2281682 1 SHADI NG THREE- DI MENSI ONAL | MAGES This invention relates to a
system for shading three-di nensional inmages and in particular to a system
whi ch can do this substantially in real time. The best known prior art

systens for generating fully occulted real tine 3D inages isrzﬁé é fer
or, depth buffer image precision algorithm This may be inple 1|
elwer software or hardware and is used in systens produced by conpani es
such as Silicon G aphics, Evens and Sut herl and” and Hew ett Packard. The
Z-buffer algorithmrequires a frame buffer in whi ch col our val ues are

"stored for each pixel in an image. In addition to this it requires a
Z-buffer with an entry for eacﬁ‘gﬁb‘?% THREE-RIMENSTONALl JMAGESpt h val ue) is
stored for each pixel. To generate a 3D representation pol ygons, such as

triangles, are rendered into thle%ﬁ TATeRUES &L 1y elgl Er agyﬁg’g? Duri ng

- s¢an conversion of fhe, OI% a point. gn a po urt er from
the viewer than th&B3dt rFéaG}m‘Fﬁ‘P%%lb&f“F‘&?sf%‘F t’ﬁhtpaﬁ"-}é}llﬁﬁeﬁipt#]e new

poi nt's col our andsistven whichpbaneds Mehicl dubstantialy reseali ogme s

“necessary and no ObJ ect to Obj eGine. QIBR! kiSRS BHiR! %&H' EGSterts ge&f er type
- systens reqU|re a evel formance and are very

: i ntegration a

" expensi ve. i's n% g & E%% %c‘ﬂ'f]d:ﬁdpgf'ﬁg %e“? ARREeButfethefr 2
 buffer if real ti nbuﬁ)@# anéhulsuﬁﬁmemhu prvedisigrefadgordtbwbodimint s of
the present lnventmsyr s akip2 eeRt &l 3h Iakw&ahséawéw&o%mhag@ £nd is

' performance real r | cS_system pduced

: Ilgr eferably the inv ﬁé?l 1@) %S’sqnggdﬁr%&&edgkgpg?%ﬂ % gsﬁllc&’r aﬁ f)g:}:
“striucture which i SGFFI‘Q}?#I%S'SEVFEBI@4 duthezriapdf cand \Hewlesk ?eek§'r¢arge
~scal® integration) inplenentati he Zsbugfét Al gordtamabbeuipss @qh_-amgans

‘that a SD graphi ﬁ}té%h%g:n " GndXR L1 Y YRS uBE UL Wt YL 13L& k1 in
an "image. In addition to this it requires a Z-buffer with

an entry for each pixel. In this a Z value (depth value)
is stored for each pixel. To generate a 3D
representation polygons, such as triangles, are rendered
into the frame buffer in arbitrary order. During scan
.conversion of the polygon if a point on a polygon is no
further from the viewer than the point already in the
buffer for that pixel then the new point’s colour and Z
- value replace the old values. No presorting is necessary
and no object to object comparisons are required.
Z-pbuffer type systems require a high level
K_/ - of integration and performance and are very expensive. It.
is necessary to use a high performance frame buffer and Z-
buffer if real time performance is to be achieved.
Preferred embodiments of the present
invention enable a highly integrated, low cost, high
performance real time ‘three-dimensional graphics system to
be produced. !
Preferably the invention is embodied in a
scalable regular pipeline structure which is highly
suitable for cost effective VLSI {(very large scale
integration) implementation. Using such a scalable
approach means that a 3D graphics rendering system may be
provided on a single chip.
Refinements to the system enable features



-2- such as shadows, anti-aliasing, soft shadows, transparency, depth of
field effects, notion blur, cu'rved‘ surfaces, and direct inplenentation. of
constructive solid geonetry (CSG to be supported. Sonme of these features,
e.g. real tinme shadow generation, are extrenely difficult to inplenent
using Z-buffer techniques and therefore very few high performance systens -
actual ly i nplenent them The approach taken by -the present invention i
enabl es features such as shadows to be <i Apt enmented in relatively o
strai ghtforward nner he present.invention Js based on the use of a ray
casting techni £r s*’@%‘mﬁ"i r?d’%d'f'a}ﬁ?ﬁg-‘g’dﬁ?é’fsisgﬁé?w?‘rrages rat her than
conventi onal puotangparbased deptdecinfietd effaats, matioprkdun.r egr¥adodi nent ’
of thte i n\éent iéaﬁ.»tﬁféiefggtén&r&iAﬁa&_ hihgméﬁéﬁal @ittnbbfacgﬁétﬂlic_ﬁufef ?@QidV\hi ch
are stored as sets .o n.im ne i e [ et ween a
viewer and t h&STENEY 28%@ vﬁ°e%€dsa§88f€?§' i g“%‘%rrpg?i Eié%s%ffeeéf‘l% “SPality of *
el enentary ar e+ Ferd| sime Shaglow geRSEARP + RrSaS¥LFemed Y K EieWdbi nt
thlrfaugh an el efee Hmpl¥nehi€ausiing Ze bREfeeNtédhrmiduee ananehdrefrreviverpd and

