near interpolation and bi-cubic

i nterpol ati on nay be|used.. I n|dfhg enbodi ment, the interpolation algorithns
may be arranged into 1| orMh e #0okup table (where a pixel in the(grojector
i mage plane is used asy an i ndgx 'tjo obtain the location of the corresponding
pi xel in the canera inmage 23 bllane and vice versa). In this way, for a

gi ven viemgglnt, the required pre-warp transformation P-' S for each pi xel
can be eas % applied to any input application inmage w thout going through
the same calculations with everyydj fferent input application imge. The
steps illustrated in[she]|descrilbed| enbodi ment of Figure 4 are required for
a fixed set-up of pr L@ptgr 204, od splay surface 210 and a particg%pr Vi ew
poi nt 202. Any changes-fn thé>§ex-Lp may necessitate a new calibration to
determ ne the gl obal |pé&raneter gf t he mappi ng transformati on which are
used to calculate the correct

20
where matrices M, and M, are projection matrices for the projector 200 and the

camera 220 respectively.

Equations (1) and (2) are based on the pinhole camera model which is commonly
25  adopted in computer vision area for modelling the perspective projection of the 3D
world onto a 2-D image plane. In the pinhole camera model, perspective projection

involves an optical ray from a point on a 3D object passing through the optical centre of



1 owarp. In principle, it is inpossible to achieve the sane anount of
‘reduction in geometric distortion for all viewpoints at the sane time. The
effects of the pre-warp conpensation will clearly be nost pronounced for

vi ewpoi nts | ocated near to the position of the canera. However, for any

gi ven view point, this method can be apflied to give a correct pre-warp at
real-tine. 15 One or nore calibration patterns are displayed al ongside the
appl i cat i othe prraeptor arvdmetreandfpraming apoim @nriee proiectos ot oarhergumege plene. In
continually recal,br ifself by.perf.orm ng steps 0 and 530 at ,periodic
Dt ervars, SRRSO gt i he e RSk rebkReRien §Y athliees B B changes
in the setspp.(e..q..due the.displa 1 D ,ng the
pre20 warp Zr%ﬁél?tg)rdﬁﬁ??np{?qpﬁPlrngg‘e_-ct%nﬁ%a %@%?ﬁ%ﬁsefgﬁ%%{ﬂwn%ggof g%% olg% ion P
derived fr&_{@Jﬂ%un{b%ffaﬂneaawc@ﬁlpqltefawﬁm £ 180bENONBERERHE P SRR Rree-

transformation by certain threshold. In order to avoid the interference to
t he vi ener Dimédnsional Compaten Hispas by Olivieay atgerabe MIgRsessi H9Budhe ainkale t hat it
can be enbedded intqg the | i catjon inages,.w thout. areat influence for the
i ewt ng- or Fua megrt ey e, PR B RSt it SRARS Uit A ioHs S mbERRE s o of
an 25 i MagfersicvdProfiction this rédiRingothpubiiofial doRipdxit9N Adteehabivehyy\ether
processes was carried out in order to illustrate the procedures of the
above- descmpgels ineludingimoraedmet models whidhiakeintaracountdheefifeqty of lees or s and
caner as “B&ﬁmﬂﬂﬁnﬁggg%LQﬂfhe sinmul ation but the projector and 30 canera

I mages are ‘genera ased on the assunptions of the pinhole canera nodel.
An appha cation i mage 902 (a checkerboard) w thout pre-warp transformation

is provided (see Fiqure 8a) and its_correspondin i spl ay i mage, upon

proj ect i onlfdhg @laéw§§ﬁebpwn§‘restm°a%7D§&P¥da%e RSO §1p65'é s AP gure
8b. 24 ' aty i of; gregisl sl ki out and
a sinulate %?émeﬁﬁﬁggg@ggmﬁg%mﬁ{ygyﬁ %‘%5@%?1 the %ﬁggigﬁ{%\gﬁ% pattern
when capt utraembfdiynation bétiweer iits ceordarates an 8harskSopt i cal axi s does not overl ap
with that of the projector is obtained. As evident fromthe representation
of the resulting optical imge 922 shown in Figure 9a, geonetric distortion
of the checkerboard pgttern :?2 resent when perceived fromthe viewpoi nt of

the canera. The range val ue ach pixel in the display imge captured by

the canpra is also sifullated &d as shown in Figure 9b a rangg i mge of the
di splay” i mage is create by gey scaling each pixel according’to its range
val ue. Thus every 10 erp:ti cal { i,mage frame captured by the canmera has an

addi ti onal correspondi range image franme containing depth information. As

di scussed earlier, the depth information is representative of the display
surface profile. In one enbodi ment, the brightness of each pixel in the
range i mag8ubssituting (8¥inta(19, wanmefurtheolyet i onal to its range value. 15 In

t he present enbodi ment, the mapping transformation fromthe proj ector 202
to the canera i mage plane 222 P is obtained through a calibration process

involving 16 pairs of correspondi roj ector and canera inmage points.
Wth the target regi ¢y dhosen as the maxi num rectangle within the camera
i mge plane which is}|illium at e ythe proj ector, pre-warp transformation
val ues are cal cul at ed™1di g .+hé’p raneters of the
S
1 @
X2
Y.
=M, ?
ZZ
1
20

With the knowledge of Z, which is the range data of a point captured by the camera

220, equations (2) and (4) can be used to formulate the projective transformation

between the coordinates in the image planes of the projector 200 and the camera 220, as



