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TRAPEZO DAL SHADOW MAPS Field of the invention The

present invention relates broadly to a nethod of
wdeoiswiesy7a shadow map for real -ti ne shadow geRreTaG2@a/000230

in conputer graphical representation of a scene, a

data storage nmedi um and a conputer system Background

Real -ti me shadow generation in conputer graphics

systens is =], j e to the

grow ng pr ocleggikﬁmggﬂgegymmﬁﬁi c

processing units. In many applications, shadows are

i nportant because they add further realismto scenes
Field @f pheoinvastianidi t i onal depth cues. Findi ng ways on how

to cal cul ate shadows started a few decades ago. W

note that in nost of the techniques there is a trade
of f Thetmieeentsnerisiangelates hrosdly icemdthasof dereingre sbadow map
r . A

o By R 4P B0 R A PiRar At 2 spene, @ data
stasags/mediumansk 3 ceneuten systeie first pass, the scene is

rendered fromthe viewpoint of the light with depth

buffer enabled. This buffer is read or stored into an
Backgitpunghl | ed shadow map. I n the second pass, the scene

Is rendered fromthe canera vi ewpoi nt incorporating

shadow determi nation for each fragnent. A fragnent is _

i n Sleaddine shadpw genergtion i ColpRitertaraphios Siysteras isrgadiingrauch attention
redeh@ﬁ&destovﬂwsgrdvﬁngg B&dsSihg Sheors iy Tﬁ&ﬁérﬁﬁ@%ﬂi‘c%o&%@iﬁ@ units. In

val’'ue stored i nthe shadow nap. e standard shadow
mamy PPRlicgHeNnst RiRdoYs @k mroBant Rscause ribeyasdsl fughey) reglismatetscepes and
prdvide a8@dhbl Rpth@Pesconpar ed to ot her approaches.

Additionally, its operations can be mapped and be

executed efficiently in recent graphics hardware. A

SpeFHirRing s b Bow B deRcBRte PhddwrestRa G0y B8N Egd. R note that in
shadow determ nation is ormed with projective

f
oSkl ECHIAYRF HEe 10 TEHR0% pAUPET RFEoW Sealibhars rendsdineiipe. Recent

apPoadheliafebdseien thENRarldbfdSdhadsvdap @lgohitBmaSERIS OthldttvetBass algorithm
wor ks wel | en the |

. problem The SSM wh ight is close to

Is pagbanckeask toamderpignd. iethe fiishiprse ribe gene ﬁée@@@,d figgiy the viewpoint of the

lightvte Westh bakdranasied Al s hatawobabiRd Mib 88 indye talddehadow map.
ht 1s far away. This |§Hcaused by | ow shadow ma

lig y. . OW shag )
In thg Se3an¢ Pass. ithe soeBa s \RRSSred fom; tb?]é‘f‘m?r§§’dﬁ"m°i’1§|‘f‘cp@°r al?‘”g shadow
detéﬂﬂilﬁlﬁﬁbn f&eé?étcﬁ G\?ginaﬁtt. RriRginbMad insshadsy i gs %\hﬁﬁ@w?’éﬂ tan8formed into

sl | anount o exture nenory i s use 0 C ure
thes'gg*cfd%’f’dﬁgre?ﬁ tGan s ARIresRPRA %}/’Yhé’é'”%tofeﬂ@ e gPL?QO‘P’ &§Pon

of the eye's frustumcontributes a very small fraction

to e shadow map - whereas the remj njng space in the .

t g, Tatasih b, mapJTHEn (% SettoBanPlsat BRC % BB W in s
calctigfichi ddhrated tb BB eeAdréacese Wdditorany, it bpératisdd caf\B®ABed and be

ex!ﬁlygd: %Igckq%ﬂy #nrsfa{fg{ grraéﬁ% hta(r)dwaa“?e. oslaégglnteﬁlfjrfeslsettjse rfc(J)rthee gﬂadow map

and the shadow determination is performed with projective texture mapping.

On the other hand, SSM has a number of limitations. The first drawback is a resolution
problem. The SSM works well when the light is close to the scene and to the viewpoint of the
eye, but produces aliases around shadow boundaries when the light is far away. This is
caused by low shadow map resolution in areas where a higher resolution is needed. Besides

the practical scenario where only a small amount of texture memory is used to capture shadow



10

15

20

25

30

35

property, shadow conparisons are performed with finite
preci si on which causes the probl em of self-shadow ng.
wohbws/aen27 be addressed by finding a bias (and BCsiSGp@4/000230
factor) which is added to the depth val ues of the
shadow map to nove the z-values slightly away fromthe
még, ¢tig prodlemabr atibembs the rfecua peyiaactHies eyt estunh eontributes a very small

. [ t e : worseni ng . the
g 05 i R s RS Tho Sear T RE SR80 LR lcpmoponcs
to tifos¢ lweatdepinkisiblaltaibs eyefmvidvhie notlutiised.at i on is referred to
as a continuity problemwhere the shadow map quality
changes significantly fromframe to frame resulting in
t he Arlothek émitatign df refdreeddoms pdlygen oftsetipwbliem. &luk tontidi hiagd space
0 h c . boundi ng. box
pré%gtg,oéﬁam F%ﬁg%%%?so%g Iﬁ)@%@&xg@@{ﬂgﬁﬁg pée)msgﬂ cﬁ &auses the problem of
seffehaipwingi Wis cindeaddreasesl. bySindiog Bib@al(dnd, a $lape feotaiphieh is added to
Y h I onvex hul | .of. al
g B EP Pl 1RO FBR T o 4l G Eentin vyt We note
thatiseme epprbachesysaveattieo vesqiutdni grgbleraat thh ang ef woderamy e pbiggon offset
?ﬂg. j ' nove into or out of
pr Ie ﬁ%‘fﬁ ncéﬂfp%r;&fs ﬁr%ﬁﬁ’oﬁgg gﬂ%@ﬁ%m%hvi ronment. In
anot her case, it can be observed when the al gorithm
virt ; Ay J 0. AVvOi o]
excariffenet RS, 18RS B b1 GBI ig R, g sh3bow map
quatity sihengdsveigmifiesndy fioonfrarkie he ramietreswtingnint the dlickeriwg dfoshadows.
I LN ' Lmtatlons, that, t .
THRE BB, S TS TR, S e, i Fp e, Bounaing box
appeakincatpnt apppoabt(sew FigBuandeand tha pacpertileshadowtrhams. Specifically,
j S t i, nv.enti re i ,
for plcipld P Sechie SREIGE BRB0 ol DHCRE BlveLRA ot i gbisgs that can
cagbshagpwe. Dhispbinvsx| hull @pd dbe resatting ishadlova qealiyean thange suddenly.
h c ri-Si IR s frus :
In RS 05" IR doBRAwhG oBIcbR ARy Xfotor St S b JRAEF Buh in -
dynanglst enyisonioent; In amdthertgasg, ircan basibservedmihieortheflgotitem virtually
_ : L . ,
RS RN 8008, SRAHR ek AR R Syt e o
the perspediive praiedtioght , L; appl ying a trapezoi dal
transformation to objects within the trapezoid into a
trapezoi dal space for conputing a shadow map; and
det diaficai ihyaatwthrreviearfodiglancingdhe phete mestianst linytations that the
preRHRIbhNOS RbESlaNd A Rl bOGH REBOS Wigmdi@bng L he
conmput ed shadow map. Generating the top an ase lines
It and | b respectively, of the trapezoid to
Ximate E in L, may conprise - conputing a centre
l'ine”/, which passes through centres of the near and
far planes of E;

In accordance with a first aspect of the present invention there is provided a
method of real-time shadow generation in computer graphical representation of a scene,
the method comprising defining an eye's frustum based on a desired view of the scene;
defining a location of a light source illuminating at least a portion of the scene;
generating a trapezoid to approximate an area, E, within the eye's frustum in the post-
perspective space of the light, L; applying a trapezoidal transformation to objects within
the trapezoid into a trapezoidal space for computing a shadow map; and determining
whether an object or part thereof is in shadow in the desired view of the scene utilising
the computed shadow map.
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- calculating the 2D convex hull of E; -calculating /f

that is orthogonal to / and touches the boundary of
woheosmaeszex hull of ; -calculating | b which i 8BCT/SG2004/000230

parallel to /f and touches the boundary of the convex

hull of E. In the case that the centres of the far and

near planes of E are substantially coincident, a

tsggl ??@érg@%&g?@; ol lgﬁstenﬂe% ﬁén@ %‘ Qp %f ﬁ'feftH?ﬁgoﬁ?o

annf@)@rea@talrtlo negyprooXirisate E in L may conprl se -
assi -955 ) usﬁ%g'cﬁhﬁl@ﬁlfe PTNB[CR aggaes AL h%!eﬁtpees oﬁthe ngar 88 far

eye's mto he a focus reg e desir
plgneswfdf;, the scene; - determining a p0| nt pL in L that

I | es %’Ibl./latﬁ’ué tﬁé’?D%rT\}eQ'h%ﬁofj{sf romthe near plane of the

he position of a point q
on / -calghleting hthgt ﬁ@%h@or@émlmddcbuczmep the lemnidery df thenegmvex hull
oftdfie base I|ne and the top line of the trapezoid toy =
-1 and y = +1 respectively, and to map p/. to a point
on y-calcylating b whichliepaveliel te /L aachtbuelies thadoundarg bf thetcongex hull
oftgWo side lines of the trapezoid each passing through
g, wherein each sideline touches the 2D convex hull of
Eon Indlgpeaseithat the deryrastof the fanansheearmpiayds wk Atare gubstantially

coirfident, EndlRst bRk pg i ﬂﬁémn& nfi! %fagf.ﬂs&* a?gr%etﬂapggo.d

an Itérative process imze
it er@@nar@tlrmtbe gisle lings/oldbe wwtaﬂp@mmat@@h Linay pemprise

is f. %nln§ dibthRESY Fr ﬁl thE ﬂgﬁjﬁ?r\?t%(f tpggfé ?fr?ﬁﬂrﬂ% 8ine a

and the results store in at
foﬁlé‘ré@@ﬁdfetheﬂﬁ?@"%vlhwwfﬁ’EyGC@Oﬁpr| se - determning an

i nt efc%?&lﬁ:rﬁ omp |Wq_etﬂattlf%§ ohis gm‘heﬁﬁéé 'nffrérﬁ Yipd H{Qr é)lane of

and t eye'’s rus - conputing t re poin
thepye'nEustem; i ces of /; - defining a centre line In

passl J&%&Jhﬁ#’ﬂ%rbdsmﬁn BP3 BBI'nEg o, v{qﬂ%‘?elﬁéﬁs ﬂfédce%tre 095 projection

gener at I ng trapezoi
to ea the Bgsalineeand the tep Irr@gqfétw FRezRId 4 Hemenen 1 respectively,

S LB gy (i o

geonetrica
-constructing two side lines of the trapezoid each passing through g, wherein

each sideline touches the 2D convex hull of £ on respective sides of /.

In one embodiment, & = -0.6.

The desired point £ may be determined based on an iterative process that
minimizes wastage.

The iterative process may be stopped when a local minimum is found.

The iterative process may be pre-computed and the results stored in a table for
direct reference.

The method may comprise

- determining an intersection I, between the light source's frustum and the eye's
frustum;

- computing the centre point e of the vertices of I;

- defining a centre line /, passing through the position of the eye and e, for
generating the trapezoid.
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bound / . The trapezoidal transformation may conprise
mappi ng the four corners of the trapezoid to a unit

weqguarozhat i s the shape of a square shadow nBET/SGRO0000230
a general rectangle that is the shape of a rectangul ar
shadow map. The size of the Square or general

r ecnaaeghah@eams‘: I&@;ﬂﬁﬁs&@é‘mﬁw_?%]n?v fR08 keg}étﬁrﬁ\hhlew li&d bdth8en the
e rapezol

[ sour ce
neay %?éfuaa Plaes Bﬁnﬁ&i}e% rasiuindnah 2o Eyomﬁt@ca"ymh% gloger to tightly
bovad es of a vertex fromthe post-perspective space of
theﬁ]ﬁl ht tqQ the trapezm dal space, while the z valu
??waaﬁ%%%a' densipenafion eay wn@rﬁ@e FeRPPINgdhe E%ppmérs of the

traié@itﬁ@tcﬁé uhibgquargtiat is The stiepieId JaRMreCMRBOW $Rap2BPIYd §éheral
ezoi dal transforrratl%g to obtain the x, y, and

re‘?)%?%? 'Stﬁeﬁweﬁfé‘déﬁtéf‘%?r dewm3p | yr, and w

and TeerEpetdf fge éd"LﬁreZorVgiJn@Eél bdttdrio hbpBRARfedtlsedbaGe, Zt
ere zI. and w., are the z and w

Co(}féﬂ%%t?“i"rﬁ%\?em?hb%@{rc%@'ﬂ%%&yﬁve space of the Ilight,

r espetiiaperoidal TransfERhARA niERYr4HBRRMI ST the xidhdahé i Vallies of a
transform ng coordi nate

of shadow ma ener at
vl B o PesoE RENE SPREmPt e Ighiip AT aRerotpsbace AkNe the 2
valueﬁsnmtama:méﬂn@ VE0E i thy @o§t}5®¢§pdetlﬂf spdie of tl"@hbhf 0
obt aj irst transfor t|||s

n a | n
oL e lb8 sikiaed Bhy Smbras SIS e SROPEHFRl R Rigaien 1o gbtain the
X, $.@NdUl ealgedlingh@ ragerorlalispaet, L ¢, bhd s, érrdacmﬁpmﬁ@dnezvalue in
fragment fromthe light source in L, zL1, adding a

theyirarazoidabsnase 2y, 29 i, - akd » Wheleez eng W.eargithe AgNY M \@éue@sn the
a depth value in the sttadow map; - in a second pass of

poSRGON YRS %d@eQﬁiHte@ht téspRefvlyTi Ng texture coordinate
assa_cﬁ;}ged through projective texturing, to the

f r agemethodbmay gaMplisghezoi dal space back into L,

obt aiifh At ﬁas%,%%ﬂélddv& AR g@h&%ﬂorﬁ ragment fromthe
transforned texture coordinate, utilising the plane

equat i on t@nsfERRING seerAtiate valss Y adtroment irentthe tareseisiat epace

a dist an%acwmkdime®t>stt5@s;§&ﬁ@é1@béc@qr@ftr% td SIRGRB Hrst
fromthellght source in L, erm ne

whet her TRESTPHBRFhEREMENY, L,ltwmgg, r[tﬁi%@tlgﬁ ofthe first transformed
conpar i sgaglient BoffpAtetsldidRRES vAIBE Yethk Hirdt REn SR raGMRent

and zL2.

from the light source in L, z 4, adding an offset value to z.4, and store the
resulting value as a depth value in the shadow map;

- in a second pass of shadow determination,
transforming texture coordinate assigned, through projective texturing, to
the fragment from the trapezoidal space back into L, obtaining a second
transformed fragment from the transformed texture coordinate, utilising
the plane equation of the second transformed fragment to compute a
distance value of the second transformed fragment from the light source
in L, 5, and determine whether the fragment is in shadow based on a
comparison of the stored depth value in the shadow map and z,.