Wi I nt ersect W3 QUSneHEd AGES M %ﬁﬁﬁt | [ e ne. By
anal ysi s of thfee\s('ghllﬁ e?%g%:%l ons e\gﬁé’g?ﬁ%\%?g, | St &Hgg‘s‘@%‘gﬁt‘f h%e&{]ev\girigv\e can
det er ni ne whet3RRTORGY Eakem &y jthe, PIPEERt VIS WAREALSS theatUseRel shoul d
be rendered wddcha asashadowsartcs bedémpUsmentediin appaviedly equires a

continuous straamight$biidfd nedney.ations to be perforned. The set of
surfaces for each oObject In E}he scene have to be._tite%vat ggch | xel and
the shade assigned to the cFO§cRFSSTRY BRYSRIFPRCES (P8R ER EBSt W] pi xel .
Such a techni qpfe acamybeasriietmchadque fopiyssiderdngachithreerhi s enabl es (Y
to be highly idinRaisabagl akhddsrdatbblstran ddventiodst asbRfore®Ased
perforrrance/con"oldeX|.t§ gn cost o The invention is defined in its various
aspects with "eeﬁrlg i ST IR e appended clains to which reference

shoul d now be made. An enbodPnenprefexuasd eppedirert Y IthgodnBentE@®ri bed in
detail by way s¥jedtanpke #adl rephresencedtly a set of surfaces which

are stored as sets of data. An image plane is deemed to

lie between a viewer and the scene to be viewed and this
is comprised of a plurality of elementary areas (pixels).
A ray is assumed to pass from the viewpoint through an
elementary aréa of the screen into the scene to be viewed
and will intersect various surfaces which represent an
object in the scene. By analysis-of these intersections
and their distances from the viewer we can determine
whether any surface is visible and thus whether that pixel
should be rendered with a particular shade. - - - \‘)

B _ . Using this approach requires a cohtinuous
stream of similar calculations to be performed. The set
of surfaces for each object in the scene have to be tested
ét each pixel and the shade assigned to the closest
visible surface is given to that pixel. Such a technique
can be implemented in a pipeline fashion. This enables it
to be highly integrated and trade-offs can be introduced
‘between performance/éomplexity and cost.

The invention is defined in its various
aspects with more precision in the appended claims to
which reference should now be made.

An embodiment of the invention will now be
described in detail by way of example with reference to



the acconpanying drawi ngs in which: Figure 1 shows a schematic bl ock

di agram of a system enbodying the invention; Figure 2 a), b), and c) shows
shapes whi ch may be mani pul ated and rendered by an enbodi ment of the

i nvention; Figure 3 shows a cross-section through two ray/surface

I ntersections of an object illustrating an enbodi nent of the invention;
Fiigure 4 shows two cells of a pipeline procegsor enbodying the invention;
Figure 5 shows a bl ock diagram of a proces§o bnbodying the invention;

Figure 6 shows a %}‘%E:Egsaﬁb%ﬁl %ggﬁ L £ahaddgng the invention; and

Figure 7 shows a b I agr am hltecture of fhe pr ssor

Figure 6. Figure 1 shows a 3D i %\%r%yjnt 8y pﬁﬁ’é?%%mz%%?%ﬁeﬁgram of
mani pul ati on of | eagystemfemsdyvingpehtoineenticngr ding to a predet erm ned
set of rules to all ocate shades ﬁﬁﬁf@lylguab)pl gﬁ@r@, egmnggaf,ggxﬂlﬁgh