20 mapping transformation P obtained fromthe calibration process and the
"scaling factor Srequired to fit the application image into the sel ected
target region. Figure 10a shows the application image 930 which is sent to
the proj ector after pre-warp transformati on of the checkerboard pattern
while Figure 10b shows the resulting opfical image 940 captured by the
canmera. Ceonetric distortion present in the optical imge 922a of 25 Figure
9a is conpefimatietofthe range date-Zyvapturaddnsthe caraerada0 bdke llowinrg Hepst he opti cal
i mge 940 ich is substanti al free of geonetric distortion. During the
appl i cati o’ ?‘Ihés T5r gt Btﬁ? tfﬁg’f%tfrrati on to an application imge,
interpolations are applied to determ ne the val ue on each pixel. The effect
of interpolation is quite obvious as jagged edges are evident in both the

pre-war ped applicati psx, i magg, (Figumg L&a) angsZptical 30 i nage captured by
the canera shown in Figure,10b, Thi gor+ gsot Ution is due both the

i mages being quite spall 4" by *64) *apd? allﬁ%zighly contrasting patterns.
In real applications| Sthe[i efeol Bhd n gf f&et.shoul d be unnoti ceabl e.
Nevertheless, it is still evident that the geonetric distortion seen by the
canera is renoved. 25 Once the geonetric transformati on between the proj

Col our, 1t Sngergy (P EIRIBERF 423 AETR AV B i AURER I WA Qs i g

reflectancgﬁgtu&p%ydisplay surface that results fromsurface inperfections
there of due Po, r exanple, a layer of paint on the display surface, or
the display surface being forned fromtiles or wood. An appropriate nethod
of carrying out this form of conpensatio ul d,be one such as that

di scl osed by Shree K|s'Mayarn p,Hap sy P, cBae¢l D. Grossberg, and Peter
N. Bel humeur in "A Pfojectign st gm M dizomretri ¢ Conpenggti on for
Screen Inperfections‘?%ﬁ o] amlg%ﬁ &ﬁr g% E oﬁZi Projector-Cg?era Syst ens
(PROCAMB), Nice, Francé, flobelts 2 §hgg such an approach,

enbodi nents of the present invention can bring about the proj ection of

i mges 1®nt o non-pl anar surfaces while preserving their quality. In an

aIternativgm%§$afﬁqﬁgébnk (ﬁquQ@ﬂﬁﬁﬂgzg§%%§FﬁPéﬂhﬁ%done on the projector

side, 15 rat an on the canrera si enbodi ment, the principa
di fferencegj . | ions (1) and (2) to equation (7)
woul d be bgggﬁE@%&m&?f&ﬁﬁﬂggﬁg&@fﬁgﬁggﬁﬁﬁg?.22 t t 20 The formof equation
(8), however, will be the sane, but with Z2 being replaced by Zt. In

anot her alternative di ment, the sepsing pgsition at which the canera
senses the displ ayed|fmhge Bed"not™be|¥oji n&isflent with, or evep. close to,
the view ng position|af |whiCh, i mages, i ojlectpd, bnto t he dispﬂgg)screen are
viewed. The reason fory {his|ing Whatm2b| an| akf,zne transformati on between the
i mge captured at the sensing position and the | mage perceived at the

Vi ewi ngsposition can be used to take account of the distance between these
E_V\?_ ggSI t %ﬁerg-ary, f'srmtnre%rl]lgtfignr (g?,tthg ?ol]%%vri]ngbgan%xepgb%ﬁgee : as: sX, X2 sy, D3x3 Yz

X
Y, (=inv(ny ny my N(S'y, |~ | mndy )

L
Ny Ny Ay § nyZ,

1
Ry Ry By | S X nZ,

(X3

(6A)

—

20 By equating these, the projective transformation of coordinates (x1, y1) from the

projector image plane 202 to coordinates (X2, y2) in the camera image plane 222 i.e.

P:(x,,y,)—>(x,,y,) canbe fully determined by:



26 wherein (x~, y, ) and (x2 , yz ) now represent coordinates of the inmge
'sensed at the sensing position and the image sensed at the view ng
position. In this enbodi ment, rather than correcting the proj ected inmge
to give the desired inage at the sensing position, the result of inv(D3%3 )
as applied to the imge sensed at the s@énsing position is corrected to give
rise to the desired i mage at the now di spl aced view ng position. It is
assunmed that matrix S aZg(AAnkNown, tdz, (x| be appreciated that this
can be calculated if|the EO@I'[I nﬂgf t e_:?i{ewi ng; position re{D tive to the
sensing position is kKWowRZ:Gr )| Whyo|dk SHather/ ¢al i bration Plocess. to The
appar at us and net hod| of-dAéx,erdodi nent b—- dédey.ivbed her ei nabove can be used
to project digital imges onto display surfaces of al nost any form

i ncl udi ng non-pl anar_ surfaces, such that distortion of the displayed i mage
i s ninimsed when viwed TTom aPnost ¥Ay given W ew point. The pre-warp
needed for correcti @oRltdriimagBroe di giphdraQmage cal cul ated based on the
normal i mage and range€ lp e provided by(ﬂaﬁ@eci al canera 15 put at the

vi ew poi nt. Conpared to other known net hads, the present enbodi nent

provi des several advantages. Firstly, it is suitable for proj ection onto
non- pl anar whetefA6R5d, e ficandsE€g p m@lthe parhmptetvobieisedfromr(§) a6 afier sopiexel by

pi xel ) result and involves a nuch easier calibration procedure with much

| ower conpedlailativns aad Homedlzatianst @ax, Hhp seferds dei rahgddata tdrrggpomiingitot
arrangenments. 20 27 CLAIMS 1. A nethod of reducing distortion of a

desi red i npejat &hat) on thesamers image pleng2eded at a vi ewi ng position, the

met hod i ncludi.n (o) t I means carrying out the steps of a)
recei vi ng iaﬂ'fa(glroﬂé?)l cgﬁtﬁeﬁr%i? é&?ﬁ@%%%ggt he desired i mage; b) instructing

di splay neans to display the desired image such that a first displayed 1o
image is displayed at a display position; c) receiving information from
sensing neans at a sensing position, including appearance infornmation

i ndi cative of a sensesk ilmage|af| the appearance, at the sensing position, of

the first displayed g;Dag Ngl yding, i stance informatiopgyi ndi cative of
the di stance 15 of t g;? i spI*ay’ postt izgﬁ%??omthe sensi ng posi@t)i on; d)
operating on the appedrance dfbrmati on and the di stance information, and
the information indicative of the desired i nage, or other information