The method may comprise

- in a first pass of shadow map generation,
during a vertex stage, transforming coordinate values of the vertex into

the trapezoidal space, and assigning to the vertex the texture coordinate
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The nmethod may conprise - in a first pass of shadow
map generation, during a vertex stage, transform ng

woaarsdiiorat e val ues of the vertex into the trapeeoisdado4/000230

space, and assigning to the yertex the texture
coordi nateequal to the vertex's coordinate values in
the post -qrabpdaed vettexSoriitdte Vilaes indhé posti@drspedtivd dtgce of

a fragne tage, replacing the depth of the fragnent
Wi th the%%i?ﬁ %ﬁdcoordi nate of the fragnent, adding to

the depth da.m:ngbffsa@menaﬁtdg@,trap@cih@ehercmtﬂ ofi the fragrinet véth the
a depth val.ue in shadqow map; - .in.a second s  of
Shadow depulia satrdniie 3 P EoRant Aedbd ¢ i EplaP et Hne
transf or mtasrg tb@ﬂfsdltiﬁ@t/audah weRpOf vdllein\tied slexdioivrhap;t he
post -.pers ive the eye, and assigning to

t he \)E?t SEX° ?&??@?@Wc%%?fm"ﬂﬁi@s that are first the
coor di nat—&jw ag ttl%vabfextstagevteairtmrﬂmg ¢doedinate values of the vertex
post-pers ht and econd

f th
Coor df nacboiby e HBRERla sarre st P evRend SsebBod e vertex

space, ando-texure d@grdh’fmes‘ thagare fitst $teagrdinkete &aliies bfithe vertex in
shadow of t he

d

Stared adpt ROVAITRREa Hece hs BRVBRERIT oot heag s yues
on the secsfcblmlvér&xtlmﬂet:amemidaﬂasbec@fanﬂhe fragment, with
fr agnont - SHids ik Fesinont SEbenfale Gusing SRRy e fogmel basea
of I shad o:prrmporgmoatof tm stc:realds;btt’zr\/mumgrgJI tkmcarﬂidmtmap, as

es o rom apezoi a C
't ot he InSepHRRRElbn HeSBebaE PR EFoHRgte g BT Rt win o
obt ai n a valuestiastd ansliefirsedxtiureacpoedinate wif tHel feagneent.he
pl a ee{gg@ié?on of the first transformed fragnment to

conp S CE AT ue of the first transformed
frag-rmatﬁrétrpaasbfr@aﬂmghnﬁapsgnmmlonn L, zLi , adding an

of et Vol ey eldoon P IHRL S d Rl 53 96b1 68 rYBLSo G Soce

a depth v a seco
shadow ddiaek into e pmt—persdemlva gpachaeL vkthe dghtdo abijn a first

transfor 'EH}% ol ﬂJaQr%ﬁt f’ﬁ{ gﬁhg éla“] aetroh%)f tHenﬁrgtttéJﬁgformed

post - perspec I vé space of assi gni ng
t he vert dragnemt tcecampute admtamcaarams of Hmflrstrteansformed fragment

coor di natf?onY ﬁ'leq@ﬁt chur&yiﬁ L\,/ 9{1,t gdﬁir%&an offset value to z, 4, and store the

resulting value as a depth value in the shadow map,
- in a second pass of shadow determination,

- during the vertex stage, transforming coordinate values of the vertex
into the post-perspective space of the eye, and assigning to the vertex
two texture coordinates that are first the coordinate values of the vertex in
the post-perspective space of the light and second the coordinate values
of the vertex in the trapezoidal space, and
- during the fragment stage, determining shadow of the fragment based
on a comparison of the stored depth value in the shadow map, as
indexed based on the second texture coordinate of the fragment, with a

value based on the first texture coordinate of the fragment.

The method may comprise:
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t he post-perspective space of the Iight and second the
coordi nate values of the vertex in the trapezoi dal
weoepems@iosand - during the fragnment stage, deter RCWiSGQY004/000230
shadow of the fragment based: on a conparison of the
stored depth value in the shadow map, as i ndexed based

on tfrea ilCpast dfekbdovemapeiedendds of the fragment, with
a val ue %ased on

the first texture coordinate of the .
P hament SRR YEre e iRbshET g Bora PR G e tetginto
shadow nite gapezbidbi pace And a3gigainges thexvesteades texture coordinate
transformn ex into

cqordinate val ues of t.he ver t he
t r apezoi GNP HEVETERS COUBIGIR Vrllesdn TIPQASPRs R Space of
texture dcaolight,mde equal to the vertex's coordinate
val ues in the st - per specti ve.space of the light
B o ng- Somva RN OE S el R GeBheT i ractirt yfi the
fragnment teidre cobelinaéxbdithe fragaent, addieg tf the ldepthramgsfizet, and
adding to,t

val ue as S}frg dr%?@ﬁ@q?@alﬁ%é?%tgégﬁ&gg\% i%; Sth-%%f"fr’{%iaupl;“ "
secolda pmd@assbmo@eiewdnﬁqmﬁbh,on, transf :J!r m ng
t ext t rou [ cti.ve. .
text ur | ngrenpaR SofEE AT AR, Pflob St senturing, o
fback [ Et d:d.ﬁrag]ifﬁéraﬁmgﬂt?eartasmd spaa ks obrinmtdi_, clbtptaifg'rlgni second
romthe. transfo ur oordi na utilisin e,
bl ane. eqdansaie) Pedtnerd Hot G FARREraR Bt beprdhi, 4fiing
conput e dhalplahaaqetioaloflthececoitbiraestamed tfragmehbionethpute a
f t f t he |i.ght i.n L L2 .
2T DR N s B B o g s
compar i sdmLof ,, tahe dsteoming vehesttidn tvaadragment id ineshatiavd basatbgn a

d h h f h nr,
ool yaon SPredran ot Eaiad DT B TS s e Bad v
par tThepmthm miag furthes ngdpnisei addirfgea pa g aneaffset ievihe fietenaining
J .
wiifi P S cBleg] SRIFAREHEBH 5 ILaliidolf WiadatBy SRS PR1G,
represgréattonudiligiog theamospoted shadswaemp. and the nethod is

|- f ' ' i,
coed 5 or e faf o MMiriRiate A RRERGRAGE pbiofs Br tne
scgnepand g methypd ieapdiied fareath tighteoslsadow generation in

oMo SRR SR BSRI O OB oA D provis
system' for fealiime shadyegensnation in computer graphical representation of a
scene, the system comprising a processor unit for defining an eye's frustum based on a
desired view of the scene; for defining a location of a light source illuminating at least a
portion of the scene; for generating a trapezoid to approximate an area, E, within the
eye's frustum in the post-perspective space of the light, L, from the light source; for
applying a trapezoidal transformation to objects within the trapezoid into a trapezoidal
space, for computing a shadow map; and for determining whether an object or part
thereof is in shadow in the desired view of the scene utilising the computed shadow

map.

In accordance with a third aspect of the present invention there is
provided a data storage medium having stored thereon computer code means for
instructing a computer to execute a method of real-time shadow generation in computer

graphical representation of a scene, the method comprising defining an eye's frustum
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desired view of the scene; for defining a | ocation of
a light source illumnating at | east a portion of the
weceern@iof20r generating a trapezoid to approxi NRCE/SE&R004/000230
area, E, within the eye's frgstumin the
post - perspective space of the light, L, fromthe light
based oo e desised wipplof thegscener dglisingiadatation ah s fightremiura@rillunsinating at
j e;fotrl% I
Ie?ﬁ a o nﬁmffﬂﬁ% &etn %%—fe?ﬁﬁé% tfjag g&? B ag)éfo&r m&%%ﬁ aré’é’ %C%Vlthln
thevee's &pstum io B}eemstﬂerspacrttvetshema@ffthe ghtnL, s‘tmdtbw light scuece;
or e el ep el AR AERD it B < PGS yapgzoica
space &g spmiprtinga sladowheae; and qatermurdrwwbewam@ ehjectageart thereof
is megia‘dmwt?ﬁmer&sﬁé@(n@ df 'ﬂfers%gﬂe %ﬁl[%tﬁé c?l%ggte'a%ﬁgéo\xl Riap.
Instructing a conputer execu a nmeth 0
real -ti me shadow generation in conputer graphical
representation of a scene, the nmethod conprising
defining an eye's frustunbased on a desired view of
Brigh Degeription ofitheiDrawigos | ocation of a |ight source
illumnating at |east a portion of the scene;
generating a trapezoid to approximate an area, E
wi t HEmbedigesise of the invention mwill h@V\pQthqﬁ@rlb@@be weays phegample
orfl, dnfdén lcbﬁjlﬂhctldrn w@ﬁm@&aﬁllr{d[sgmwﬁleh”ce appl ying a
tr'apezoi dal transformation to objects within the
trapezoid into a trapezoi dal space for conputing a
FigiRIP WuSRE t ! 's post-
s A e B e PElo O O Bl 8 Bt post
pergRectivg ripach eanchiputhed t@nazmwl na;pﬁceBraSeﬂew@edu it ian example
erdodirhéntDr awi ngs Enbodi nents of the invention will now
be descri bed, by way of exanple only, and in
conjunction with the drawi ngs, in which: Figure 1
Flgiuleuﬁlmﬁtrﬁés 3 CRARAELS BBRBhYRE @héJbewssé%‘Qﬁ’éf@d GRS BbRLcutive
I'n the I1ght's postperspective space
framesply, @i rRUNJgakex a@preég@ﬂ@rb@apmcbrané@ﬁfﬁpezmdal approximation
p?m?a%ﬂ'ag‘%i@%cnb’éki%fh% e&aHpié@ﬁlB&)tlrﬁénta conpar i son between
he shadows generated In two consecutive frames by a
boundi ng box approxination approach and a trapezoida
FigiR 91uzBhicSh BBMPARGR BiwEES d BRSHW niahs gee?ﬁ@FQi’é@ F utilsing the
enbodi ment. Figure 3 illustrates a conparison
bovﬂ@ng PRY GRPIeFIRtgR RePERash andithe drpezaida assimwna’c@n mroach as
dedBiiein TR dx@mphPehPédileAnd the trapezoi dal
approxi mation approach as described in the exanple
enbodi nent. Figure 4 illustrates the trapezoi dal
Fléu@nﬂf MESTRet D thd Qﬂﬁ'p@ﬂol@éla@&s‘f&rﬁah& ttﬁl@ﬁ§zﬂé&a|m the trapezoidal

proxi mati on approach as describ he exanpl e
ap@ tiogApproach as described in the example embodiment.

Figure 5 illustrates the trapezoidal transformation that maps focus region to within 80%

of the shadow map as described in the example embodiment.

Figure 6 shows the schematic diagram of the trapezoidal approximation approach as

described in the example embodiment.
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Figure 5 illustrates the trapezoidal transformation
that maps focus region to within 80% of the shadow map
waoddggei bed i n the exanpl e enbodi ment. Fi gur eCt/Seh@m00230
t he schematic di agram of thegtrapezoi dal approximation
approach as described in the exanpl e enbodi nent. Fi gure
7 shows a plot of the areas occupied by the focus
. LQ
PR £3Rola 18 SN0 AERAEH 19 P RELE et 5 Yl
withe CDmsjmt'L@ Veichos o theséyghwhileRragying e darigleubememhet Bye’s and the
t he shadows generated by the trapezoi dal
|Ig‘Hk@meté/frrg |ton approach as described in the exanple
enbodlnent Figure 9 is a schematic draw ng of a
: e 0 I ti d stem. .
Flga@g;%‘%{]ugﬁtggegt h@ﬂé‘ ua' {m o?gﬁg Hgdo ggﬁgg?egd %{'y the t‘i'apezmdal
approxirsaticat apprades %r@peﬂwddalhetmnml&)em’amdlman’and t he
four vertices of the trapezoid mapping the focus
region to within 80% of the shadow map as described in
Figuee isangshematit deiwiesnof.a Gingputer systeim foninplemenstingrtbe stedpd and
the top edge of the
Sytg{eﬁ 5e(%gl d&{ﬁﬁ'tﬁﬁe&ﬁ]ﬁgg%ﬂ% g'rn?%né cal cul ation of the
trape20|dal transfornatlon matri x as described in the
FigdR R #éﬁé% | { ]
Igot AL lﬁuﬁ e%\?‘g@ %76&'; %ﬁ?f%r%ﬁétilobléﬁ g?é fg)ﬁr Q%Pﬂ?% Fhlrapezoid
m@mrpm&wguf@rals reglaniﬁ Wﬁfm'atBD%nOfr’fm shadonsmde g dedaithed in theexample
eﬁ%&ﬁﬂﬂ%ﬁ enbodi ment. Figure 13 illustrates the step of
transformng the intersection of the two side |lines
containing the two side edges during cal cul ati on of

i S,
P L SRR Sl T o 0o AT B oo
todihe origiadurigg pﬁléulat«@rp@fzﬂaedrwemﬁ@ tesais torrnatiaromatyix ash@escnbed in

thd E2R6 Qleqf'yod@{émsfor mation matri x as described in the
exanp e enbodinment. Figure 15 illustrates the step of

scaling the trapezoid during cal culation of the

Flbﬁl%OQQoﬂlgﬁltatésr Qﬁ@fs@ém' r%fétlggtﬁ\bxtr%%ZG%SQ[lhﬁ’éecta'ldﬁlaﬁ B? of the

exanpl e enbodi ment. Figure | ustrates the st
frqpﬁé?i@@'éﬁaﬁﬁfﬁg“@m roatgl e ée@prtb@d i ih@@wamgleeemtmdlrngwt

cal cul ation of the trapezoidal transformation matrix

as described in the exanpl e enbodi nent. Figure 17
Figure, 43 rilwstsates Hbe sitep op firansigraing t the gnterrectiaie phg &wo side lines

coﬁra‘gﬂrg% fnewd sRi&l igeY by Ea%lﬁé’tloﬂtdfgﬁb PépetzgﬁaF Hr&H3 F&H}'aﬂ@“ matrix

ormation matrix as descri be e exanpl e
asglaseiheddn the example embodiment.

Figure 14 illustrates the step of shearing the trapezoid during calculation of the

trapezoidal transformation matrix as described in the example embodiment.

Figure 15 illustrates the step of scaling the trapezoid during calculation of the

trapezoidal transformation matrix as described in the example embodiment.