The t hree-di nensi onal F?Qprgﬁi‘%%%cf §1 S%Bcﬁndg%wgmgﬁ th

stored in a 3D daf“&B’a?@
dat abase and the pﬁp‘@htnenso that data fromthe dat abase can be mani pul at ed

prior to rendering by the pi pellﬁegui\@ru Howsl ancﬁe@swls;h ehrbuge téws

such as Obj ect rotati atlon I nt n

cal cul ati ons. Sorﬁ?y( g?ﬁ‘f‘% ersg ﬁf'°3§mg€eanpr°o ﬁfu%fahc %g gﬁat r eal
time interactive #ﬂ‘ﬁpﬁaﬂaﬂcﬁf dhe H@VS{I)‘:H‘aﬁabase i s p055| bl e. The image
provided by the geonetry processpiglfe thashpiwgektweceTls W acgigaldnahi ch is

converted by the g&gg{agggrt&&&ﬁlngdahg E'{R;OI’I'[ ay. The pi pel i ne processor

of Figure 1 is ba upon a ray “traci gsf mrather than a poI ygon
skeg rendering algorithm In thBig@set aﬁh°i‘1'§ & Bieek hagxram of
t hr di mensi onal pxbapesbdo émodd@[imgsehtemﬂnvmtrm:el |l ed as a collection of

obj ects as shown in Figure 2A. Tpfﬁﬁié“%/shows a system using a processor

embodying the invention; and '
Figure 7 shows a block diagram of the
architecture of the processor of Figure 6.
Figure 1 shows a 3D image synthesis
pipeline 2 in which manipulation of image surfaces is
'_performed according to a predetermined set of rules to

allocate shadeg to individual picture elements (pixels).
The three-dimensional image data which is acted upon by
the pipeline 2 is stored in a 3D database 4. A geometry
processor 6 is provided between the database and the
pipeline so that data from the database can be manipulated

\_ prior to rendering by the pipeline. Manipulation can
consist of functions such as object rotation, translation,
viewpoint chaﬁges and shading calculations. Some form of
user input can be provided to this so that real time
interactive manipulation of the 3D database is possible.
The image provided by the geometry processor to the
pipeline is surface data which is converted by the
plpellne to pixel data for display.

The. plpellne processor of Flgure 1 is based
upon a ray tracing algorithm rather than a polygon based
rendering algorithm. ' In the ray tracing algorithm each
‘three-dimensional shape to be represented is modelled as a
collection of objects as shown in Figure 2A. These may
intersect one another as shown in Figure 2B in dependence
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I ntersect one another as shown in Figure 2B in dependence -4- on what is
required to produce an approxination of the original shape. Any concavities
in the original object are broken down into a nunber of bl ocks as
illustrated in Figure 2C. Each object is defined solely as a nunber of
surfaces. In the exanples shown in Figure 2 these surfaces are all planar
but the systemis versatile enough to handle curved surfaces. The edges a&é
the vertices of each object are inplicitl'y"defined fromthe intersections

O Lhesurfaces, A NS LUGLAd S oBMULT STk BhOLE, SO ver L ex

data. Before r&hdefim Scene c n sur ace in that scene

is classified %@r&aﬂeﬁhaWorvﬁﬁﬂ concaxibieR Wuthecerigirel ohjefdne by ’

setting a fl agamhivdoken Gbwiethto tah ndabardef iblicvkseashislusmeacedliia f orward

surface represbegé&tg%Tcondition where a. Iine normal to the surface points
ver

towards the obSt he reverse surface is the o ﬁqueSIte The ray tracing *
t echni que operates by taklngE@§Ph°B%f%%tlﬁr?qF&Pﬁd 1)hyR5 ﬁaBPﬂPﬁﬁ a ray
fromthe obserefréwfagespaskn nchd lexamphea shoserinpigtréazpthesde in the

i mage plane, ignlefsR6t aral b1 (o1 aaeschel dpad At béirs&t.bife?teno@%ﬁe this
has been done thgwqrward su éface |nters$ct|o furt ng fromthe’eye and

the reverse sur® 16: SPE¥RY | S ZACSSast 18D § © EEELIfSFe L This
is illustratededach Rbject are|imHiiqitdy3definad. aﬁmﬂr &yeZItab%tsml‘aJme rom an

observation poéfltufe smeaebée@ﬁd ithu@ekthaed Dy ddWeqhiibRsss dd) ddarepl ane of
t he cross- sect%#)ﬂ} - GLOULE e Jhe forward surface intersection of Ray |
furthest from Bsérva |on p0| nt 8is F1 and the reverse surface

i ntersection closest to the ®SergareRirHAcOLi 3 sgenefan CORAPRFSN vvherU
t he cl osest r essissurifatacenithay seehieosi Slawaifded ast @ttlohsaer vati on poi nt

than the furt me%twér%r e pOLE SRAIEAA | MREA1ARS doia! o) Wede AP NO!