i ndi cat | f the desi i d dified jnf ion f i
st rudt | nyBemanemagiony Lhandd ste b rGhlts Fohenefiimotr lin of the
desired i mMageatRMqR) LRty 'i?rﬁib?ﬂaﬁtrbeéh@slé|i13d€%fbnisﬁﬁ6§thie%raﬂét‘éﬁhé’d/cﬁﬂeﬁuﬁoﬁé}ﬂ) di spl ay

position that nore closely has the appearance of the desired inmage at the
vi ewi ng pobétwieema poizh (xdi vi) ohéhe projectioh inpigapdanei2fd dea peint sy @othig t he

di splay neans to displa di fied.desired | nage. 2. A et ho

accordi ng PY YR ITAES },ﬁa e?Fnort e-4f ggF?ﬁhﬁglgﬂlgyls%g?%ggbsls rl%}a%cotn |yo%2%eans
for projectd 7 pidjediRS tARBraatdinSPOIAY b Uivoaed anll Bgualiocs (B Ry osldIHeas thebei ng
positioned at the display position and the projection neans being

posi ti dhedf®Mm: a projection position. 30 3. A nethod according to claim1 or
claim 2, wherein the sensing position and the view ng position are adjacent
one anot her.

X, X,
sV | = Dis| »,
s 1

Thus the effect of the non-planar display screen 210 is taken into account by the term

20 E,,Z,(x,,y,)in equation (8) which includes the range image associated with the optical

image.

Equation (8) can also be written in the form of:



28 4. A nethod according to any preceding clains, wherein the sensing
"position and the viewi ng position are coincident. 5. A nethod according to
any one of claims 2 to 4, wherein the proj ection nmeans preferably includes
a digital projector arranged for operation under the control of the
conput er processing neans to proj ect alf image in response to a proj ection
signal fromthose neans. 6. A nethod according to any one of clains 2 to 5,
wherein instructing the display to neans to display the desired i mage, or
the nodified desired i mage, includes instructing the proj ection neans to
proj ect the desiredrjmge or nodi*ti ed| desired i nage from an i mage pl ane of
t he projection neans| the imge plyane pf the projection means being
positioned at the proppecEiMusposiiion,| 15 7. A nethod accordi®g to any
preceding claim whefain, at stZ*(e}y)|the other information indicative of
the desired inage is-a ctontrol| sighal fromthe conputer processing neans to
the display neans. 8. A nethod according to any preceding claim wherein,

at step (d), the information 20 indicative of the desired image is data in

a format conveni ent for-qprqgessi by co ter, processi ng neans, such as,
for exanple, G F or JPE 2?'&’.‘2 . lﬂZr’Fé@hgpa&a’é’e))?éﬁn to any preceding
claim wherein the sensiagMpansM,s,edr.aZbiwe, t,p+3€nse both a

t wo- di nensi onal (2-D) sén L mage of th pear ance of displayed 25 i nmages
as they appear on an i’ g ?\/gﬁ'%n+eg§¥y2t+r{eé[”géﬁgiyﬁg+%a s, and the distance of
the display position fromthe i mage pl ane of the sensing neans, the inage
pl ane of the sensing neans being at the sensing position. 10. A nethod
accor di ng tverenyr, ik eseslément @f M {3, #B¢ Biltobh@d§aRsbRehnYEans i s operable 30
to sense the respective distance of each of a plurality of parts of a

surface of the display screen fromthe sensing position. 29 11. A nethod
according to claim9 or_ 10 when dependent on c¢laim9, wherein the sensing

9 ] !
means is aFPAYANGBEO) kpsg fawn simifasdo mggxogﬁele!)rmmﬁmmm&{) fepreimates i the gP

i nformati opnldadngat i : r j r Lth the
2D sensed T agLi, I EqltioR 3 R BRAR MIRERaR! (RARH: Mk fERBR e
di st ance, planeria the psgedomighage plane.omp obfairathe ésyeewthapimafromahe progecsarr f ace of
t he di spl a}/ screen tgget is associated with respective part of the sensed
i mage t hat Iﬁﬁﬁerpi%“ﬁéﬂ GRS tpage t thgfermidXp Ypgadi(ra go). 10 £auatien{R) #gd
accordi ng Lighply RitdRHehgeMRESRWA tRAG Part is a pixel of the image of which
it is apart, or, in ?he case of the surface of the display screen, each
part is a part of that 1 o surface that is substantially covered by a pixel
of the first displayed i mage dj splxaye on

$X, :

5y,
s

B4
=M
B Z,(x5,¥,)
1

15
Thus, the first and second projective transformations involved in mapping a point from
the projector image plane 202 to the screen and then from the screen to the camera
image frame 222 is expressed by a single projective transform that has 11 unknown
global parameters (not 12 because there are only 8 degrees of freedom for the matrix D

20 in equation (8)). The single projective transform representing the projective
transformation from the projector image plane 202 to the camera image plane 222 will
be referred to as P in the succeeding paragraphs. These 11 unknown global parameters
can be easily obtained by utilizing the fact that each 2D point (x;, y;) on the projector

image plane 202 has a corresponding 3D point captured by the camera 220, wherein the



that surface. 13. A nethod according to any one of the preceding clains,
‘wherein the sensing nmeans includes a single canera operable to sense both

t he appearance information and the 15 di stance information. 14. A nethod
according to any one of clains 1 to 12, wherein the sensing neans includes
two cameras, positioned apart, such that® the nethod makes use of stereo
vision to arrive at at |east the distance information. 20 15. A nethod
accordi ng 8B paiy cpntered dyrthe eara¢rayefarsde eanrppting imegé peidt (naype andthg range
calibration..i e including.a pattern. 16. A nethod according to any