Figure 16 illustrates the step of transforming the trapezoid to a rectangle during
calculation of the trapezoidal transformation matrix as described in the example

embodiment.
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Figure 18 illustrates the step of scaling the
rectangl e during cal cul ation of the trapezoi dal
wonremsgfierzmat i on matri x as descri bed in the exaRprsG2004/000230
enbodi ment. Figure 19 illustpates the final result
representative of the trapezoidal transfornmation
Figure i1X ilgstdssc thebetepi of trapslativantiee reatdwil radorty. the y-axis during
i|e to Fi
ceBEAGh COF, DR bt o LS TR & cleBfiicn B e
emiadioentof cal cul ati ng three Di nensi onal (3D) conputer
graphi ¢ shadows utilising trapezoidal shadow maps
whi ch are derived fromtrapezoi dal approxi mtions of
Figuee dpeillysifatesttbesstag afeesaling dhet teetanglghtdudngy i ealuulation of the

' - 02_of  t ne 106
reH9 s Sor i K 28 RO T er B Pk B e o
directly fromthe light's view or al so known as the
' i s, far .
Flgh&htl 9 %%&?fes%%i@%ﬁ téés\éljgp%g?e(‘sgntaﬁf% top Gt‘l?é ltrggézotlcﬁaé trgaygformatlon
matﬁxghdmribndum@emamolﬁem&dlrﬁergure 1(b) shows the
shadow map 110 of the scene 114 conputed fromthe
?ht s view after applying trapezoidal transformation
Detel ¢dPagcriptiahe region (of only 15 plant nodels 112)
which is potentially visible to the eye. As a result,
a hi gh quality shadow 116 is obtained. In addition,
H/?/tﬂefr@fe@m@@ te d:lsmrg U, eanoexantnde wttiodinestt of Hee @rasept @vention

pr@xﬂ@é@é Edhod 8\5%10‘6%5 er equg'l‘g“ﬁgle@v\r %Wé‘ﬁa&)ﬂ% s'ﬁQ@ows utilising

continuity pro
tragezeigel skadpy mansnyvhigmmee derived divm trawezeld@hanpronnhaéaommf the eye's

pective space of the light is on
BRESHE S PRS0

t he generated shadow map on the
top right e.g. 224, and the shadow of a plant 210,

212, FglR a0 s%g\g Q?@ h ﬁhéoﬁﬁeofotfheFéchéeloﬁ)w@{]ﬁ@?egularly

bottom Fi gure ckering of sh
spgegshplaniemenela dRé @mutezilcbl)%ﬂy trandhe hghfeﬁmgew ara@lgchigiown as the

I r
e A, A5 1,6 R A s v
vigwhef the exe zgzhwvm H thetsh@dcw €0g Fﬂgm%ﬂ(hhsbgws &mrfadgmmam 10 of
th@@éérfeoﬁf@&ﬁﬁﬁdte\!@ fréﬁ’%@ light savxé\lv %[ﬁlar é?;'rlglﬁg 'tra%gfo@en 4R ormation

uality of shadow 2 IS significan
to dessArBSEOPAE! OTl 4 i zaBIels 1 DoHene potenigly eisible to the

eyg(,@ a%&‘ﬁ’sa RighHRalit P sAARAPME KPRIiddEN conpare shadows

8, 220 fromone frame | to the next frane i+1
generat ed wwth the use of a trapezoi dal approximation

apprlﬁ’%@ﬂltléﬁ \ﬁﬁﬁﬁférférgﬁ&a oFighe ?%Me%o%”&otﬁé @Q%ple@?ﬁﬁ&hment

i s not nuch ference in the quality of

restivpssHRdew f'z%eﬂngre@lﬁ@é riyoihe continuity Rreliem rwh%e é‘@ea;hqdﬁmquahty
chbﬁ@esq H?Hshéédlyofrorﬁ Ham& NRABYNE 18, | shich "B MEe P OFRAFRT the post-

. g. .shadow 21
perspectlve space of the light is on the top left e.g. 222, the generated shadow map on

the top right e.g. 224, and the shadow of a plant 210, 212, 218 and 220 (as in the scene
of Figure 1) on the bottom. Figure 2(a) shows the flickering of shadows (compare
shadows 210, 212) from one frame i to the next frame i+1 generated by a standard
bounding box approximation approach with the bounding box 204 of the area 202
within the eye’s frustum as seen from the post-perspective space of a light source. The

shadow quality of shadow 212 is significantly poorer as compared to that of shadow
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Wthout |oss of generality, the description assunes
that there is a single light in the scene and the
weyeaelspiésastum i s conpletely within the |ight' BCT/SG2004/000230
frustum In other words, theyg is a single |ight
source that generates shadows. O her situations such
2Hs Inhentest, iigure 2(h) sbswe i smt@tleylmmmf trarsitiom do'rr@atekﬁerddws 218,

e ra he.c {

28 180 S n R R AR MR il TR b PG 6 fa® bl ippolea
app‘rommetrdm gbnroagH &s Uescnﬁbedlusﬂmdexamnldﬂerribaﬂmerma'rrter@is not much

; ] VI d to cqnsist
alioEpE e BLafl of ARG PN FREHERRuEEY HEVR G 8ical B e be
saspdhat the gualiynof d.¢. shadowe b is macbxﬂeha:brrqnareﬁ tbleey. fshadhavy 210.

is useful in the determnation of whether pixels are

i n shadow. Thus, to increase the shadow map resol ution

i n oWgheuiyodssoftgenaeialityriteeddsheptiont assemes dreai herd iy stnigie light in

ok AL P 5L D RS I B e,

thescaiss sn@n‘dlgtji saumce thadl ganera@lslsémdohm@thiengrtr@mns such as where

oBRBAEH, DR 80203y (R A Bl AP st Gt e o
the sejectionaof the hg‘ht @nd iparallel foghe¢ eearupliahé skthehighs wlldmdisayssed in
thfeﬁefterrﬁb?m‘l‘rtﬁ% nt hin the eye's frustum as seen from

erei R

referred to as E. This requires the
cal cul ation of an additional normalisation matrix N to

t r an& gﬁédym; llﬂgp Bgﬁ Be 9%(/\/%? et‘% mﬁg}ﬁ’s@st%ﬁ&‘f po%gcg)r’rso]:)né G/ﬁrsrihitagg tthe other

OLtt$1ée tthepe'gcﬁ (f,rastunpaltes Jedogmisedh thab cumyditimgy frmer sisaoseful in the

d%’fé@rnétﬁ fg\Hﬁ&hg’r pr-‘IA-ng eﬁgqq 35@9 'Tﬁué %nrngr%ggé tH&tsﬁQdow map
e -space, as oppose orh

repelgtionpéy Qp@MﬁW@ f@pmneeahe &ntmersqosmmm/\by the latter, collectively

teﬁﬁécﬁé%gﬁﬁ @rFr%Lﬂ'e R Qﬁ%l/vs an éx'éﬁ@%f &rtngﬂa?&o%aﬁ Q@proxrmatron 306 in

space an into t st -
th@fexamélel ¢rgbndlme@irar1dwe sthefedt bounqbag |b9mapprqxtrmﬂtlomﬁél8yqf the area

302Gt ARCEyet ﬁ?ﬁﬂ@@%e@?tf tHeSl s%rft(ﬁ‘;ee@a to §Q&e§§]ﬁre_lrﬁsolutron

better the res uti on ado
preliam| ig & befter wtibgecthe ishaddve wwoﬁoeﬂasm% 3@2 wfthlartleraeE s frustum as

se%9$ron*m%§ﬁf her‘eﬁn r‘e?erfé‘atto %Is%"’“l'hgor\é’gﬂlfesetﬁe CQI'CSIQMJV of gn additional

transtorm C (wh IS a
nogmgliggdenvmealix lélge rfeﬁefprny tr@ wcebperﬁgeq:tys sphema)o mhirhEélght to an N-

sp@bé" iMgeh&al {’Wﬁ%ﬁ' SpHas, R ¢ d@fﬁeﬁta?ezghgl' ce 30k dr $¥€bounding

he smal | es srng boun

0&;&9@6&%%@ Figure 8. The shadowowep l%\p@ﬂstr@t%mmn@mce as
o@@@éd)?&l &Hh 'tl%‘p&@%%e%%ctﬁ) V!?)\éée '395 ulbﬁrrdd‘sHQdBW rmrnatron a pixel

wast age, as can be seen npari son of
is Eréuﬁarmﬁﬁ igtpxthe Pagracs 1 Githr thart inte rhs métzmramctwa@@emdhe light,

fof theldeP @ndariéh.t he exanpl e enbodi nent, a trapezoid is
recogni sed to be a suitable shape to

Intuitively, the closer the approximation is to Area E, 302 the better the
resolution of the resulting shadow map. The smallest such area is the convex hull C
of area E, 302. However, it is not clear how to efficiently transform C (which is a
polygon of up to six edges) to a shadow map (generally a rectangular shape) while

minimising wastage.
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approxi mate area E, 302. Mrre inportantly, its two
parall el top and base edges 305, 307 forma
weungsries2ngl y power ful mechani smto control thecsisap@4/000230
and the size of a trapezoid fromfranme to franme (as
will be discussed later). This successfully addresses
t he Beneexsinatupalpholsedsito Eputhesmallagicertcistngabmalinding box B 308 to
t f h L in
PR s 186 Bl MRy, 1 GB05EE) e aneSuRERR ny ot
alwayy eesult rrgmaumumwaskagﬁd agfcan |bmsleen o avasmpgrésonalf the bounding
h wastage is the
b oV %bgg?rr% ﬁéﬁ 0 aﬁgglyglo%aég?’éﬂnoﬂgﬁg%ghadow map where
a | ower sanpl [ ng rate vvoul d suffice. The exanple ]
enb {idn e eci de t
oo o cya8 e et EneTBE AN RN R F3uRdbie SRape to
appednate @r@atﬁ 3b3. ddors Wﬁdﬂtamtla, #p dwiof padllélompsanegza(sa edges
[
e SR aiTah ooy eARR! BTN st o safhs B 1Yo or o
trapegeit c fipmg framsh &pdrams (as r willulbe, dtﬂmess&thlla’@s) 'ﬁlmansilcngssfully

addPss@p Qﬁ(f’@@ll?t r"ﬂjﬂs\ﬁ eé%;ﬁll?tlhggrtﬂtfa%%t m%rr]esttlng félr]%%ogylmce of

map reso uti1 on I ew | NCreas
trapereifl dm dp exmnplneerwmmﬁardma iiselwoi sig etigpes 80Mt3 riuintaddressing

arBEHé?kﬁnH‘df %@Il&@@%ﬁﬁ%%ﬁnﬂhtlﬁeﬁi' ?mé b @%‘GQQ&? dudh wastage

shadow ma rom one
is ﬂ@s,evqrraagmhm pf n@We@bJe@s bt thehstdmw. map wheree a doweér sstpling rate

whY BGHiIBS THXerd I@@%oﬂm‘ﬁt RAQARrABRN Githb %mcljaad%%%% on the

if there is a sudden change 1 n the approxi na
twp jgileggdags \GOPhBHI torapreagkths walﬁiaﬂmrﬁsawtlg@mwome@mvmﬂm a specified

foédsgrlébronFirgHérﬁ ZAEN ﬁ’%olrgn chrf?u%érf Q8% in IR grﬁ@%@h{)ot}ndmg box B

t eorlentatlono eapproxwrahono
30@4 @'crﬁSnn@thBa\@yéu@ flexilaitityl in ssiredching ar ghapehdsi aghsunzclze smallest

bodRding ®OR %9%)*0‘25@'1 Yokt Jbtéﬂ?)‘?alﬁﬁ%#e%?&n W%\g&d%t hegb( rtl,zs%futlon when

205 respectively 1s changed.” As resu
th%?@%?PE“@Wdﬁﬁ@*ﬁﬁ t he resolutlon in different parts of

t he shadow map. I n general, the problemcan often

occur when the eye's frustum as seen from t he i ght

t ram$i taetioBed ot thAapackarundotsretiondi heecentinuiihaprsblem is a
coh¥diRieRcd BEa @W@ént@haﬁééjﬁ] ﬂb%%o@fméd@ éﬁlll/ffhc?m];cfn\%sftalvtﬁ@ to the

as seen fromthe light visible fromt

nexls regyltingr igritigkering, of hadaxst For fhe ﬁr@aﬂersépb@zm? ipglbox approach, the
shé‘tﬂlﬂﬁ Arphq@diityt &%n@é@ﬁﬁh@rqu@%dﬁ%ﬂtoha ?@H’f @\?25 oi9MGh of the

fromframe /t frame /+1 that no drastic e Ooccurs
arggWihiB the. sy’ %frP%tH”ﬁ 3 %ﬁqnffé?f@rﬁf@e ittt Kigee 2(Rkshawedisem frame J to

fraffRDi+1 GRATRRS @rlérhéﬁ’cm’\@f tRd % pl%?(@ﬁé%h rbf rﬂ?ff §|re%%ﬁnﬂ %eFé)%kQ' frustum -

exa nbodi ment has an ficlent

as éﬁe@grﬁ i 1282«:%9% %Peqfwélywﬁh@%maileﬁfr l@%@z’mgd@ﬁ 4, 205

resp@aiivesds ist bﬁar@@ﬂt AR U trysult @Rdre€My al Beasht 'Ehbﬁgé % the resolution in
rapezoid to approximate the area E, 602,

onst ruct
d'f(%‘zf ik Fr?éa%yé o Eepnnagenesaln ther prieblerecan giten apeus when the
ey&'berusRibhs 8bdH fréake BRRNraRLIErGARBBEREDY ® another different shape

(where the number of side planes of the eye’s frustum as seen from the light visible from
the light's view is different). In contrast, in the trapezoidal approach of the example
embodiment, Figure 2(b) shows from frame i to frame /+1 that no drastic change occurs

to the resolution in different parts of the shadow map, compare shadows 218, 220.
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approximation results in a snooth transition of the

shadow map resolution. The strategy adopted in the
wexensples2enbodi ment is to rely on a snooth traReTASGRIV4/000230

in the shape and size of trapezoid to result in a

snooth transition of the shadow map resolution. To

begi Withi referendeetoe Kimuped &, dhdy cckamplet enlodisnemb riyast an i efiictent and

oAeRITUE) 8 ol R EniPa i Band B 1 peR LR rnl i

side lines are conputed. The follow ng describes the
co ¥ f £t -
;ORISR oA 1B-E55 AhIBReh0 Sl ! B v o
GY@SI’fBJSthn faSnSBiBetnv\iborpethalllbbi with ries donstrdimt that each such consecutive
- l. al
ap?ﬁcr;}&rggtﬁsrg%@{s ﬁ% s‘?‘rﬁ’cﬁa‘?l?tr%snt otﬁ ttl’ﬁe’égﬁaedbm rsgrg resoﬂj @@g\‘@ srlrategy
adphteddi fivé exaraple m@gdlmdm lqoia»rralyl @l a Ismmekh warcitionhathe shape and

ﬁ@{tgﬁ"bg‘éa tt% FEt%EFth 4 5@9?%%3?1@“%94? %Pthte@f‘\agg\ﬁ npa%v Egolg’rtlon To begin

h%?éalﬁplﬁre;mlmﬂmerﬁ ma@sssécmpmathnstto attain the base and top line.