I ntersect the ] ect parti cul ar
flag whlch 1s stored with da a deflnlng each surface. The

forward surface represents the condition where a line
normal to the surface points towards the observer. The
reverse surface is the opposite.

The ray tracing technique operates by
taking each object in turn, and, by imagining a ray from
the observer’s eye passing through a chosen point (a
pixel) in the image plzne, intersects all the surfaces
defined in that object. Once this has been done the
forward surface intersection furtherest from the eye and
the reverse surface intersection closest to the eye are
determined. .This is illustrated in Figure 3. .\

- In Figure 3 ray 1 and ray 2 both start from
an observation point 8:' The object is defined by four
surfaces in the plane of the cross-section of Figure 3.
The forward surface intersection of Ray 1 furthest from
the observation point 8 is F1 and the.reverse*surface
intersection closest to the observation point is R1.

This condition where the closest reverse
surface intersection is nearer to the observation point
than the furthest forward intersection indicates that ray
1 does not intersect. the object. This particular object
is therefore not visible at the pixel in the image place
through which:ray 1 passes. Ray 2, .on the other hand,
has its nearest reverse intersection at R4 which is



is therefore not visible at the pixel in the inmge place through which ray
1 passes. Ray 2, on the other hand, has it,s nearest reverse intersection at
R4 which is further fromthe observation point 8 than the furthest
forward surface intersection at F3. This indicates that the object is
visible in the i mage plane at the pixel through which ray 2 passes. This
phxel is therefore allocated a shade which_has been allocated to that
sufface. This shade is usually stored with data defining the surface and

My be a grey SCapg M dm Eﬂep?]bé‘ér@t‘i@nuﬁoiﬁﬁ 8 dridld t%‘é' ?‘d'}:tﬁ¥§tt.em

This technique for allogcatin to.a partrcul ar. pixel for sl ngl e

object is called FREvand &u lngE %’é’fersﬁféz%éésg if ?’Hﬁeéﬂ"g&cﬁ £s e%(}&?'F
obj ect in the scetke colfiddie iei vibikle unf abe dmaghcplbjee@t tber pskelo t he

eyle itfdatny, dwhi Chhidifd SARlch i‘aﬁaﬁ’ ;s@s%%gﬂg E‘hﬁ@uﬂﬂcé& Ry tt'h@!*hﬁ&atra' xel | i's
sel ecte 0O derilve I S ra-rul e
set . The shade whPEFPTAes s Aeadf ovntisl Rae. BReR BTIGfRe, e el

cal cul ated from t#erfaeper This shaderiemsapldy stoxekd witd Gasasdefiwing | f
there are no visighe Mﬁ‘a@@esnan«\eyawtae@rby S8caBy ek dreanhadespssi gned

to the pixel thro‘l)gihé/wyo@ gahrggl&ﬁs%ﬁt%ll {3&% q%%ciﬁgrogg shade.

The shade may be a QIHIC, Sc&l & val U o may be val ue.
will be appreciat gphkingha shade et‘?zi’yﬂalr&éFHbaﬁrR?éE%ls foxs at ipglexecut ed
for every point isbjdet iinagalpedncheinteavenyesset ace of every object. The

process of finding surface ray Jyut §%gg%éop§ :F@&al%%dr gycggc}%cb@je\&rxn

sinple operation fromthe data whi I nes each sur ace I S
expl ai ned bel ow. B3 IPSEHEr 388 E4R ‘b’es Euzheen oh Shecobierh Rearesthdo
f ol Towi ng manner : tie eye k ifheng, rwhich mtembecnarmaw@assﬁngothhw@turé ace

poi nting towards $ha Qhi1e"piisiiald YedileereBsebVati ffe ROishalle USSRl darSt OF ed
as the pixel. This is termed the intra-rule set.

The shade which is applied to a particular
pixel can then be calculated from the properties and
orientation of the visible surface. If there are no
visible surfaces intersected by a ray then the shade
assigned to the pixel through which that ray passes will
be the background shade. The shade may be a grey scale
value or it may be a full R, G, B, value. It will be
appreciated that the entire ray tracing process has to be
executed for every point in the image plane with every
surface of every object. '

(U The process of finding surface ray
intersections can be reduced to a very simple operation
from the data which defines each surface. This is
explained below.