pr ecedi ng @?tamg% F%‘F?‘?pPﬁ‘Bnﬂ&{hF‘t&Pl?tnage is a 25 photographic image for
viewing by the viewer. 17. A nethod according to any preceding claim where
step (b) includes the step of sending to the display nmeans a control signal
based on t Mé&th the aboxeetin amind ccedry sithpd¢ caibeqriohdyrodess tdietseadayri@baitt® kstinns e
means to project from.the projectiop neans, the inmage of 30 which that
informati o eipérwrég% Fl\?é’,“%ﬁ?#&’e\ﬂ?é'ﬁg’r"ﬁ ét‘}élﬂl%ﬁla‘é}{lgﬁq ohtpip knawiedge st thee st ep
of sendi ngsqupRAEH & poxitabptical zilﬁm@eﬁsl?klﬁYacB?@ﬂb%r i

accordi ng tougny pr epcedi ng I():I aifr)n whter ein step d%phly:séggﬁ%ﬁ dt?‘ﬁlgﬁltﬁﬁgy

nodi fi ed i sdreanpptojestormrednesd therein is a nodified version of the
information received at step (a); and/or, when according to claim1l7, a
nodi fied version of the control signal sent to the display neans in step
(b), wher einths bePwaping@eihdd iof e escaatbdlmbnethReah dei vith ¥ @b HoPRecdfto t he
control signal to the display means. 19. A net hod according to any
precedilhg B¢ exaset agiyak splyes desieadyd biag (sugh es a corstant dpvistionofiemahe agjudn t he
appear ance_jhfo j i j -nf i € o} romtion
o cat 1 ve SO DY £k BRE oL B8 B VARES. ol ROEAP e bbb R RO IR O e
10 desi r edpioteggihg. Thisfs bebda amdutly dévgationfo seainig@an be absisbed by headuci ng t he
nodi fied i n{qgr mation. 20. A method according to claim119, wherein the

modi fyi ng BIOPBlRAEAMEIErsoftanFddn thegabiPrabon BFPCRsidi cat i ve of a mat hermti cal
expression that maps the desired inage to the 15 sensed i nmage and/ or the
sensed imge to the desired image. 21. A nethod according to claim 20,

wher ei n5 t h€iguet hareflowecartalpstesiag thre daibemtibn atepé H0Tdr batainieg itesl 1ggiobal

determning the rel ative positions of .at. | east six points_of the_sensed
mge. " det BFAICRGL s ST LR hereiGhey B e DpEaehpf EGHE R por nt
in the 20 gaféhedo isHaRionsd %atntiftateldbivibRi2ng iﬂfers@&fﬂg@ﬁ@ﬁ@ﬂ' dTPré)eétitnS are

determ ned; and also determning the distance, fromthe sensing position,
of each of 26} of theprajecterr200mm the disbkey suxfadeaddd. (hatcabibration stops H0eabnvirish a

respective e af t correspongi pairs. 22. A net.hod accordi to claim
%0 or ol ai Ao, e SO RERCLAENE Rkt Fomafends PR 0l ng | he
di stange, #isplaykiacze19l MhiPiedohd With tf PEash caardlligy the peojeétiinl FYmagdsf ace on
which a pixel of the first displ a%/ed i mage i s displayed. 23. A nethod

accor di ng Pythedipoiseier §00.dn thepsesent ergbodimengshpwnnin Figsredy the aelitratian
pattern comprises a grid pattern 204 and the calibration feature points are dots 206 with
distinguished intensity/colour located at the intersection of the horizontal and vertical
grid lines 203. Alternatively, other calibration patterns are also suitable and the
25  calibration feature points needed for calibration can be found on separate frames. For
simplicity of illustration, only one calibration feature point is shown in Figure 5. As
defined in equation (1), the calibration feature points are mapped from the projector

image plane to the display screen 210 by the matrix M,

30  The camera 220 captures at step 520 an optical and range image of the calibration
pattern 214 displayed on the display surface 210. As defined in equation (2), the
mapping from the display screen to the camera image plane is given by M,. In the next

step 530, software residing in the PC 250 executes a correlation algorithm to identify



.expression at |east includes an expression that can be expressed as: 30

31 xz sxI Yz sY~ - MA 3x4 Zz(xz~Yz) s 1 wherein a point (xI, y~) on the

i mge plane of the projection neans is projected to an unknown point on the
di splay surface; that point being captured by the sensing nmeans as a point
(xz, y2) on the image plane thereof; thél unknown point on the screen is a
3D point having coordinates of (X-, Y,, Z ) when referenced with respect to
a 3-D coor Helacatioapd calibrafion featrpeintd2Giin thecamersrinjage ptano of theaopticalnd

coordi nate N4 ] t coor,di nat e..syst em SZ
associ at ed%Q%eh&f’(ﬁ%eds@\%h%%m%g\ts()\;%\/\gﬁséog?ﬁ%ﬁé3 gﬁ’ée?rsle 0 ,OWZFaHE%' OI;'50i nts
from the i featyere pbimtscinahe priogectoe imiaggplakea Mbhd @liblioh rﬂm@bl e@bﬂﬁﬁzm mh} Be g
projection,peans;,to this, expression being re-verjtable to be expressed as:
sx, M xz +MT°§VBGQR¥§‘ZQ?WJW§$M jcolgpr %Jggrm;g W pastenn eggmitigef theyz ) +
M4 s M3, XgaltbrMRiFattsr VBR3¢ plut VR NGBS | % nt of
MA, 3X4 at t?ula ri -tp?ar ow and thﬁdg%fﬁénc#nérzaz/%‘}% m%ﬁg%%g%dr%ﬁ]g&?%&g% one
of clai ns editratigmfeatwreepanton the progedtiomamagepladsareipeatibsdtion fastuteqsit on

i ncl udes ary expressi on tlhat can be expressed.as: X, sxz Y- 3Y2 = MB, 3x4

22 (xz~Yz) SECARETIBAGE RIaP8PRE Vs U0 OdeperaaRt i eRRgnBIARBTBIMAS pr o)

ecti on nMeapgird 6f dokekpon@irtaliBrafibn WHAHE PRInRHRE (OBe f)f&ﬁ@(cgfl(d)s(@ vﬁg gfdjéétﬁce? t hat