Frgrglsthe%gﬁt%o@ét\sh'a\ﬁ% téé’@&&e bt tﬁQ?r E%ﬁ)tupg cji fLd WheR k?ﬁ % s!‘f‘%e lines

e cen passes hrou
are Gempetetir es of the near pl ane 622 and the far pI ane
624 of E 602 is conputed. Next, the 2D convex hul | of
E 602 (with at nobst six vertices on its boundary) is
cal chiesfoliewingidrscribendhe opmputatior to @gsintthatbass and top line of the
and touches the boundary of the
tra?%%&\)g%%ﬁgwérggﬁggg% is calculated. The top line It
608 intersects / 604 at a point closer to the centre

8]‘: Eﬁ%oc%‘ﬁ?d’r tRHoANE ﬁ@r?%asﬂ%%relﬁ grg%e tﬁé ﬁeg@egsp%%ﬁve space

of Hag light &) 6Q% tq awdalduﬂﬁq! bassend thertpp eHees @‘rihe revpired trepgzoid. The
I hait
auﬁ s ?o ch%ﬁegﬁﬁﬁllel I@?é Eh%?g'na?g}%éé %ﬁ%ﬁ%oﬁh%&%ﬁ@qﬁﬁéﬁ the eye
m%egé?ei'qtlﬁﬁwtq thedight) fromdftansento feaspg.re 1ine / 604 governs
the choices of It 608 and 606, with the exception for
the case when the centres of the far and near planes
Firsh thepexe's Bipdtumds Handemed inle the eostrarenestiensraertel of the light
to bBRIrRE Yl t hm handl es that separately to result in the
smal | est box bounding the far plane 624 as the desired
trapezoi d. The next two paragraphs explain the

NexBlthd Baite Iffe ltéfb@ @Fﬁ@l"( %a@e@%r’oﬁ&ﬁ"tﬂeoc &P fhel rne%r plane 622 and

contlnwtyo? lem |magine E, 602, e eye' s frustum
the far glangsd2tiof Ri6h24s epsmritted-wi t h t he centre of the sphere
at the eye's position and the radius equal to the

di stance fromthe eye to each
Next, the 2D convex hull of ’E 602 (with at most six vertices on its boundary) is

calculated.

Next, the top line /; 608 that is orthogonal to / 604 and touches the boundary of the
convex hull of £ 602 is calculated. The top line /; 608 intersects / 604 at a point closer to
the centre of the near plane 622 than that of the far plane 624 of £ 602.

Then, the base line J, 606 which is parallel to (and different from) the top line /; 608 (i.e.,
orthogonal to / too) and touches the boundary of the convex hull of £ 602 is calculated.
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corner of the far plane 624. Suppose the eye's

| ocati on does not change. Pitching and headi ng of the
weyaosfoneszrone frane to the next can be encodedrPas/sa2004/000230

point (which is the intersecijon of / 604 with the

sphere) on the sphere to another nearby point, while

rol | Theyabove: digordiye issach tat tl’cﬁﬁ@n@e Iinlad 6@|4cgmdemsr1be Bhoices of J;

6(’%”3n5 %bédé %vlt'hr\hg‘ e&?(%pﬁ%hqgr X Sm)vﬁ} rfﬁgtclém ?é 8ﬂ9}e faf.and near

plan%m@alm@sti ar@r@queet flmthe eanmee enmbdmt ftae alglocithen Bavtles that
%r%éc}tgﬁ BYRsdt i HRt Qma{%s't rb%x%uﬁﬁgﬁg\ztﬂp Palnzﬁ%hﬁ 36 e desired

th transition on the sph B&Y
tr@mezoign d he heextréwie |nar@1tarbhsuexpiwn ribe sratumaqu ef thedebevemaigerithm to

(ﬁsqbegf)tﬁe Cbﬁt,r\%li@g&ye@rpm ts smoothly fromframe to frame.

Imlarl transits srmothlyfromframeto
frame, too. Next, suppose the eye's |ocation does

Chanﬂgagfrﬁe' @t60\éethteclayEIgefrtls'tdi’lli~I fs dr %@H\Aﬁtﬂ% d %pﬁ\{%ﬁe \télgg ih’heeﬁntre of the

next Its orlenta
sphereal tyleaayﬁﬁtn@moofand dbé ractyieql&l)m thendisteee frém GBS epantb each

cdrﬁ erl %\%%ﬁrﬁ B@%&%’ C?yF'g I%%g rg rd§¥% R ch%“S? Pi&crllﬁng and
h%‘@t ofithe ﬁve;)fromrcmqve‘rar@e fa themeyhcher b@temndeti fas a point (which is the
mfe?%ﬁ!)@&i’ %49/\nthttH§ @5@63)305 {h%%tpHQ?e t§%§18{hgr Fi?asrs)ﬁ gg hf! g\/hlle rolling

he COITput ation o
Oftth% eg¢ fees nejfchange dfeoentoded amgt b@rreswl‘ape a0othtion oFegszls &ustum

alog) Gd%’ Mdré u?lgorrté}ntl? \klﬁiﬁ%%@gﬂ?l&){)@ Pr%'ﬁgn frB?\t f?ar{lg% frgmgat%e four

the effect of stre
qu@?fgpﬁthelf@r Rianes624efdhe eyris frogiumdyjeg os thee$pitere/elrsg hs¥ma smooth

tr&RBAT G tHeO s e b@%h@%%?hor@mf %EHQIn%r trqgn’uonedgf ur. corners

stretching results in ing all the shown tr
unigight driemiee bEOB dhrlee treneitsiamaothiy irame‘rame torfrapneyuBimilarly, /; 608

tratsid smd egi on near to the top edge
rbounargdg%yfwﬁmw‘?ﬁa%lggﬁ?e 6) (i.e., close to the

near plane (622 in Figure 6)) eventually occupies a

maj Q‘{Ie@aﬁpp%fae ttn@ e%@@q%‘éé%ﬁpdoey‘?l%nbgsrwaﬁ\% k) |I%ht from one

over-sanp lgug‘ Oow nma or “obj ects very
frame %qw*@eé‘;%t iMaintaigg fits farigntagion. é@ &l@pasm itd$ onlea matﬁ@rof scaling

E,0d0226h8 tf(eslg@%%dtlp@()ss@&ﬁﬂﬂe& %F@B&Iaﬁ’QQ§ §|é3 pEFHﬁ)Ug %EE hIn other

trlan fromt etop ure %
WOEHi P /b\%@ﬁlﬁﬁjé 688 agaip trgveit saeiplyifregm émﬁéﬂhfriamﬁetﬂlder a Smooth

treMBRY6n of Ak cy&1e fluE@REZ0i d 510 in Figure 5(a), its
correspondi ng trapezoi dal space 508 is shown in Figure

5(b). In the case of Figure 5(b), we obtain an

OVGVBéF@’@'RJe's&ﬂ)n{dJﬂ'le%oﬁ{HéHtloﬁ BRI lifesDNE firdt %nél §e HRKfect of

of _Fi E%ure , for a different trapezoid conp

AR Gi59n eneFodnB igise Pifd by digeVitlo e faﬁﬂfzbldgbspace Note that

N/ NaRaRe effbdtf bireBRAQ optdddB $ite L wiit
g 6512 trl;e upger p())gr td@o?{tg aerm?trlg%béggﬁghlg%%é %ﬁﬁjﬁ edge

is {%g tively, horsepmpared e thgh Bavsergs.and therefore the stretching results in

pushing all the shown triangles towards the bottom of the unit square as in Figure 5(b).
This means that the region near to the top edge bounded by /; (608 in Figure 6) (i.e.,
close to the near plane (622 in Figure 6)) eventually occupies a major part of the -
shadow map. This results in an over-sampling in the shadow map for objects very near

to the eye while sacrificing resolution of the other objects (such as the second triangle
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Conversely, a small part of the shadow map is occupied
by near objects when a "fat" trapezoid (having top and
woasws/eages of al nost equal | engths) is transfacmsd2dm/000230
its trapezoidal transformati pn. As the approach
adopted by the exanpl e enbodi nent ains to achieve
5@¢ taethei fparthy friangle @Aaﬁrdmkblh@t(mhladﬁgwmmﬁb))ems%)S ¢ kind of wastage

dug% PRt E%Phi@ésel‘ﬁéﬁlon?ﬂtaggv eye's frustum the

gorit ute 8°Sf%e lines and thereafter
compute the required trapezoid is as follows. Next,

th d whi ch

Si de Sangarebe Al 810 M Roble el 'B R adbe teregal Saags 508 i
slwnjlesﬁntlrbééb) Wthé cam‘ effflégure 5(ln), wiegibtan Gn o&éﬁmlhb%r a small
K N L L N T —
809% rulpﬁba\nrqggﬂ"@rsaMe top@nd base hlsesjplta/tram&debwaslfc&maﬂdm maps the
Y St LT T A —

mapdi st ance away fromthe near plane 622 wthits
corresponding point p, 618, Ilying on /, 604, in L,
600. Let the distance of PL, 618, fromthe top |ine be
d1l, ©averseie acstaatast ofrthe shatiemt map nsstupIeﬁI bay Heaapeigcts vhen a

P
SRR fnfng Mng5Reh 8oy IBS, La Bh6l 380 mec b
tr@@gqrgaletrm@mmmsdbe ahprogGivatiopted bp tltehexetnn;a@ embodiaient aims

RRETs CRERLE 8U17 gPUBbl RS0 A ARRIRLEY ol BB n e
eysﬁofr@%tumoﬁhq)re&w@m ite doopute dteedidedinesngnd therdwdter compute the

re&&iﬁéottl'é?ﬁz@iﬁ idadRNBs d, 620, on /, 604, with g, 620, as
the centre of projection to map PL 618, to a point on

the 80%line y = x 610 (i. Xx = - 0.6), and the base
i nqvé@ﬁth@%n*d“u?atﬁoﬁ%f éﬁ%@ldEQ%e}% wﬁmﬁ will Yor g}%%g%-gﬁges of the

respecti vel stance
tra@ﬁé‘ﬂﬁ%’é’%ﬁ@?"ﬁ'ﬁéﬁ692,leﬂ1be dgsesibedt he di stance of q,
620, fromthe top line, denoted as h, 612, is conputed

t hr ou&h the foll owi ng 1D honbgenous perspective
pr o Weh refarenpelto-Fisere A=assumd the ey is-mbre therested woobjects and

‘thénL Q@a%o%%ﬂwmhé lafs@alﬁgg 5% tn?ﬁwgtnegpslahg %E? hﬂ%§ 1S elcrgalgg of focus,

of E, 602, are cons
or(samlmthﬂ fogus hagias, @ét@deyesus cbrﬁe byes frastuin shdateangzodistahce from

o Sit such s the eye's
e PR R, 72 Ll P, et s Aot iy Fpen Bt plne 2 with s
col’reghmdlng mird Y| 618g lyirigueH @60asm)L et)beL&QB(e liskehcBBY p, 618, from
sult |n a i ficant wastage of shadow map nenory.

thd e be o' 934 IRl s EMeAEIINt cComirugisog drapezoid to contain E,

602, so that Nrmaps p,, 618, to some point on the line of 80% or what is referred in the
example embodiment as the 80% line in the trapezoidal space (see Figure 5(c)). Such

an approach is herein referred to as the 80% rule.

To do this, a perspective projection problem is formulated to compute the
position of a point g, 620, on /, 604, with q, 620, as the centre of projection to map p;,
618, to a point on the 80% line y = & 610 (i.e. £ = —0.6), and the base line 606 and the
top line 608 to y =—1 and y = +1, respectively. Let A, 616, be the distance between the
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algorithmis nodified to an iterative process. Suppose
the shadow map is a map with x horizontal |ines of
wenvesicees27 ( Exanpl es of val ues of x in sonme appbPCtaG2@n®00230
are 512, 1024 or 2048.) In the first iteration, pL
618, is mapped to the 80%line (or 0.8x), and in each
bagetanskfhie ap lineelbern, ding d@ﬂatnﬁélﬁl; q,latszonwﬁt el:h fop a8, c%?\bfédtas n, 612,
e last iteratjion to conpute
s Bl SREHf e b Blnd P ki eBions PkSRhvabbation
trapezoid and |ts trapezoidal transformation /V7- are
utzgglq From all the iterations, the
(tra ezoi j j i%) tétransforns the focus regi on
td covern t lar, area chough other netrics are
possi ble) in the shadow map, is adopted. |In another
enbodi nent, the iterations can stop once the val ue of
X can bgglgg ted where the focus region covers a |oca
S%HX|mﬁqrg§rggst area (or other corresponding netrics)

in the shadow map. In other words, the iteration can
stop once there is a change froma good coverage to a

%d colveri\Fgae,. an[a use the good coverat%e to be the

W lifes passing tHiokgh % HPupnd iteehing Rstcoaxpehull vk Eas02, are
constriatetovbs tisd ik @inas lcblhlﬁﬁrigcth@rbq’dé)%gésaofstﬁélréc&t{h‘é@bﬁpezoidal
boﬂb%éterat' ons. In fact, for a given up vect or t he

Ind a gi ven angl e between the eye's and the
light's line of sight, the best x, 610, to where pu

618, map e ent , of the scene and can
thus %é"%‘PeSD*E%‘fﬂS‘at(aﬁc% %E\eeery&sefm%wm 35968 i e post-perspective
sp8dd) of ¢rw1hbm Hsim duelifd HuseAbadks, Heos®d ruiB Ray g |W'é Iglgnlﬁcan’[

er of the angl e between the eye’' s an
Wﬁtspaél‘en s I| c‘-f\v B}apsmmoryf'a?n“@ad% tB%seé‘?B‘Ip@ySB‘bO@WF e above

alganithne jeemodi hek|$to am.talamdwmc@eﬁogdpm:the @?%JW}n%pt@Q'rﬁap with x
ol SRS L r iaS ERvEEs Shvaiiesreior brsorecanpigations are 512, 1024
or aaé&piremtiystuﬂamtrbnpmsetagea mpe@ td e mﬁw(mw éﬁa f each
su % ﬁﬁ) vectg of the gyt Ite varﬁl ng) t he
et “eyPe €% Ny MavEet ity AN entry; pre Hee detpre thaﬂﬂf the last
IteI][a(tjgm:m cm‘gptdesq, 621 With sl donﬂﬂwﬁq,f&m) b%@rr@é&intﬂ’h@ trapezoid and
e ar
o B A S S5 T b e B s e, e
trapemrdid, stithrits thasm?sf?m thé fecuplregiord @cdler ‘tﬁlﬁlat'g@sﬂlarea (though
ocu i on
otrRE ARAEREE Bslel Pind Bhafoul 570°P AUBtd Shradiaes o baglment, the
itergions camnstom entx?/trpl \ahe) ofoefameE@ Idchidepmeers ot ﬁeglon covers a
i i | Le keep p vect
Iocél &Q%(lnﬁ:tn]l I@es? ar(?%g % gorlﬁﬁ% &rp% in dhe §haq% map. In
othgawgrdsb e |¢ffral}tdno¢an stbp londé tHees Nk changlee%rﬂfasgoéd c\RFage to a
bad’@@\%@/ ah§3ke R u@%%lucto'vgrggg ﬁ) trge{ @ 8&{(' dellbfpagrggrrr]ltputatlon

vectors are s aces
is r}§>lt @xr@nrswd iag ditimvalestsirble methnsetia a$1t‘]mty|”a §rh@nBirhbéHbf @Brations. In

facf li’(ﬁ' %b%reoq tlfe%: a){ h%qqar 2 811\J/E§,’n ar?&e eﬁNe-glpllthe Ieye s and the light’s

cat on
Ime of Slgh’[ the best g, 610, to where p,, 618, is mapped is independent of the scene

and can thus be pre-computed. Therefore, all these best £, 610, (and thus m, 612) can
be stored in a table with the parameter of the angle between the eye’s and the light's
line of sight, for each possible up vector of the eye. Thus, in another embodiment, a
simple table lookup can also replace the above iterative process.
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approach adopted by the exanpl e enbodi nent addresses

the continuity problemwell. Therefore, the 80%rule
waddsigesd7i n t he exanpl e enbodi ment is effecti ve1/sGro04/000230

anot her enbodi nent, one can gglj ust this percentage

according to the need of the appl i cation. The above

di scussi on assunes that the eye's frustumlies

conpg I [y!