Each surface can be represented in vector

form in the following manner:

n.x = k
. where n = a unit normal vector to the surface
pointing towards the origin (usually the
observation point), usually stored as the
) cosine of the angle from the origin.
k = perpendicular distance to the origin from

the surface
X = a point on a surface (coordinates)



cosine of the angle fromthe origin. k = per pendi cul ar di stance to the
origin fromthe surface x = a point on a surface (coordinates) -
line or ray is represented in vector formas follows: Pl + u(p2-pl) where

P1 = base vector or distance fromthe origin to the observation point.

= Apoint onthe ray in the centre of a pixel on the imge plane. U
A neasure of how far along the ray an |nt%rsection occurs at point Xx.

Ther ef or e:

n(pl +u(p2-pl)) = k and u = k-n.

6- A

P2

v

pl n.(p2-pi) The paraneter u is

negative behind, ty q%esg%f %fhié‘ﬁteﬂfx%sbﬂkgﬁsﬁgt\ﬁéﬁ ogr??gg‘? %%Ofglq_o% 1 between

pl| and p2, and’is greate

or olnts |

Thus, the paraneter u gives & relt B?ep%k di stance fromthe observer,
t hr ough a poi ntwharet P2 =nagdasleamectén ox glistanesar faone.thEhioxigegutses a .

di vi sion per pixel as we paﬁeabgggr@ggﬁig@dﬁgh pi xel on the inmage pl ane.

However,

& a.g%aﬁhﬁaﬁay eﬁetEﬁr?%ﬁﬁf fhP

approaches zero as the di st zmcsheoimage qlengce goes towards infinity.
i nverse nmeasure of digstance a wmelgtpdl b How |f%§i_- dg@ﬁ@ t@qrag,f ape by

conparing the depth of everg@&urface at eac u5| the foll ow ng
we can find which

equatlon

FFSE%t}%P\ﬁ SN ea tp%ﬂ% ixel 1/u =

n(p2-pl)/(k-n.pl) Expanding the vectors in this equation gives the
fol |l ow ng resultherbfore: (nl.(xs-xe) + n2.(ys-ye) + n3.(zs-ze))/
((k-(nl.xe+n2.ye+n3. ze))

n(pl+u(p2-p1)) =
and u = k-n.pl
n. (p2-pl1)

The parameter u is negative behind the surface that is
intersected, ranges from 0 to 1 between pl and p2, and is
greater than 1 for poiﬁts in front of the-image plane.
Thus, the parameter u gives a measure of distance from the
observer, through a point on the image plane, to a given
surface. This requires a division per pixel as we pass a
ray through each pixel on the image plane. However, the
inverse of this parameter, 1/u, does not reqﬁire-any
divisions but still gives a measure of the distance to the
surface. In this case it approaches zero as the distance
to the surface goes towards infinity. This inverse

. measure of distance is normally called depth. Therefore

by comparing the depth of every surface at each pixel
using the following equation, we can find which surface is
visible at each pixel

1/u = n(p2-pl)/(k-n.pl)

Expanding the vectors in this equation gives.the following
result:

1/u = (nl. (xs-xe) + n2.(ys-ye) + n3.(zs-ze))/
(k- (nl.xe+n2.ye+n3.ze))

e 1 nage pl ane.

the inverse of this gﬁraneter oes. not re U|re angx%%V|sionsﬁ

but st|II gives a me&éufe of* se it

Thi s



where xs ys zs are inage plane intersection cqordinates and xe ye ze are
coordi nates of the eye point. If the centre of the projection, the eye
point, i's also at the centre of the i mage pl ane the above equation reduces
to the following: 1/u = (nl.xs + n2.ys + n3.(zs-ze))/(k-n3.ze) This can be
rationalised into a nore general formas shown below. 1/u = A xs + B.ys + C
A\B, C, are constant for each surface in a rticular scene, and thus the
above equation can be used to derive the dfgténce to each surface on each

ray. xs and ys angd£Rokdi pates Hfe tikagel Fﬂané N - e I6n PLESEa @i ch

-the distance to each surface is to be’calcula églu5|ng t he equation. The
i‘mage is nor mal | PHSLPEt YEpZByAER A5 RARES| SIEXRePPHY: raster type
fashion thus for any particul &f thef aestreafaferthehprejectiory dbpt kyhas been.