poi nt being capture by the sensing nmeans as 20 a pol , “on the
i mage pl angOQ ped eaptured hg therdemeimn2Pbilma preferrddecnghndiment moze BN ppams ohavi ng

di . . ~ f d with respect to a 3:D .
coor di ot o 2feperiing Bdinure ARG ERISER sPloid piRE ko G Siriama s
of (X2, Y2methodZo Zaresstiermolde if theeculiBedtioh maaswemestisnat e system SZ associ at ed

with the sensing neans; wherein the matrix M, 3Xa maps points fromthe
| mage pl ane of the projection nmeans to the inmage plane of the sensing

means. 25. t; oL : Qi rein the
mat hemat i cgﬁiae ,ﬁgg@g%g, %ogi“éh?? ge%b@?rgﬁ%@{ %5? 1? ﬁg&g ?egletggfl %ﬁﬁtee\l@gsll?r ed image
to give a ghialfpacainetesiin det mappieg traformation A usihg tHeashtichleddtd dssodiftedn 1 MagE

f desired, sj bei viewed by the viewer. 10 26. A nethod according to
ol aim 35, WABAS f 16950 PaihahsaTessamding Fedurtin featuis aoinie Aad tharengedaihe

'?];1 fe ect of §abEEtclMtAnE BHEtRRIM feliufe pIfts SERR| RMRrATERe MankNGnlimge Pl ane of
parameters of the mapping transformation P between the image plane of the projector
and the image plane of the camera are fully determined by solving the linear equations
of equation (8). Therefore, unlike in the prior art methods discussed herein before, there
20 isno need to have knowledge of the projector, camera or display screen set-up. Instead,
the mapping transformation for a non-planar display surface is obtained merely by

correlating calibration feature points.

Once the parameters of the mapping transformation P have been obtained from the

25  calibration process, the pre-warp transformation required for keystone correction can be
determined and applied to any application image before it is outputted from the PC to
the projector. As shown in Figure 6, the pre-warp transformation W applied to an
application image 258 to produce a pre-warped image on the projector image plane 202.
The pre-warp transformation W is given by P™'S, where P is the mapping

30  transformation from the projector image plane 202 to the camera image plane 222, and
S is a scaling factor. The P™' component corrects for geometric distortion so that a

rectangle in the application image 258 will also appear rectangular on the camera image

plane, i.e. when perceived by a viewer at a viewpoint located where the camera is



,sensing neans, that region corresponding to a region that it is desired be
filled by the sensed image and causing that region to be filled by the
sensed i mage. 15 27. A nethod according to claim25 or 26, wherein the

mat hemat i cal expression may include a scaling factor that can be applied to
the desired image to nodify the size an®¥ or position of that inmage. 28. A
met hod according to any one of clainms 25 to 27, wherein the mathematical 2o
expr essi onpesiensiddsesdFignre!6).sSipeerthe malpamgstmnsﬁon'gatmmsPtbabweanlﬂibq)rommm] ection
position is stored S to be retrjevable for a P ying to one or nore
subsequent Irpgegsipl %Oﬁﬁg@@ms@ IMageRiaRe d2 %E%F]dloﬁg heoP cicampopgnt inflemsen t he
expr essi on d ) further
Cteps of |sar: MALERRaion SR CHE ARpecOf ihate I8N g icgd Sherb 4Pl
reduci ng dramerats just thé sealidgfaatedSi mage that it is desired be viewed at a

vi ewi ng_position, the nethod including conputer processing neans carrying
out the steps of: 30 a) receiving information indicative of the desired

i mge; b) Fhgkd PSKIWIGhSERps @@uép@pmﬁ@ﬁetwrt@hsfeﬁﬁaﬂdﬁ%%%ﬁgﬁd i mage from

a proj ection position such that a first displayed i mage is displayed on a
di spl ay supPriication lrwgeﬂsﬁﬁlna?coamw with one smlbedlmeat:ef r»hne iy eatipre diitstig.an
informatio t| this

i nformati orglte%g(?fngtfl%% g?l Ve ofsa‘oP Eg%ge%? ?pﬁéﬁé ?J(g‘é%tﬂéf’nce at the

sensi ng podginidngions @hd pllaeenflem of i applicyied lmarge% th@lt)lt ﬁ%qwth&h AGcHbRl ME&
information from second sensing nmeans at the projection position, this

i nf or ma® i ofegifdl inghe erymeraimege plane: h‘bs showan&gm 61the tadg@pbgyn g3%istd on from

e i ot anceRaRRP i 50 oofRE AbAdhia 722 AP RECH GRS Pl roa™

i mage, or tfelaeea matfcanrhsatlilmﬂmatfedlb@ahct pojeefor) Wherdahd E@leritBOBe applidatiosluce
nodi fied information for use in instructing the gro ection neans_to

proj ect a HBH#Ael Recseen By thercamega. Jbsissleenqnpidhe regieft isguye Hexibie spl ayed
i mage is dﬁtﬂ'tﬁé’&ﬁ{%stﬁa%n%eﬁ%l A 1Pﬁ’a%'t5 'b@%tthﬂ?{hemrﬁmﬁ e‘asa?éay Erg&%ﬁetdh

appearance of the 15 desired inmage at the view ng position t
first df spbmbedimenh@e targt region isseldcteg to beaqnfaogeastposslbm(hnﬁteﬂtbymmgect t he

nodi fi ed desire daccordln |l aim 30, . wherein the first
sensi ng negﬁgqegrah%ggrjg? garpgi@}qg\@ b, ths aspegb 1 %rP&ﬁ]%fi%BP ication ifyags SAREMS i rage
of the appaAlMa& & asth OBt aﬁysgoémex%&gae?fekh%tﬁ@ BibQ erRbhdifBaGH P! ane of

the first sensi ng@means the rmage plane of the ?&rst sensi ng neans bei ng
at t he senEigute pthwiscaling factod Swiseelectad Smélaséle(ambcsmltlmorﬁglermenanglesn theer abl e