ot qaoecy ol ahibnfod bBle Srekf Wbl B/ datfpBlns in the

shadowHnap wEh gotonsiaet up yectonefdha daptvdtie marylmg the amgleabg%en the

fseaﬂd @b

N e L A L e
ftﬁéa trSe; bl largereainbipe. fanexanenie, mte acue/me b & i eisibldInethe light's
viepere are al so situations where the vertices of the

eye's frustumlie behind or on the plane passing
through the centre of projection of the |ight and

par atd @#de?é?arﬁd‘%er@% ri&,3RE pih 7b6 gf kHeng%qJ ﬁuaf?p \é%rdf_byct%e focus

have inverted order or ‘are' mappe
regigpon ithe Fafionemep. is TRaeratadt by weryinar thgrangles (rdpiesasted as a data

pofit Al te Sopfine) BEMBH Ghe BYEL dRg Sfﬁbchqrﬁ EthHgt %@Eg{hlle keeping the

Specifically, it suffices to onl ran
UPp ﬁq"&ﬁnﬁﬁntt Repasipents wetesdans Wlﬂaa sesed ofsthe@ammeekind of plots with

differéiit o vBEtBst UMia8 dbseRRE 1h4: & ; hlgéé{cﬁtl\ﬁe% plog]r usf @imy fiﬂ‘grent up

ortion, which is not 1Inside
ve tp@sa§qeysqqf@pe§ Pi verY wlasedvaliues. Fibﬁfﬁﬁeplo&nndrbaihethet thbaedie vis smooth

trahBig6e bR R alel d&@pl@&%m@fﬁp@%ﬁw r'\fhw Qn Y d EI; Jndligation that the

i ntersection / between FUStum af
appioachy adppied dintheerample qm@lmﬁﬁmdm&ssm treseutinuitysprablem well

Theteford £tHel 865 ) ruf BHIRESGS S t voi ds

,T@) a yete prorgl ! BNIREd tgﬁ@@xalﬁgl'resergcémﬁghteﬁ LitecVE! @Sanother
P Wﬁ@ﬂ?ﬁt%aﬁ dipmthis neécentqg@cﬂpcpmng tguhengsd gfdbs apgication.
through the centres of near and the far plane of the

eye‘B fg{justum may no | onger be the centre line for the
mpO¢ P%d'é?“ﬁslﬁ’@ IsaY@en gt thepeye nisustamdieappmpietély indthin the

I|gﬁt@ fmfmﬁlt@chfb% iA %Wdtﬁdd?ﬂ's@én@m/ﬁgret e ARt 'tﬁ%eﬁ} ﬁ{e I%’]}i} %ogrce. If

thi f}F i ne passi n(T; t hr ou osition
'Saf?dn%t B cBeet1Hie #antationtis éo eniaegg et light's lyiew to include the eye’s

frustomp Thistis @Bt af eFEYIVEQfsESof tRE 'sﬁé‘d&W?nag)o tlﬁ% ‘H‘ﬁ% CAE ‘B delicate to
h dgeg?jiethefocus regi on may not 0 eteyvvl
a Wyays jbe f?@ﬁ"@j@oﬂﬁw =it Sy sﬁwajl@ns N@erﬂaﬁne vertlces of

thepéy@n;efrl(sﬁﬂﬁ lie Deing Wr &nbhe @I’éﬂefp'érssﬁb W@uélﬁg\% %erﬁ (Bl (%gtoi%ctlon of

thq ﬁ ({j ﬁ@i? closer to each other) to
&/laphandheargli (i theaaas plape shihg light. %Léfiht\ﬁ?é’ﬂ@rs aﬁdm'erted order or
areheammlrtomﬁfmﬁt? irPL 260%5in Figlre %? biehet Rt %&béﬁﬁ%pﬁ%ﬁl@ﬁg& a simple

and near planes of the e
eXt%??’b“"@E‘&@@'dsrﬁlé%’ siugtiohse enbodi ment, the new focus

regl on Iles within the new near plane and its parall el
pl anes is

a§ Ahgr e the di stapce between the : )
df >Hg9 E?(otte Yhees 18 anly ransiamsthamostiosy ofhe aive'y felsbise that is
insntje tsetightisefrlisd@y Sto 1 gB0BNIn Figure 6). The remaining portion, which is not
inside the light's frustum, is clearly not illuminated and hence cannot have shadows.
Therefore, in the example embodiment, only the intersection I between the light's
frustum and the eye’s frustum (with no more than 16 intersections as its vertices) are
processed. This conveniently avoids the above problem due to the perspective
transformation.



10

15

20

25

30

35

Wth the above, the approach adopted in an exanple
enbodi nent is now suited for a wi der range of
wappisioaesei ons: near to far |ights, and both i ndoosGand/ 000230

out door scenes. Figure 8(a) pnd (b) shows the displays
of such cases with two lights illumnating a fantasy
char Beq e / (B4 imrfg@e4) patmingthrdightha casttezrof $@6r Ahd theYar plane

i 0 t v |.ights 804 whil
o0 Sl S By U0 SR OB o s
arghigRding Hane ARiraacheis t@O@Mpite theycentrel pmire o ofgig vértieds of I, and use

v | righ adow 812 ,
oM ook e 5Ll RATBE bt .
compRytation. Byﬁeomf@gw ragsinchasnto duti d\&fimﬁd, tgecauség'tr_@ume%s%egidn may not
. G ted, I.n the \
bi%“ngﬁfﬂﬁ‘mﬁ%?ﬁ?%ﬁ’gﬁﬁg*&ﬁ?ﬁ‘%@g%matﬁcaﬁﬁaf’diavv the, 4PFt plape (622 in
Figyre @) anskefer iplgne (R4 uatFigune £ ofithe egs (élosrmelhrttb&aach other) to tightly
it N it i 0 ichis
ook TR RPAP AR, bl s L AT et Do gt £ 0o
thei glistanogt hedwesro theadrigine famhandisearoflanasapfetheiedal in the world space.

PR O _ tod in th
RAPHEATBRL AT, Yl ROE LR b ol DB Bl anc
paralle! olsinec whepratie. distere tahatery et plankd i$ /7). Note that 5 is the

: - ' f the.light L, 300 1s vL =
dlﬁ%ﬁ@fﬁgg@%ﬁ t%%%q&%ﬂ"%r?gf?@' proj ection and camera
matrices of the light and Ws the world matrix of the
ver e ' ner vertices of E, 302, in L, )
300_,\'@';&1} 1% Yoo 1% <P RBAH riSticd e %WR'%&@%S?"WEN Bgww suited
for hwidee rasigp of Bplisatiansnuédritp Ifér&id?ﬂsyinﬂt&bth ifdobr ¥hEb6td6dr scenes.
i s tdhie | s ray I x. of .the eye, As
" 09, AR SRR & Sl 5B, S i et
fantegy ehareateri bigare 8Dshats thet charactdres0br i iy cfn%ngaﬂﬁpligm 802 and
' ' ' use a.,trapezorLd T 402,
b bl S 304k 54080 0 0B 5 Rl FS0 Rt 8w e
chayBriet 808 At i reneloses kight dleftraiadow 8N0) and oS lightckight shaebw 812)

ol 5 %y SO0 Syl BT RO B Mo ol

unit squar

empaglimapt.i Fyopm Eigurea e Hosata be spimered Nhatther apgraattdabopted in the
] ' d W, derived fro

S o iccklobe 1 By BRSO i SR fudlon as
well @p fQfiha drapeiien tonibe famlight aituadibayt widioh &f urifaeouritage €z fedgthndard
shddoypb@r mation matrix NT in the exanple enbodi ment to

map the four corners of T to a unit square.

Anal ogously, one can calculate Nt to map the four

cor me foliBfing Jé%cn"i}atfoﬁ%m%gs Y jd Jf‘%;aﬁhgc%% r#p%p’?{rﬂ%ip% in the

10, e aimis to calculate a transfo
apRfaRgh adopigs is theneysenritembodimeobr ners of the trapezoid
1000, tO, i , t2, and t3 to the front

Refer to Figure 3. Consider a vertex v in the object space. Then, that vertex in
the post-perspective space of the light L, 300 is v, = P.-C.-W-v where P, and C; are the
projection and camera matrices of the light and W is the world matrix of the vertex. The
eight corner vertices of £, 302, in L, 300, are obtained from the corner vertices of E, 302
in the object space multiplied by P,-C,-C<" where Ce is the inverse camera matrix of
the eye. As illustrated in Figure 4, E, is treated as a flattened two Dimensional (2D)
object on the front face 400 of the light's unit cube 404. We use a trapezoid T 402, to
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side of the unit cube 1002, i.e. to calculate L/r with

the following constraints: '"- 1 r+r r- iL - 1- 1 +1

weoRooshiaoge7-t , 1 1 =NT - , and 1 =L 3 J j J | BCYSE2004/000230

There are a few ways to achigye this. A general
approach is to calculate using quadrilateral to quad
appipinalg. (andresintaim) Mdyeater tio tlg @Dy objettatA nor,mallsatlon matrix N7 is

an"sf?‘G&é@Eucﬁ’Intha Fﬁ %L{r%gme?'sc@flf rﬁ%%%%%%‘p%{eg?? h@a rptoquare 401 ora

erations to rapezoid’to
reg aggleotVe Isell whi* Noulve.a Tértext bl thewtragpzoldatispacd, &9, a W&ezoidal

AR, ol 8 S T BV I bt smce

trapggoidelshedew map. (xu, yu, zu, wu) and v = (xv, yv, zv,
w) hold internediate results. As a first step, with
reference to Figure 11, 1 transforns the centre 1100
of t He foligvied gesaribes the calhelatiori di ihe trapezeoidal t@trisfdrmatlén matrix
r}lé&enec):(ém?%d'g}lbgdﬂne g’[Q rﬁagttﬁgg 0 %a;rnr%?sljl_ﬂgv‘q' tg a unit square.
Arradﬁg@u&lm, e Qﬁﬂplaiauwge Rr tor map thet foer corhgrs of o 8 uedtarglavay
that the top edge 1202 is collinear with the x-axis: U
Uu =: and R= - \ - 0010000 INext, wth
ref Vit eeferepceit imigrrd 30, theeaimisetos ealtulate 4 traﬁsfbhﬁattdﬂONT (4x4

m§th%ewllubﬁ‘ ﬁ%ﬁ%%ﬁ%fo&%g%e%) ?]Ir @%g gzé geloé&\otép)b’l g %gpgzo the front
fttlp%um ¢Upert002, ie. to caloqlate(NTlNltDt the fdReWingldoasitaifid=
yHg 810 +1 -1
_11 =Ny 1y, ;1 =Nyt ':1 =N, , and +11 =Ny,
1 1 1 1

There are a few ways to achieve this. A general approach is to calculate using
quadrilateral to quad mapping.. Another way is to apply rotation, translation, shearing,
scaling, and normalisation operations to the trapezoid to map it to the front side of the
unit cube. The following illustrates a way to compute Ny from a series of 4x4 matrices
T, R, T, H, 81, N, T3 and S.. In the following discussion, the vectors u = (Xus Yoy Zuy W)
and v = (x,, ¥y, z,, w,) hold intermediate results.

As a first step, with reference to Figure 11, T; transforms the centre 1100 of the
top edge 1102 to the origin:

2
u =%t3, and 7, =

oo o ~

= =)

o - o o
=

Then, with reference to Figure 12, the trapezoid T 1200 is rotated by applying R
around the origin in such a way that the top edge 1202 is collinear with the x-axis:
x, y, 00

- - 00
u=2"5 and g=| % & ol
1

ltz_tsl’ 0 0 1
0 0 O
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0001 As anext step, wwth reference to Figure 14,

the trapezoid has to be sheared with H so that it is
weypnsaied2cal to the y-axis, i.e. that the |inePpases2ong/ 000230

through the centre of the b om edge 1402 and centre

of the top edge 1404 is collinear with the y-axis: 1 -

Xj y Nexd, OitiT eférehde fo Fighrel18) e intersdctidh OofGthd tho Qid2 Ithed 1300,

i reference.to Figure, 15, the trapezoid is .
138 ont Wil SIS sy Bl { e GrbSBREGL b apiing 7o to
the wdgisi de | i nes 1500, 1502 containing the two side
edges (t0, t3) a 1do( oi ,12) is 90 degrees, and so
that the di stance betweén the top edge 1504 and the
Xaxis=R-9-i:andly, = °d ¢ ’\Nly u 00 u=Ht2-Rt t2, and
1=01 00 0 1 Nekt® 'with reference to Figure 16, the
fol | owi ng transfotrfat’i oh/N transforns the trapezoid to
arectangle 1600: 1 0000101 N=0010010
Then, with reference to Figure 17, the rectangle 1700
i s thssmpextstab, alitb mefetdmee yaKigareuty, ithe trasezoritiasetoib® sheared with

13 B el JEARV-BR: 157 N S W gt EBBigH 69 conre of
the ettasm gl 4@anceentreat ire tap edge 1l 404 ks Nohihedt Witk tRe Yiaxis;
v=N-sr Ht2-Rt t2, a g(lxu&ooq) oi o~y / w+y / w

u:Tz'R‘Tn'(tz"'ts) and < 0 1 00
2 ’ 0 0 1 0of
0 0 01

Next, with reference to Figure 15, the trapezoid is scaled by applying S;, so that
the angle between the two side lines 1500, 1502 containing the two side edges (fy, f3)
and (&, t;) is 90 degrees, and so that the distance between the top edge 1504 and the x-
axis is 1:

I/'x, 0 0 0

0 1/
u=HT,-R-T,-t,, and S, = 0 Oy" ? g

0 0 01

Next, with reference to Figure 16, the following transformation N transforms the
trapezoid to a rectangle 1600:
00

S ©O o =
—0 = O
O = O

1
ol
0

Then, with reference to Figure 17, the rectangle 1700 is translated along the y-
axis until its centre is coincident with the origin. This is done by applying Ts. After this
transformation the rectangle 1700 is symmetrical to the x-axis as well:

u=N-S-H-T,-R-T, -t,,

v=N-S,-H-T,-R-T,-t,,and
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3200100001 Then, with reference to Figure

18, the rectangle 1800 has to be scaled with S2 al ong
woheosyHeseis so that it covers the front side oPCri8s62004/000230
unit cube 1900, as shown in 4ggure 19: i o o oL O

-W/y,, 00 UTyNS1I-HT2-RT1- 0, and 2 =001 000

0 1, Thus) ot he troapezoi dal transformation Nt can be
comput glla ol ivpwgiwN S2-T -N-S1-H T2-R-T. Returni ng

to Figure 4, in tthe exjanpl e enbodi nent, the intent of

Nt is t® @rlansforomonlly the x and y val ues of those

verti ces ©fo objeats. This transformati on, however,
also_affects the z val ue of each vertex depending on
its Ky r@%l‘r%.toﬂﬂ%‘? 18 bergrlange 98P hegto peiscaled with S,
alv®y theGesxid 85 thiahit thRrs irrTEbt Gids bR tHRWirFERIba RBOHG & shoWRYN Figure
S{]ot be adequate to renedy surface acne effects. Figure
1% shows the trapezoi dal approxi mati on 402 of the eye's
frustumwithin the light' g frystymyin the I

ost - perspecti ve space of |4 he /[ ighty| Figure 4 also
ghomf%%'@t'ﬁa%éazﬁifdzﬁndagpp @x?v'gré't %og -under the

trapezoi dal transformatiop, degcrijped above resulting

in a unit square 401 (or rectangle)’for the front view
405 Thus, mettre@BEdioéldraa@foltd‘iaio&iFM&aV\i t@foﬁ@ﬂpl tedei;]é Rllawd:sens

t he pol yggn of r m Figure al so shows an

appr oach g%%té'zﬁ%yﬁtfgg@xanm e enbodi nent to maintain

a unit square 407 for the side view 408 under the

trapezoi dal ,transformatjon. The trapezoi dal

t r aniSPHIVAG 1 FI9WE ot plBr HeesXamRIGRBPefRSNioHlg intent of Nr is to

trepisRin@CohPihe ANandTPOraRt ofthe e Wediced of ibfects. This transformation,
[ of the vertex in

t ransf or i 0 ist@at the Z ) >
hqweyph 2 Og%fe%ﬂa%éva ﬁé%ﬁ&écfbﬁérf%dwndm Bdis6RNG K ¥glues. Thus,
a tsihgleOkbf&;tel(‘j 'fc%@ldllih\iyﬂticﬁﬁ (B&1h meVsﬁhn@d Isﬁamrﬁfuwa?ma@h)ﬁﬁb@ not be

rapezoidal . s oW _na o, that a constant polygon

ac{?ﬂf‘%@t% [Rnedy st"l?ﬁrg(’%?%’ﬁ%%f?‘ﬁtsshadow map approach nay not

be adequate. The problemis that the specified polygon

offset mght be tpo hi for pixels containing_object

ne afﬁgtget%owgh%ﬁapﬁza%l RPre @apm,\ﬁ&%?ft tﬁe eye g frustjum within the
light’s frustum in the post-perspective space of the light. Figure 4 also shows the
trapezoidal approximation under the trapezoidal transformation described above
resulting in a unit square 401 (or rectangle) for the front view 405 but a trapezoid on the
side view 409. This worsens the polygon offset problem. Figure 4 also shows an
approach adopted by the example embodiment to maintain a unit square 407 for the
side view 408 under the trapezoidal transformation.

The trapezoidal transformation incorporates a two-dimensional projection. An
important property of this transformation is that the zr of the vertex in trapezoidal space
depends on the wr. In actual fact, the distribution of the z-values is changing over the
trapezoidal shadow map so that a constant polygon offset as in the standard shadow
map approach may not be adequate. The problem is that the specified polygon offset
might be too high for pixels containing object near to the eye or might be too low for
pixels containing object further away. If the polygon offset is too high it can happen that
shadows are disappearing; on the other hand, if it is too low surface acne might be
introduced.
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pi xel s containing object further away. If the polygon

offset is too high it can happen that shadows are
wdize@Eppesari ng; on the other hand, if it is tooPCO®G2004/000230

surface acne mght be introduced. By nmai ntaining the

depth value in the post-perspective space of the |ight

in the exanpl e enbodi nent, a constant pol ygon offset

P |

ey SErAPREAA % 85 Al 4 Rl ARHBLEHE U0 A i i e

exgimpieeenpiogiment aThenstanit palyaeni offseterray rse @peqilimdnsm@r to the

teQHIqURCUSRER e YRR W Fécﬁows?(’ré% n%) OIQgchf{ bR tﬁé ga% lygon offset
I men

view 408 in Figure 4. 1n one o ac
pPreliery. a'hP)ﬂ'%tF@tU@n romaing Wiform.LeS Call bezasien\izan dhe anié square 407
frd,ﬁﬁ{ésglgg\ﬂg\g@g"{\h L@ 4 he trapezoidal space (304 in

Figure 3), ﬁalntalnlngthezvaluelnthe

post - perspect|ve space L (300 in Fi gure 3) of the

I'i ghhonk 'énﬂ)oéfrﬁﬁhlt % fa@l'ilm/ fh%eoﬁl)pfl'lgé%? vf:(/é?}ﬁ'ecg &rsycﬁ vertex are

vertex to the trapezoi dal space
transiRrmen &y o4 iOnthW&ﬁemdaYLSpa@e §204 int Elgwle 3)ywhdmmamamlng the z

veﬂ{.@I iHe% p@ﬁi‘-%e?s%&lv%%bg £ éﬁ(ﬂ?mzﬁl%df@l?)‘v\%tfh@cﬁghtt nteq_é i o, the

val ues of vL

foraHéRy b RS2 N@fﬁﬁk@ﬁh%gapeﬁﬂl@n@n@@d(Wﬂm Figurec3)tiexiow done as
in RL QQVP\?‘ th %e? ﬁwytﬁ dnB Sy Gfiis! %Hd %1 td b 5 \53?!53 from the z

pass o p generati on, ano er verte

anﬂr"blﬁ'ﬂ?ﬁ ?fd/Ld(ﬁrﬁtu@@ Wh@scorrespondl ng zt in L (300 in
Figure 3) for each vertex during the second pass of
shadow determ nation. This enbodi nent is easy to

5, =ipllerent and practically workabl e. However, such an
apptoach is only an approximation to the actual z
val ues. When the eye or light frustuns contain no
particularly large triangles, such incorrect z val ue
at ddelabpwe palcdaticn ¢ani tzm'giplammﬂed wifind vaéx prograat tostompute the

rei\grehl}e dgﬁlﬁg)ﬂﬁ fﬁstﬁﬁ?% %31; éwﬁ%y | arp Qgrgér%t%no ﬁﬁ% ?5 g?xj \}e{:t'8§ program
to pmp@ieéheamrtmoacﬂjwer (2] rﬁd@@ﬁ) ITBIFIgurec&) Iﬁ@reaeh"lvemxmrmg thagecond
pa¥d iof bﬁ d@\f’@ét@ﬁﬁlhﬁﬁbrpﬁ dﬂﬂo ||’?%ntc%o%és§) Q% rﬁﬂlg(n%ht BAS %gactlcally

on mu e texture coor
W%’Eﬁhl%éiquafs suple apsparoacivis paly sesappfoxirhatianhiadbevantapl z values.

ngkaé))e?(ﬂelgﬂgfrﬁﬁﬁm§ fbﬁﬂ% H?%)S?tf&hlg 'la?@e tr@?utslegaguch incorrect z

I ne € approaches In our
Vab'@rﬁﬁleﬁm peintoica trmglﬁoms found dei tegsattancapihelsremis $malt aed thus

nelRbiE BAtd A% ARRGRG a FoS \)‘emg.:ﬁ%g}o a@%ﬁ%ﬁséts used to

commpute the correct z va ue fo ragnent in L
(300 in Figure 3). In the first pass (shadow map

gen%aﬁmeﬂal,e lmlnfth% %Bgvé klé:h'lﬂ) r‘ﬁéﬁte Sth&RPi oA Xmb§ utilise
transformthe X val ues o
approaches based on ray castlng, and/or based on multiple texture coordinates. Note

that each approach has the usual two passes of the shadow map generation and the
shadow determination. One can combine these approaches into four different
combinations of methods to address the problem.

In the ray casting approach, the fragment stage is used to compute the correct z
value for each fragment in L (300 in Figure 3). In the first pass (shadow map
generation), Ny’ and the inverse viewport matrix to transform the x and y values of a
fragment from the trapezoidal space back to L (300 in Figure 3) are used. After that, a
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fragnent fromthe trapezoidal space back to L (300 in
Figure 3) are used. After that, aplane equation p in L
wO0203/01082Fi gure 3) of the fragnent is used to eOWSGR@4/000230
the z value. This value is aghled with an of fset and
then stored into the shadow map. Then, in the second
plpas sqyationdoin [deS08 imFigate 8ngf, thé\Trayrhentsis aised teecorhputé fiee z value.

1 vl S S o i S G S map. e, o

seasrd pass (Shatiow aleteaininaxion), N’ Is appiledvto thaY £ yt BRS &v; values of the

e AT TR RN e
argbp &Yith vesdvalhes, thept alvabithe ragmentt in i (B0@in(RMyuret3) is computed

t/ -entry .of the shad 0 determ ne whet her
e TP giaie Beo PARRREAON P Heph i SPBdS tiilig voiwr-entry
ofche sikdvat reap apgsteomthe wakthehefitagienpigsssiiaioadow nap
generation), the vertex stage transforns each vertex v
to vt =(xt, YT, ZT, W) and assigns VL=(XL, YL, ZL,
W) lasthet multipiet lexterre eoodinagdseapprbsch, ex ttis ﬁ‘irﬁoﬁﬁs@: RAE@SY map
i nterpol ati

over. a, triangle are obtained by linearly ng .
ogt Bt hé iy SRS R R bt B Sy g and Sesigns
viRBxt ., thev, ] aageeatturst ol Brecexiuke corpinatedfoveha triangle are

W

fr. pt. with zJw L.and adds to it _an offset._|n .
ot PETRY ik it e reRisk o e Hertees, pe b ane. Next
the fragmentstagd r@!aczith(si (Ldpgt biethé &e@asmrvmrpzyvmaﬁ adtié &eit an offset.
| ot he, second p ) ow gdetermnatjon), the vertex .
Ing aeé:g &hg’a%g/]agjf n%afsigcy]e'?ﬁé(r ine&]et aq%g%ﬁlﬁ[’%‘i?erlssﬁ%%??\?é with the
nespasagy pblygdreoktsed. lathé becandtpass (stadbedetdrinir@ltion), the vertex stage
tr%%ﬂ?éfé% ee%gp_(/&%_)} t%&[%:/ %‘rg%t? Xqﬁgei\:ﬁ\{(e(t ?ﬁ(a{?%ro? ﬁgﬁ?g%shﬁ#ﬁéﬁ?ut vertex. It
alzlmeorﬁplagmfmt thetvagex, pwoctea&me&oeam’;atég ag0eny,. k0 w,) and vr =(x7, yr,
r4yi_ne y..conparing zL to t val ue. i n
21t B el o MRS S B orskep et R BleliFipejenadow by
copraning vewt exthandué irathesshtdr agipandexed @g (4,00 y/wr).
i npl ementing the trapezoidal transformation in an

exanpl e enbodi nent. The approach adopted is the
mul tAnplesurteeAtsinow's coted i amdt feagregp rppegramd esdzsi foe dmplbmeating the

: i ep i's_ sh i e, the.
RS BT AR B3Rl S Wty Gl e e
muifiple héexturg ocdardinaimer kigproacta desaiiiedr abaye. Tlny dhereshadow map
o< 4pRch 08| K hef, 1 PIRINEE & SEDGBATE TBLG e Bron o
of Shepagloanitsmororkey inoax sioﬁlhewaxfz;d'WpLaame fgnaijoinility s dy Aaneure fA can be
ol W 5l U, 086, i ot WIEg58BH P2y o or

otigrypomputer geaphis wagremsd i n Annexure A. Annexure B shows
a display routine for use in an inplenentation of the
descri bed algorithmin an exanpl e enbodi nent.
Note that for the sake of clarity, the calculation of a constant polygon offset,

which is added to the final depth value is omitted in Annexure A.

Annexure B shows a display routine for use in an implementation of the
described algorithm in an example embodiment.

The example embodiment may be implemented using GNU C++ and OpenGL
under Linux environment on an Intel Pentium 4 1.8GHz CPU with a nVidia GeForce
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The exanpl e enbodi nrent may be inpl enmented usi ng GNU

C++ and OpenGL under Linux environnent on an |Intel
woenisioaes24 1. 8GHz CPU with a nVidi a GeFor ceFX5800/SGRaomm00230

graphics controller. ARB vergex/fragnment prograns or

Cg progranms may be used to address the pol ygon of f set
FXP89 Jina oraphicshenditrollara pBBmeeytekifragmediepredranmt or &g programs may
begﬁ%%of dtS %gﬁltresg grgéeﬁcﬁyagro%ous dﬁ' ﬁ’Me SH-%}E)V\FR{SQ‘;@ !‘n%y be rendered into
a ppdffettor garersUtektuggsmemone X hh wlxlamplel emlendlrpemtalsee wari@tscgeometric

f¢ Nk : j 0 u I .
vel Riote SoRPRIoRR R oS URER ol OB AR BN s making
robosthess ia@%@aamt«algimlle Shadow nmap resolution is

i mproved by approximating the eye's frustum seen by

the light with a trapezoid and warping the trapezoid

ont oEmbedisngoty afélye presers inveotieramey ptavilertberfdiowing advantages.

sanpl es for areas closer to the eye and therefore

results in higher shadow quality. The trapezoid is

cal cotasiondmep egsolutian issimproedycdrpngématingsthe dyels fmptum seen by
thé Gﬁﬁgﬂ WAt ? gﬁg%o"i’c%“oe\x@@m\gﬁﬁg tr%?%f&i‘# r@éﬂoéég%ﬂagioal%%p IThls increases
thealtmheatcédsaumé@ej fcofnarea@ clisghto \ieg tevemdometdﬁ@reemeums in higher
staEiH\ﬁl ght ather than on the whol e scene which

el rm sthe continuity problemoccurring in all

prior art Furthernore, the trapezoi dal approxi mation

i S &rﬁegﬁléée%% IQPQ&%ﬂeeguéWﬁ)a Q@m@h@uoghahggqns&%hg\ﬁrﬁ% esolution

confarns a
'Stacbﬁwd)r'ﬁ’@t ¢ai¢ulatwneis @opcwguiau@fa‘lls experesivenas thentrapezoidl, is only
a'l&?fﬁé((? basdd1bA tlf?é %gih?%ﬁ@@s BE e ﬁ&lé’ ﬁgstg 'ﬂ%oqgar{ B the whole
hree approaches di scussed I n the exanp
30\%@ wdichtgliningdes e continuiy pm*qrmmwargmradl mpogrrt ams or
Cg prograns on nmodern graphics hardware is involved.
I't is appreciated that a person skilled in the art can
easi Fyithepperg, tihre tigpezaidal appradmatian ist Bl canistagt rapetatioheand the

alq,érﬁll% SeAIeE GRA. Wb idduBt ﬂ‘n@@@ﬁ’cﬁﬁ{%lrfso{ Q%E%ddé gﬁhsﬁﬁﬂétﬁq& where

he nmet hod and system of the exa I ment can

Palygon&ifsnt kagomes @ndwuﬁewewstf@m@oem earhesreasplyad by one of the
th?etéo‘éﬁpr‘oﬁcl%sg HisBusted! h HRY e?&nbl@pérﬁﬂgcﬁﬂ;n%ﬁt %e?%ftﬁM?EEBn of the

such as a conputer program being executed Wt
veglgpi ag@renwggr@msmmfgcm OgramsiRn OGRIN wranhicsraware fshipvelved.
desktop conputer, |aptop or the like) 900, and
instructing the conputer system 900 to conduct the
met Hbi® BpPrepiatedihah eessnsostiiliasnip. ﬁl"ﬁeal’bé%@ﬁélb’ g@m &g present

inMof Qﬂiﬁfdgsrﬁ@tlﬁle fﬁgméh?d'es WRAW $haABg mag iR Ea rce.