t t he ,di t f.oth i t f f th
second sendrnlg Rk 2ns it i uihanned s eSR By aiere feans bei g at
the proj eCWﬂ‘éf‘aﬁﬂﬁhé R Scalmy Bétor A TRE 19U, g Hedlt HGnE grec'{q'ﬁllprﬁﬁlgfo%a&c}n

wherein the second sensing heans i’s opera to sens e respective
di st ance owhishdhbased anphail higiobsyl pafanpaiers sbtained fromn fleaalibfatibh eratessds ay screen

fromthe pr |t10n hod .according to.claim30, 31 or
32, wherei ﬁpdlﬁ’gtt%g&fﬁ %aélr?gllwag‘?r@ﬁ? @r@ T Hge quipyt 'Brtgggﬁ’decﬂ?fe AffeSt ance
i nf or Mat i Ofhid ﬁreIMpﬁl@rﬂl\ib%agéﬁée@ﬁ BRihOMel Mhéaéﬂlyﬁa%e@ p%'i?ltfvﬁn%%vé nmage
arranged to correspond with the 2-D sensed i mage such that parts of the

range i magtedaegstorispbistentiadlymiecgedinstrizriigortionofhe hesjupred preewaipomansfisinpiion, of a
res pectzg ve g as‘ for a given viewpoint can be saved in the form of a look-up table and applied to

any application image before they are sent to the projector. As a result of the scaling and

transformation processes are carried out during the application of pre-warp

transformation, the number of pixels in the pre-warped image may be larger or smaller

than that in the original application image. In order to approximate the value for each

30  pixel in the pre-warped image interpolation methods such as bi-linear interpolation and
bi-cubic interpolation may be used. In one embodiment, the interpolation algorithms
may be arranged into a form of lookup table (where a pixel in the projector image plane

is used as an index to obtain the location of the corresponding pixel in the camera image



34 of the surface of the display screen that is associated with a
‘corresponding part of the sensed i mage that corresponds with that part of
the range imge. 34. A nethod according to claim 33, wherein each part is a
pi xel of the image of which it is a part, or, in the case of the surface of
the display screen, each part is a part2bf that surface that is
substantially covered by a pixel of the first displayed i mage di spl ayed on
t hat sur f apkane g® vioe wens#odn shie wiagli foy a giveavjevqeantothe cequiired pd@warp 34, wher ei n
step (e) incluydes the_step 10 of qgperating on the appearance infornmation
and the di Erf“é#%‘énqtlﬁpol? n'St BFEChePr%F?F%gWﬁS ¥ daplicdr{o jany input prIdication Meaggesi r ed
i mage, or .k I L L g L | i .t o produce
nodi fyi ng Wgr r@ﬁgo%%?qﬁi%@bnéa%éﬁﬁgg @hﬁgwn%ﬁ ?g%sﬁtnwg%[%qnon. 1s 36.
A net hod aosagedi ng to claim35, wherein the nodifying information includes
information indicative of a mathematical expression that maps the desired

i mage td the sensed i mge and/or the sensed inage to the desired i nage. 37.
A met hod aggekmpdlubicatéd i it dbscriBBEERbAMiMBR! ST RERLIE AlquidPiESSHRY S a 20
transformthat relies on determning the relative positions of at |east six
poi nts of setaIpsdpsectpiiil displyshrfacs HE ande pagicadarwéswpsint 2EhAmyf t he si x
correspondi j Nt desi red image,..such that six pairs of
correspond#ﬁaglgg%flnﬁbés‘%%g ‘gg BEHRHNE ;anéar‘?gcag]lbgagloaé? g%ﬁ?’ﬁ’inﬁ et%lggadi st ance,
from the ppahageterosr thegiapping tra@éfofagttonoihish ¥ref@ediicScaldulith thebosRbitesur f ace
that are associated with a respective one of the corresponding pairs. 25
38. A ht h¥@PadBPrarinie, itds énpessibistogehierathesame ameunteefredussionimnsf or m
further rely ki . i L Om 1.8GLI osition,
of cach paprotilP aRisRBI TR aNdiuiih f ARkking HRTTHRABESlop BliatP ol (o2 e
i mge is desmppaatbn Wil dlarly’bembitpiorvacsdion gicthoitylooied Aéared diems 36 to
38, wherein the hemati cal expression at | east includes an expression
that can bBOUYUN @llegamera. Howsver,fog any given yiew-paipt, tysimpthod pag bs appliedwher ei n
a point (X‘:ogiyé')ic%ectt??e-. r2hiang. of the projection neans is projected to
an unknown point on the display surtace; that point being capture by the
sensi ngSneans as a point (x2, y2) on the imge plane thereof; the unknown
poi nt on the screen i . 3D point having coordinates aof (X, Y, Zl) when
ref erenced "W pﬁnlrogs%aéi@{fﬁog pgﬁgmgageﬁ%p%&g@o% @pﬁﬁ%t%’c‘fnég%aréi t%np] t he
proj ect i onapgRaes Mineaed 8k baiBsur& to(cSRiinwidy réc%lib%@ﬁsewwbe&ﬁﬁmﬁg;sté@ a
coordi nate system SZ associated with the sensing neans; Wiherein the matrix
MA, 3Xa mapéz%@ﬁ(hi@ gt peredip éntervalye Ipthamwapfit isipeswdn 4o dynambeally adept teghé nage

plane of t Ql?an@éﬂn%ﬁé Le?-rﬁp’{%.%.”éue to the display surface deforming) by updating the pre-
20  warp transformation in real-time when the mapping transformation P derived from the
recalibration differs from the present pre-warp transformation by certain threshold. In
order to avoid the interference to the viewer, the calibration pattern may be designed in
such a way that it can be embedded into the application images without great influence
for the viewing effect. For example, they may be residing only on the edge area of an

25  image.