such as a keyboard 904 and nouse 906 and a ura Ity
of out put devices such as a display 908, and printer

910.The method and system of the example embodiment can be implemented on
a computer system 900, schematically shown in Figure 9. It may be implemented
as software, such as a computer program being executed within the computer
system (which can be a palmtop, mobile phone, desktop computer, laptop or the
like) 900, and instructing the computer system 900 to conduct the method of the
example embodiment.
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The conputer nodule 902 is connected to a conputer

network 912 via a suitable transceiver device 914, to
wenelisleoaccess to e.g. the Internet or other neCwsGR004/000230

systenms such as Local Area Ngfwork (LAN) or Wde Area

Net work (WAN). The conputer nodule 902 in the exanple

i ncl Thiesompyieo systsimr 9 ympridesraicomputees®dEn®03) iffRAModules

(0] o T er
suth s 8 g Sornt G Yoo Bl AlgBiny R RTRkRes such as @
digplayp0s nargt printes91G.or exanple I/ O interface 924 to the
di splay 908 (or where the display is |ocated at a
renote location), and I/Ointerface 926 to the
keybbizg gdogpyter Thedwe rffinisncannettedhie 8 momputer netsholrle 912 via a
tyahcall l.ga a.an_jntercannegcted b
spie, Hah&uek CAIRBETS Bl AcbiisChs ARy oy otrer
netebdysysterns suchTazs Lagal lAreaiNebwmonir(bgNaor \ide ppeachibtwork (WAN).
supplied to the user of the conputer system 900
encoded on a data storage nmedi um such as a CD- ROM or
f 1 oppye gosiputerdmodale 802 |ihsthegexaropleriesindasli ngroedsaor 918, a
[ [ f V] .
RENRTR RS Moty (RAND o AU S RESE Rl WidkhGi ki 825, The
casppuier meduley9@halserincludesa aurdbel of lpubOupud (HOYirigeaces, for
ldesh ' 0.
e I8 AT IPIP LR SOR ER Wik I AL ts dhfited at @
regate josiatign) AR Dontgaiace 19280 thenksybiogrdi9@4| osed. Only
several enbodi nents are descri bed. However, it wll be
apparent to one skilled in the art in view of this
di scThssgerapenents of e cowpuieamysiile 882 dypicallyi ¢anomtinicate via an

infSRdortR ctidsus e Jedh it mdf Iprgaﬁn'ep Rndw O HSSIEOR gklﬁéqlkrﬂjﬁg relevant

I nvent i on. Annexure S vertex program
art [0-3] N.T # c [8-11] light's projection and
nodel view matrix # c[12-15] world matrix # c[16 - 19]
inverse world matrix #_V[tO?()S] obj ect position # o
[ HPGR)e peRlifation garegram is typically supplied to the user of the computer

system 900 encoded on a data storage medium such as a CD-ROM or floppy disk
and read utilising a corresponding data storage medium drive of a data storage
device 930. The application program is read and controlled in its execution by the
processor 918. Intermediate storage of program data maybe accomplished using
RAM 920.

In the foregoing manner, a method for generating shadows utilising
trapezoidal shadow maps is disclosed. Only several embodiments are described.
However, it will be apparent to one skilled in the art in view of this disclosure that
numerous changes and/or modifications may be made without departing from the

scope of the invention.



# transformv [OPOS] into world space and store result

in R4&: # R4 = W* VOPOS] DP4 R4.x, c[1l2], V]OPOS];
wWORdosR40827 c[13], V[OPOS]; DP4 R4.z, c[1l4], V][ ePOS8:2004/000230

DP4 R4.w, c[15], V[OPOS]; # transformR4 into light s

post -perspective space and store result in R : # Rl

=PL*CL* (R4 =PL*CL?* W* VOPOS] DP4 R .Xx

, c[8], R4; DPAR.y, c[9], R4; DP4 R. z, c[10] ,

: R.w, CII] , R4; # store this R in the
Ann&pg?p xture coordinate: # o [TEXQ =P L * CL * W*
\ é %ﬂl\/[)\/o[TExq , R; # transform R4 into
"ghtSY Ee¥ePOHAN: space: # o [HPOS] = NT* PL * CL * W*
H'VRL-) [OPOS] DP4 o[ HPOS] .x, (O, R4; DP4 o [HPOS]. v,

#c[ogil] ; DP4 o [HPOS]. z, c[2] R4; DP4 o[HPOS] S W,
eisl. 17 R4 0 5 MO, NP | T ght' s fragment
i zﬁzp[ggraimdlln rgioc#l% \/?Pﬁs : %’ﬂﬁmn% in trapezoi dal
# cllespAGeifwiridowpasidiz-en) # f [TEXQ : fragment's
# v[OPP®ISI:t blojecitnp@dstior perspective space of the |ight RCP
#o[HPP@x re#t{leV@texw; # RO x =1/ wlL ML R, f

= (x L/wlL, yLwlL, z L/WL 1)
# tranm OSh lntf wzty:lg SPROS: - and RQWT% Tesyit inp Rd:0 § 4
# R Y
DP4 R4k, Vc[1H] 61§osn°W in

DP4 R4.y, c[13], v[OPOS],
DP4 R4.z, c[l4], v[OPOS]:
DP4 R4.w, c[15], v[OPOS]:;

# transform R4 into light's post-perspective space and store result in R1:
#Rl=PL*CL* (R4) =P L * CL * W * v[OPOS]

DP4 Rl.x, c[8], R4;

DP4 Rl.y, c[9], R4;

DP4 Rl.z, c[10], R4;

DP4 Rl.w, c[1l1l], R4;

# store this Rl in the first texture coordinate:
# o[TEXO0] = P L * C_L * W * v[OPOS]
MOV o[TEX0], R1;

# transform R4 into trapezoidal space:

# o[HPOS] = NT*PL*CL®*W* v[OPOS]
DP4 o[HPOS].x, c[O], R4;

DP4 o[HPOS].y, c[l]l, R4;

DP4 o[HPOS].z, c[2], R4;

DP4 o[HPOS}.w, c{3], R4;

MOV o[COLO], v[COLO]:;

END

light's fragment program:
LIFP1.0

# £[WPOS] : fragment in trapezoidal space (window position)
# f£[TEX0] : fragment's position in post-perspective space of the light

RCP RO.x, F[TEXO0].w; #RO.x =1/ wlk

MUL R1, £[TEX0], RO.x; # Rl = (x_L/w L, y L/w L, z L/w L, 1)

MAD R2.z, Rl.z, 0.5, 0.5; # R2.2 = Rl.z * 0.5 + 0.5; depth is now in
# the range [0;:1]

MUL o[DEPR], R2.z, R2.z; # o[DEPR] = z L/w L * 0.5 + 0.5; replace
# vz TV with Wz LV

MOV o[COLR], f[COLO];

END



# the range [0;I] MU o [DEPR], R2.z, R2.z; # o [DEPR
=z L/wlL* 0.5+ 0.5; replace # "z T" with "z L" MWV
WO 2piBOue; f [ COLO; ENDAnnexure B void di spl apCfsGL004/000230
1st pass: TSM generation // as described with
reference to Figure 6 in the detailed description, //
as a first step we have to calculate a trapezoid based
on the // eye frustumE . // The four vertices are
nt 0, t I, t 2, t_3 calcul ateTrapezm d(&t 0,
A""%‘ﬂ'@ 2,78t 37 PL, CL, B); // ... after that NT
oid dls J<_:a|§ at ed as descrl bed above
vol teTrapezoi dal Transformation(& T, t 0, t I,
/7 1sttﬁgss 3% ﬁéngaélgwport (0, 0, shadownapW dth,
adowmapHeight) ; // Bind the above vertex program
// as .des@rl':BleBdEﬂ:ﬁgfﬁMQ_ tYERBaXe RROGRAN Bbiaivphi@ab)iptibh,
// as a fardt bterd we Hewvabty eafcwigrend qﬁrﬁp@aroam wHsBuNaPragr am\V
// eYe(Gf_ustRACWEI\ﬂ' PROGRAM NV, fpLight );
// TheyFeme vEXWSGE (TS PREFECH NP/ € /Y &tr &N T in
calcul@EGBﬁ@&E@Wm@ LBaJdl\/ﬁf'H'xi&%N )L JFr doKMat ri xNV

Y EROGE%éi\/' s
éélculst%irjeg%igé P_L * ncsifﬁ an tr?{%ﬁ?ﬁ(ﬁ%@%tﬂg& %

g1viewgbto@y Mt rdnXfovRpok)de/ / shdaghbarSicpgi0f)gCct i on mat ri x,
e.g. achieved with // gluPerspeative () gl MiltMat ri xf

// BinfiCthq pboyd veredw Psogyamera matrix, e.g. achieved with

91BlndPF°€g4a@E‘66¥@AW§TE§LB?%MW| xN«ﬂg@Q_ VERTEX_PROGRAM NV,
&% NV, GLJEDENTI TYJW ; gl Matri xMode

nglnd& GMEﬁF%@Eﬁméﬁg’d elyiew matrix in //

glMatrlxMode(GL_PROJECTION); // store N T in GL_ PROJECTION
glLoadMatrixf (N T);
glTrackMatrixNV (GL_VERTEX PROGRAM NV, 0, GL PROJECTION, GL_IDENTITY NV);

M

glMatrixMode (GL MATRIXl _NV); // store in P L * C_L and track in GL_MATRIX1 NV
glhoadMatrixf(P_L); // light's projection matrlx, e.g. achieved with
// gluPerspective ()
glMultMatrixf (C_L); // light's camera matrix, e.g. achieved with
// gluLookAt()
ngraCkMatrixNV(GL*VERTEX_PROGRAM_NV, 8, GL_MATRIX1 NV,GL IDENTITY NV);

glMatrixMode (GL_MODELVIEW); // store the modelview matrix in
// GL_MODELVIEW
glLoadIdentity();
ngrackMatriXNV(GL_VERTEX_PROGRAM_NV, 12, GL_MODELVIEW,GL_IDENTITY NV);
renderScene () ;
// Like in the standard shadow map approach we copy the depth buffer

// into a texture:
CopyDepthBufferToTexture () ;

// 2nd pass: render scene from eye's position and project TSM texture

// over the scene

SwapBuffers () :;

}
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gl Loadl dentity (); gl TrackMatri xNV(G._VERTEX_PROGRAM

JW 12, GL_MODELVIEW GL_IDENTITY_NV) : renders cene
woRoosinod2i ke in the standard shadow map appr oaefTs62004/000230
copy the depth buffer // intgsa texture: CopyDept hBuf
ferToTexture (); // 2nd pass: render scene fromeye's
YISt i on and project TSMtexture // over the scene
SwapBuffers }25 Clainms 1. A method of real-tinme shadow
generation in conputer graphical representation of a
scendé, t hA maih realrtipné sliangw-gegefatinn irgcampegregraphical

refpféééhféﬂblpa fgcéﬁ% fﬁeqﬁgth&? or}{hr?s%sqgf the scene; -

defining a location o urce illumnating at
| east definigran eye'sdtusture bswm a degjredetiew dihe acéneapezoi d

L0 SPRUAHETPLE R AL Sorcl i aliEo 0481 8 ARSI oo

t he post-perspective pac
a t ragrneetingla trapereif oﬁormpramnate aojres; tFS withintthe eydiefrustum in

thgrpggﬁgéygﬁgdlgg dﬁ_t&mq@i q_al space for conputing a

shadow map; determ’'ni ng whet her an object or
par t- APBAingR tragezomaéwa@aﬁwmaﬂom heolyjests mibinthe apdzotdieto a

tr%%@ﬁaﬁgdakéﬁir%gpgnﬁnggg Uity difngpadaw map. 2. The method

as claimed in rern generatlngthetop and
base qaterauning waathekan éb,lpetcﬂf iPad|tyereaffis trhehadpairethei dbstred view

&Q{]gy conputing a centre
of@]ﬁﬁé@ﬁ?%ﬁg tHgg:g?s S‘Hgﬁ cé’ntres of the near and

far planes of E5 - calculating the 2D convex hull of

E, -zal cuhat r‘n@ﬂiob "as%m{ledl M (ﬁ% it %Q%m b@ns{ratﬂ'&qu ?%C%eds base

t he boundary o convex
lingp {: @Rd !bsremcaverhewf thse trapezpid te aurvh@mattmé i buswaprigesf

the %ﬁ%ﬁn@ﬁlcén@é life I, which passes through centres of the near and far
planes of E;

- calculating the 2D convex hull of E;

-calculating /; that is orthogonal to / and touches the boundary of the convex hull
of E;

-calculating /, which is parallel to ) and touches the boundary of the convex hull
of E.

3. The method as claimed in claim 1, wherein, in the case that the centres
of the far and near planes of £ are substantially coincident, a smallest box bounding the
far plane is defined as the trapezoid.

4. The method as claimed in claims 1 or 2, wherein generating the side
lines of the trapezoid to approximate E in L comprises

- assigning a distance d from the near plane of the eye's frustum to define a
focus region in the desired view of the scene;

- determining a point p; in L that lies on / at the distance d from the near plane of
the eye's frustum;

- computing the position of a point g on /, wherein q is the centre of a projection
to map the base line and the top line of the trapezoid to y = -1 and y = +1 respectively,

and to map p, to a point on y =&, with £ between -1 and +1; and
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3. The method as clainmed in claim1l, wherein, in the
case that the centres of the far and near planes of E
wanesgueser anti al |y coi ncident, a snallest box Bousdevg/000230
the far plane is defined as 2de trapezoid. 4. The
method as clainmed in clains 1 or 2, wherein generating
t he SPEREMYCHin@BvVQFide lirestaf Hsclranedoideagh presingréitaioh ¢, wherein
edcPIEMEIiRE fouch8S eI Ehvex ﬂblf&faé‘sﬁ r% LERSLE Jpgar pl ane
of the eye's frustumto define a 5cus region’in the
desired view of the scene; - determning a point pL in
L that i ; IS C . t Re. near pl ane
of P%e ey@fesmgtrrﬁgghrﬁamﬁe(g@n%%ﬁLﬁg\fﬁ‘[eﬁgéﬁ 65|Bt%|“on of a
point g on /, wherein q is the centre of a projection

to p t [ the top LLine of the trapezoid
to 3@ = - hﬁ}:\ér@é@mé ag%la?}ﬁ%%@cﬁ?'@ezﬁy’,hefﬁ%%eoéeﬁﬁf)é B‘i’lﬁft ISa
deteriminedopasgd onygn iterative prduesswhan midimaed whdtagand26
-constructing two side lines of the trapezoid each
passi ng through q, wherein each sideline touches the
2D chnvexTheuhkthofl aEchaimesipetdim\ee whisekirs thefitefative probass is
[ P im4, wherein x = -0.6. 6. The
St@eﬁgﬂmﬁa @F%l%@"{"ﬂ'sg{) |d$ 4, wherein the desired
point x is determ ned based on an iterative process

t hatg m ni-g . ] t hod as. clai.nmed in .

ol ai%hn 6. et st B8foedn s B dobeBRibf iRl fneres i
prercpprledr@inditheirasilts $toteddn a8abld foe diretthe@drexgsec! ai ned i n

clainms 6 or 7, wherein the iterative process is

pre-conputed and the results stored in a table for

di r ést r effherraeibed ag claifngd imeinki ode as clainad e, icomarisingne

of clRtd¥g,; mr i-Si - . i.nin n .
i et h ProGRBA L efien HRIGA MRS RBm prghine eve's
frughiinit he eye's frustum - conputing the centre point e
of tRemyElidd 8 WalWale® tre line In
passi an?t mdoug%e?{qép%'gg?tsﬁaﬁ Vg'glc é‘ep(éye and e, for
generdgtining atceetre gk passing thtoughtiee petitivmbf dise eyecantes fom
cE3kiRy & r conprising defining a new focus
geregi"rg?g} v(\a,ht|F ﬁEﬁSeS bet ween the near and far planes of
the eye's frustumthat are geonetrically pushed cl oser

to Hoght lineRRMAGH 4s claimed in claim 9, further comprising defining a new
focus region which lies between the near and far planes of the eye's frustum that are
geometrically pushed closer to tightly bound 1.

11. The method as claimed in any one of claims 1 to 10, wherein the
trapezoidal transformation comprises mapping the four corners of the trapezoid to a unit
square that is the shape of a square shadow map, or to a general rectangle that is the
shape of a rectangular shadow map.

12. The method as claimed in claim 11, wherein the size of the square or
general rectangle changes based on a configuration of the light source and the eye.

13. The method as claimed in any one of the preceding claims, wherein the
trapezoidal transformation transforms only the x and the y values of a vertex from the
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11. The nmethod as clained in any one of clains 1 to

10, wherein the trapezoidal transformation conprises
waoapiongs2t he four corners of the trapezoid to BCUSGR004/000230

square that is the shape of @ square shadow map, or to

a general rectangle that is the shape of a rectangul ar
pasiragsRestyp space ofthe lighitd the teapezodida!rspdce, whilk shenx tdlye is

m%?dir?éonatttﬁ@vazuéﬁ thE Bgepe?'s%lé@{ ac?%{‘ﬁ%@j i €ctangl e

changes bas on a ura |ght sour ce
and the elhe method Fh@lan‘eedmloblaim 8, epmprisingagplying tre tefpezoidal

tréﬂ%?orﬂ%ﬁ&r?@'dbgalﬁt i a)[rg/f aPM]\ﬁrvgqu, r{]ﬁettrragg (éc(i)%l %@ége ¥z Yimend wr,

transformation ornms on

araf campuding & £ vaue hhﬁéffap@z@tdapgfai:ﬂeﬁ by ¢ spaee Qfhetdg and w,
light to the trapezoi dal space while the z,value is

tth I eln ost S ctlvesace
g s ahd s"q'ﬁ s e st Rarb stV Pt R T, SRR
conpti. si n'Eheapaﬂhyd ag claiired inajmnolisdedmprisiitsf or mat i on to
d w val ues in the trapezoidal

b
gpggle"qatf?& paﬁ éfaﬁg'& R mapgfde E‘%lﬁﬂutl ng the z value in
the tr apdmusﬁbahlngpmoeimam valu@sofza fraghherifronhiee erapbzaidHll space
WL, t n the
L 2 T DGR s P B SR Sa
cl ai med itransfoaned fragmeninpiilisiigrige plané aqaatfolnrosthmsﬁram%formed
of a1 ng ol Ioidntilae b HRBRLE ALY RStk ome Mosmment
post - per s‘mthe\hghtsmm@ ih LOF, 11 duling @’ndsffstegvalb? & 1,,and store the
f tt ti.l t he ane
cquat i on ToR AT &0 TR ve b i bR o Comput
a di-dn arseegndapase obﬁhadmw detergtindtioansf orned fr agmsnt
value. 1o tRmBEGie dolnets asq A, BRo iR OERk texturing, to
dept h valth@fraémeMéroahﬂnddwpmdalspaafe Iaacxemomdoblaﬁmgui second
shadow d?kﬁ%ﬂrﬂ@ifr&%eﬁt fr%ﬂ?{hg ?%F uge gﬁ%&na{é utellsmg

assi gned, ective t (
fragnent tiie plane heuatloapém s@abncttnammmlfragmwnt to compute a

ranst or L PENANR IR BhT e AR onl R RaMmife fignt souree
equat i on i, 2 hend detsmainervehedtiertmelagmerg neintshtidow baped en a
oo e PIRNE e B SRRBI I L PR,
the fragnent is in shadow based on a
16. The method as claimed in claims 13 comprising
- in a first pass of shadow map generation,
during a vertex stage, transforming coordinate values of the vertex into
the trapezoidal space, and assigning to the vertex the texture coordinate
equal to the vertex's coordinate values in the post-perspective space of
the light, and
- during a fragment stage, replacing the depth of the fragment with the
texture coordinate of the fragment, adding to the depth an offset, and
store the resulting value as a depth value in the shadow map;
- in a second pass of shadow determination,
- during the vertex stage, transforming coordinate values of the vertex

into the post-perspective space of the eye, and assigning to the vertex
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conpari son of the stored depth value in the shadow map
and z 2. 16. The nethod as clained in clains 13

woangroiei2ng - in a first pass of shadow map gerRerTaG2@A/000230

during a vertex stage, transpgrm ng coordi nate val ues
of the vertex into the trapezoi dal space, and
assi gni ngtWQJtet(ﬂhlee sanrdisates trat beedirst the coadihiateataduesgpi the vertex in

to the vepl {sp&gg é?i\/@@ & Vcﬁltrlyeelgqﬂt Qn%ﬁ%ond &l?ﬁ ?cho&dlgate values

post - per spect | ve space o
f ragment thtbgeerteﬁpltlae:tratgezbldel steoeharaf t he fragnent

L o i FAORGhARIE, Bbtehfin AARRP B8 Sacec
a dept h vel asoinpatiden of zedstorededepth value ia tisesionidwpass, asf
shadow d efﬁ@é)@d%é@ n the Qégoha geﬁtﬂg c\égrrdvngﬁ ffgﬁ‘? ﬁ{a%m?rp]tewith a

transform ng coordi nate val ues I
post - per syés bassdsyebe fitst taxhure egardinatecofaissirgarherd. t o
the vertex28 two texture coordinates that are first
t he coordi nate values of the vertex in the

post 1her sprmethodaisataimed int ¢iaiml 13¢ammisihgsecond t he

CoOT kS pidk UPshobylri, EHd-Bn! 1 L he {1 apezol da

space, dur agnent ’ st age, determ ning
shadow offqu@rwmﬁ@rﬁmaﬁay@de@ af afragmpmtrflosmtmedtfapbtmdal space
stored d I

on the seosnd P aiEriteoRBeana Bl T8, 1R TphtRER ST,

a val ue bEnsiPrerdfiagment, Qtlllslr@xthap@ne@quduqnmf@eamrstﬂmsformed

fragment. fré’g%enﬂ’@cdm&h@g dﬁ"’ﬁar@e&!}aﬂ\‘:edoé b i%ﬁhms&;mgii fragment

conpri si first pass ener
t ransf or nﬁg 10 ’fh,ed@htji;(ﬂm%ln\lalzueeddmﬁg an ﬁffmj N&Iue td z@rardhstore the

trapezoi %Eulﬁrﬁﬁu@%gdb% ahfdsn ﬂ‘?e%haﬂ? gtive space

L of the light"to obtain a PIret T ans d fragnment,
ut i 1118 Arigcentbragss shadpuadstemiodtionhe first transfor ned

fragment tQiagWNReR sfjelég%]t ?ﬁ%‘?ﬁ) }’rf-ﬁ##‘@oo%métg%a ub%f’ﬁ the,vertex

transfornmed fragnment fr sour c
addi ng arinigfthe é@stxp&rsm@cm\@ spage ohihie eyecans assigningdaltia vegtex

val ue as tﬁo@&r’é c\S@rldﬂ%é ﬂhéf‘&e?&@%@"w_@(gnam vbl'ﬂ?%of the vertex in

second pass of shadow determ nati on
vertex stigeostesspertveninege ebbediohtans seapm‘eﬂwembo:dmte values

vertex  of the vertex in the trapezoidal space, and
- during the fragment stage, determining shadow of the fragment based
on a comparison of the stored depth value in the shadow map, as
indexed based on the second texture coordinate of the fragment, with a
value based on the first texture coordinate of the fragment.

18. The method as claimed in claim 13 comprising

- in a first pass of shadow map generation,
during a vertex stage, transforming coordinate values of the vertex into
the trapezoidal space, and assigning to the vertex the texture coordinate
equal to the vertex's coordinate values in the post-perspective space of
the light, and
- during a fragment stage, replacing the depth of the fragment with the
texture coordinate of the fragment, adding to the depth an offset, and
store the resulting value as a depth value in the shadow map;



10

15

20

25

30

35

into the post-perspective space of the eye, and

assigning to the vertex two texture coordi nates that
wanaeosfoleset t he coordi nate val ues of the vertexPCWSGh@4/000230

post - perspective space of thgylight and second the

coordi nate val ues of the vertex in the trapezoidal

spacein aasegond gags of ghathew fletagnivationst age, det er mi ni ng

f.th .
shasow of iyt AR B Be RIS Bl oo,
on the seerggmert iiere ﬂm)mmazndtabsnarbe bhek ihtoalg rabtiningvatsbeond

far \allglml;ﬁt b@éf%%r%dtf%g[r{?h{ ﬁémtt@(tgéﬁr?godﬁlgﬁrt%t% %Tlglnatte utilising

conpri si nije plane eguhiiorsef thesecont trehsfdonediporgentde acbmpmte a
during a yebhexysit@gfne EE@Jﬁ%ft%rn o%eg 98@9(5&? OIo(?n e Ilgﬁts source

of the vertex 1nto the trapezol
assi gni ngihtle zhanddatersing Wbe’thebdha n‘regmeot idimsttagloedhsskd on a

to the verd oo 8P IsRR %c??%:ﬁh Vglﬁﬁ mthgggadov&map Az

post - per specti1ve space 0
fragnment stage, replacing the depth of the f ragnment

Wi t hpg he fl@%@?ﬁd SQRelth 8 &S fonk e ol n?sg | 191 fﬁ%,derggrygnsmg

the depth an offset, and store the resu
adglinge3 pelygan eftset in théy detghaldmwlmﬁ)iﬂgnobjmt or ECibacopadis

siﬁﬁoﬁhﬁﬁﬁvﬁe@%@ﬁ%%me nu\"cﬁ'?%ﬁrgééﬂt Q)nttﬁ § fhe compu{ed

coordi nate assigned, thro rojective
ShaH@WﬁTﬂ%nent fromthe trapezoi dal space back |nto L,

obt @i NoTR HERBAYs tlAhsd ﬁréﬁ?%ng c:écor rﬁ:}lé lﬁ% wherein two

transfornmed texture coord
orgeRra diglfrsogrces flemirate ﬁtjleﬂ$te(ﬁ§ﬁe@tlvﬁelabrfl¢l”mg¢fém s¢eanecmqatmee

econd transfornmed fragnent
mgpg?n%:éﬁdyg?rglteggqoﬁhéggﬁﬁéL, zL2, and determ ne whet her

t he 4% agriofYsten forfealiiimpshadaweasneratian iveanantteramapifical he
reﬁﬁeeéﬁgnmtélsc\éab e spstém%oﬁgﬁgggv map and zL2. 20. The

nmet hod as clained in an claims 1 to 19,
f ur tHfeRTOBRKIHF Wil fﬁgd%fmgr@w eyeisoTysien besedsen aidasitatiview of the

scegé; Eféﬁﬂéﬁhﬁ@ aWB@JtBﬁrof Qr\gf’?@oﬁﬁfe ﬂl[]rrgﬁgtgné) étrkfec{s?g oftdn'ofthe scene:

shadow in the desired view of

for egfieertivR E-fansAcid  toiappraxtnate én eeers i wiihisHbeieye nrtipsturdn the
poIbﬁerBFéJﬁIOéi sP&ceCdr %é@ﬂ | N £rBAYthE ight RbulBEroPBESIfiAY Bdrapezoidal

clai ns, wherein
transformatlon to objects WIthm the trapezoid into a trapezoidal space, for computing a

shadow map; and for determining whether an object or part thereof is in shadow in the
desired view of the scene utilising the computed shadow map.

23. A data storage medium having stored thereon computer code means for
instructing a computer to execute a method of real-time shadow generation in computer
graphical representation of a scene, the method comprising

- defining an eye's frustum based on a desired view of the scene;

- defining a location of a light source illuminating at least a portion of the scene;

- generating a trapezoid to approximate an area, E, within the eye's frustum in
the post-perspective space of the light, L, from the light source;

- applying a trapezoidal transformation to objects within the trapezoid into a
trapezoidal space for computing a shadow map; and



or nore light sources illumnate at | east respective
portions of the scene, and the nethod is applied for

weaaois/oiogght source. 22. A system for real -ti mepeinadow4/000230
generation in conputer graphigal representation of a
scene, the systemconprising - a processor unit for
def i TiigMining ybethet an objent dspsedheraofis ttestiaded iv trevdesfred view

oft Wl jon of a light source
itr?agn{?%gtﬁlihsr{g@gqe e%ﬂi{t&gsr%gb\?iq@éré'of t he scene; for
generating a trapezoid to approximate an area, E,
wthin the eye's frustumin the post-perspective space
of the light, L, fromthe light source; for applying a
trapezoidal transformation to objects within the
trapezoid into a trapezoi dal space, for conputing a
shadow map; and for determ ni ng whet her an obj ect or
part thereof is in shadow in the desired view of the
scene utilising the conputed shadow map. 23. A data
storage nedi um havi ng stored thereon conputer code
means for instructing a conputer to execute a nethod
of real-tinme shadow generation in conputer graphical
representation of a scene, the nmethod conprising -
defining an eye's frustum based on a desired vi ew of
the scene; - defining a location of a |ight source
illumnating at |east a portion of the scene; -
generating a trapezoid to approximate an area, E,
within the eye's frustumin the post-perspective space
of the light, L, fromthe |light source; - applying a
trapezoidal transformation to objects within the
trapezoid into a trapezoi dal space for conputing a
shadow map; and30 - determ ni ng whet her an object or
part thereof is in shadow in the desired view of the
scene utilising the conmputed shadow nap.