A simulation of the both the calibration and pre-warp processes was carried out in order
to illustrate the procedures of the above-described methods and their resulting effect.
Actual projectors and cameras were not used in the simulation but the projector and

30  camera images are generated based on the assumptions of the pinhole camera model.
An application image 902 (a checkerboard) without pre-warp transformation is provided
(see Figure 8a) and its corresponding display image upon projection onto a spherical

display surface in 3D space is shown in Figure 8b.



.10 40. Apparatus including conputer processing neans programed to carry
out the nethod of any one of the preceding clains. 15 41. Apparatus
according to claim40 and further including the display means and/or the
sensing neans defined in any one of clains 1 to 39. 42. Apparatus according
to claim4l, wherein the display nmeans #nhd/or the sensing means incl udes
the conputer processing neans therein. 20 43. A conputer program having
code portions which when executed by conputer processing nmeans cause those
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W] U] ca] caffecpplicibaamhagd S{HM]vﬁi%h G8demBiotBe projector after pre-warp transformation of
the checkerboard pattern while Figure 10b shows the resulting optical image 940
captured by the camera. Geometric distortion present in the optical image 922a of
25 Figure 9a is compensated by the pre-warp transformation thus producing the optical
image 940 which is substantially free of geometric distortion. During the application of
the pre-warp transformation to an application image, interpolations are applied to
determine the value on each pixel. The effect of interpolation is quite obvious as jagged
edges are evident in both the pre-warped application image (Figure 10a) and optical
30 image captured by the camera shown in Figure 10b. This poor resolution is due to both
the images being quite small (64 by 64) and having highly contrasting patterns. In real
applications, the interpolation effect should be unnoticeable. Nevertheless, it is still

evident that the geometric distortion seen by the camera is removed.
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20 The form of equation (8), however, will be the same, but with Z; being replaced by Z,.

In another alternative embodiment, the sensing position at which the camera senses the
displayed image need not be coincident with, or even close to, the viewing position at
which images projected onto the display screen are viewed. The reason for this is that
25  an affine transformation between the image captured at the sensing position and the
image perceived at the viewing position can be used to take account of the distance

between these two position. This transformation can be expressed as:

30
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10 The apparatus and method of the embodiments described hereinabove can be used to
project digital images onto display surfaces of almost any form, including non-planar
surfaces, such that distortion of the displayed image is minimised when viewed from
almost any given view point. The pre-warp needed for correction of the image distortion
is calculated based on the normal image and range image provided by a special camera

15 put at the view point. Compared to other known methods, the present embodiment
provides several advantages. Firstly, it is suitable for projection onto non-planar
surfaces; and, secondly, it provides a more accurate (pixel by pixel) result and involves
a much easier calibration procedure with much lower computation requirements than
those associated with prior art arrangements.
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¢) receiving information from sensing means at a sensing position, including appearance
information indicative of a sensed image of the appearance, at the sensing position, of
the first displayed image; and including distance information indicative of the distance

15 of the display position from the sensing position;

d) operating on the appearance information and the distance information, and the
information indicative of the desired image, or other information indicative of the
desired image, to produce modified information for use in instructing the display means
20  to display a modified version of the desired image such that another displayed image is
displayed at the display position that more closely has the appearance of the desired

image at the viewing position than did the first displayed image.

e) instructing the display means to display the modified desired image.

25
2. A method according to claim 1, wherein the display means includes projection means
for projecting images onto a display surface, the display surface being positioned at the

display position and the projection means being positioned at a projection position.

30 3. A method according to claim 1 or claim 2, wherein the sensing position and the

viewing position are adjacent one another.
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5. A method according to any one of claims 2 to 4, wherein the projection means
5  preferably includes a digital projector arranged for operation under the control of the
computer processing means to project an image in response to a projection signal from

those means,

6. A method according to any one of claims 2 to 5, wherein instructing the display

10 means to display the desired image, or the modified desired image, includes instructing
the projection means to project the desired image or modified desired image from an
image plane of the projection means, the image plane of the projection means being

positioned at the projection position.

15 7. A method according to any preceding claim, wherein, at step (d), the other
information indicative of the desired image is a control signal from the computer

processing means to the display means.

8. A method according to any preceding claim, wherein, at step (d), the information
20  indicative of the desired image is data in a format convenient for processing by

computer processing means, such as, for example, GIF or JPEG data.

9. A method according to any preceding claim, wherein the sensing means is operable

to sense both a two-dimensional (2-D) sensed image of the appearance of displayed
25  images as they appear on an image plane of the sensing means, and the distance of the

display position from the image plane of the sensing means, the image plane of the

sensing means being at the sensing position.

10. A method according to any preceding claim, wherein the sensing means is operable
30 to sense the respective distance of each of a plurality of parts of a surface of the display

screen from the sensing position.
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5  respective part of the surface of the display screen that is associated with a respective

part of the sensed image that corresponds with that part of the range image.

12. A method according to claim 11, wherein each part is a pixel of the image of which
it is a part, or, in the case of the surface of the display screen, each part is a part of that
10 surface that is substantially covered by a pixel of the first displayed image displayed on

that surface.

13. A method according to any one of the preceding claims, wherein the sensing means
includes a single camera operable to sense both the appearance information and the

15 distance information.

14. A method according to any one of claims 1 to 12, wherein the sensing means
includes two cameras, positioned apart, such that the method makes use of stereo vision
to arrive at at least the distance information.

20
15. A method according to any preceding claim, wherein the desired image is a

calibration image including a pattern.

16. A method according to any preceding claim, wherein the desired image is a

25  photographic image for viewing by the viewer.

17. A method according to any preceding claim, where step (b) includes the step of

sending to the display means a control signal based on the information received at step

(a) to thereby control those means to project from the projection means the image of
30  which that information is indicative; and wherein step (€) similarly includes the step of

sending a control signal to the display means.
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at step (a); and/or, when according to claim 17, a modified version of the control signal
sent to the display means in step (b), wherein step (€) would include sending the

5  modified version of the control signal to the display means.

19. A method according to any preceding claim, wherein step (d) includes the step of

operating on the appearance information and the distance information, and the

information indicative of the desired image or the other information indicative of the
10 desired image, to produce modifying information for use in producing the modified

information.

20. A method according to claim 19, wherein the modifying information includes
information indicative of a mathematical expression that maps the desired image to the

15 sensed image and/or the sensed image to the desired image.

21. A method according to claim 20, wherein the mathematical expression is a
transform that relies on determining the relative positions of at least six points of the
sensed image, determining the relative positions of the six corresponding points in the
20  desired image, such that six pairs of corresponding points are determined; and also
determining the distance, from the sensing position, of each of six points of the display

surface that are associated with a respective one of the corresponding pairs.

22, A method according to claim 20 or claim 21, wherein the transform further relies on
25  determining the distance, from the sensing position, of each part of the display surface

on which a pixel of the first displayed image is displayed.

23. A method according to any one of claims 20 to 22, wherein the mathematical
expression at least includes an expression that can be expressed as:

30
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wherein a point (x, y1) on the image plane of the projection means is projected to an
unknown point on the display surface; that point being captured by the sensing means
as a point (X, y2) on the image plane thereof; the unknown point on the screen is a 3D

5 point having coordinates of (X1, Y1, Z;) when referenced with respect to a 3-D
coordinate system S, associated with the projection means and coordinates of (X2, Yo,
Z,) when with respect to a coordinate system S; associated with the sensing means;
wherein the matrix My 3x4 maps points from the image plane of the sensing means to the

image plane of the projection means;

10  this expression being re-writable to be expressed as:
SX M x, + My,y, + My Z,y(%,,¥,) + My,

| = My, + Myy, + My, Z, (%5, ¥,) + M,
s M,x,+Myy, +MyuZ,(x,,y,) + M,

wherein M i is the element of My 3x4 at the i-th row and j-th column.

24. A method according to any one of claims 20 to 22, wherein the mathematical

15  expression at least includes an expression that can be expressed as:

Xy
sX, )
5y, |= My, !
s2 o Z,(x,,y,)
1

wherein a point (x;, y1) on the image plane of the projection means is projected to an
unknown point on the display surface; that point being capture by the sensing means as

20  apoint (X, y2) on the image plane thereof; the unknown point on the screen isai3D
point having coordinates of (X, Y1, Z;) when referenced with respect to a 3-D

coordinate system S, associated with the projection means and coordinates of (X3, Y3,
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10 26. A method according to claim 25, wherein the mathematical expression is such that it
has the effect of selecting a region within the sensible area at the image plane of the
sensing means, that region corresponding to a region that it is desired be filled by the

sensed image and causing that region to be filled by the sensed image.

15 27. A method according to claim 25 or 26, wherein the mathematical expression may
include a scaling factor that can be applied to the desired image to modify the size

and/or position of that image.

28. A method according to any one of claims 25 to 27, wherein the mathematical
20  expression associated with a particular sensing position and/or projection position is

stored so as to be retrievable for applying to one or more subsequent desired images.

29. A method according to claim 28, wherein the expression is stored in a look-up table

and the method includes the further steps of storing and/or retrieving the expression.

25
30. A method of reducing distortion of a desired image that it is desired be viewed at a
viewing position, the method including computer processing means carrying out the

steps of:
30 a)receiving information indicative of the desired image;

b) instructing projection means to project the desired image from a projection position

such that a first displayed image is displayed on a display surface at a display position;
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f) instructing the projection means to project the modified desired image.

31. A method according claim 30, wherein the first sensing means is operable to sense a
20  two-dimensional (2-D) sensed image of the appearance of displayed images as they
appear on an image plane of the first sensing means, the image plane of the first sensing
means being at the sensing position; and wherein the second sensing means is operable
to sense the distance of the display position from an image plane of the second sensing
means, the image plane of the second sensing means being at the projection position.
25
32. A method according to claim 30 or 31, wherein the second sensing means is
operable to sense the respective distance of each of a plurality of parts of a surface of

the display screen from the projection position.

30  33. A method according to claim 30, 31 or 32, wherein the second sensing means is
arranged to present the distance information in the form of information indicative of a 2-
D range image arranged to correspond with the 2-D sensed image such that parts of the

range image each indicate the distance, from the projection position, of a respective part
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that surface,

35. A method according to any one of claims 30 to 34, wherein step (€) includes the step
10 of operating on the appearance information and the distance information, and the

information indicative of the desired image, or the other information indicative of the

desired image, to produce modifying information for use in producing the modified

information.

15 36. A method according to claim 35, wherein the modifying information includes
information indicative of a mathematical expression that maps the desired image to the

sensed image and/or the sensed image to the desired image.

37. A method according to claim 36, wherein the mathematical expression is a

20  transform that relies on determining the relative positions of at least six points of the
sensed image, determining the relative positions of the six corresponding points in the
desired image, such that six pairs of corresponding points are determined; and also
determining the distance, from the projection position, of each of six points of the
display surface that are associated with a respective one of the corresponding pairs.

25
38. A method according to claim 36 or claim 37, wherein the transform further relies on
determining the distance, from the projection position, of each part of the display

surface on which a pixel of the first displayed image is displayed.

30 39. A method according to any one of claims 36 to 38, wherein the mathematical

expression at least includes an expression that can be expressed as:
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wherein the matrix Ma 3.4 maps points from the image plane of the sensing means to the

image plane of the projection means.

10

40. Apparatus including computer processing means programmed to carry out the

method of any one of the preceding claims.

15 41. Apparatus according to claim 40 and further including the display means and/or the

sensing means defined in any one of claims 1 to 39.

42. Apparatus according to claim 41, wherein the display means and/or the sensing
means includes the computer processing means therein.

20
43. A computer program having code portions which when executed by computer
processing means cause those means to carry out a method according to any one of

claims 1 to 39,

25 44, A record carrier, the carrier having recorded thereon information which is readable
by computer processing means, or equipment arranged to communicate therewith, to

cause those means to carry out a method according to any one of claims 1 to 39.
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