cal cul ated, the depidt,atiseatho X &het d8nboeCof G liRdgRYpl e RN ERGeLY A
as we traverse in a Q__orl zon&g& ire he image plane, and by B as we

traverse in the VEHESF ﬁlerec?%dotr? %%O\?\élgféé‘ﬁ% earlier the depth of

every surface has to be calculated for every pixel in the imge plane. This
i's a considerabl e nunber gofucal (iil.adsl anaz. Yowewss ., (zas zehp/ deqid 29l cul ation
bet ween horizontal ly adjacent pixels only requires a single addition and
mul tiple pixels can be operated on_in parallel, a very efficient parallel
architecture can BE-s&MskE. raHenddsen) Anbe chinu® geaerpl ckrtnfpsishevn
process shadows &edaw:ansparent objects is described below with reference
to Figure 4. The inner core of a processor which enbodies the invention

consists of a series of identical cells which are pipelined together. A
tyQLpaIBnunber woul d be bé?ﬂé%ﬂ*@f dn8-¥8 &etl s. Two such cells are shown
In - 8-

A,B,C, are constant for each surface in a particular

scene, and thus the above equation can be used to derive

the distance to each surface on each ray.

xs and ys are coordinates of the pixel in
_the image plane from which the distance to each surface is
to be calculated using the equation.

The image is normally built up by scanning
the image plane in a raster type fashion thus for any
particular surface, after the starting depth has been

~ calculated, the depth at each pixel can be calculated by

incrementing by A as we traverse in a horizontal
direction in the image plane, and by B as we traverse in

K~j the vertical direction. As was stated earlier the depth
of every surface has to be calculated for every pixel in
the image plane. This is a considerable number of
calculations. However, as the depth calculation between
horizontally adjacent pixels only requires a single
addition and multiple pixels can be operated on in
parallel, a very efficient parallel architecture can be
devised. One possible architecture which can also process
shadows and transparent objects is described below with
reference to Figure 4. '

The inner core of a processor which embodies
the invention consists of a series of identical cells
which are pipelined together. A typical number would be
between 32 and 64 cells. Two such cells are shown in



Figure 5. Each cell works on a single pixel and adjacent cells work on

adj acent pixels, i.e. CELL N processes Pi xel (x,y) CELL N+1 processes

Pi xel (x+1,y) CELL N+2 processes Pixel (x+2,y). This is achieved by the top
portion of a cell as shown in Figure 4. For a particular surface a

paraneter Ais lodged in a register 10 at the start of each cycle and a - -,
depth paraneter representing Axs+Bys+C isslodged in aregister 12 at the
start of each cycle. These two val ues are®conbined in an adder 14 to give a
new dept h parangter. 2Axs+ I 0L : | ' ichis
| odged in the [%‘ %sﬂee?)'(lzgi%%hct{?cehf %PF}C()\%'VI é\ﬂ Zag%}l%%héa?g*n%gﬂ%a:d?%ﬁgghl odged
in a correspondieddsr ¥grt R B FEDENBLIRRME: del®-. The values in registers 10 °
and 12 in the following cell are then conbined in a correspondi ng adder .14

whose output forns the inpulcgtd KEFESi&sel? | BikdELNSNt cell-in the R
pi pel i ne. The surfaces defi nlqu_atﬁlgi‘var isous o%jl.ec[tﬁ gf{:e stored as a |ist N
a *§

and are processed in a sequ N+ BRPORESe5TITd ¥4ted are grouped in
terns of the objects which tCELL deRi procerbes Pixeldxder¥d that all the
forward surfaces are based at the start of the group followed by the

reverse surfaces. This is Qwn, bel aw__ohj ect surf Mt everse
obj ect N+1 surface M+8 reve ésqbfe%? ’l\er?’flasﬁg'f 5%%%%"5?&%?d°§bjéect N+1
surface M6 foraeddd agbphevn N1 fiicaze #h5 FOU & Parspretar wunfecece M4

reverse obj ect gdrawetaeea M Tagedseén abiafisddrsunf acecidr Btfantwaied obj ect N

surface Mtl for d hec e x?%"r%&r B and C
whi ch define ef\cgcrh cg-%:g_és%&fgaggpggepg%%@%e?{w%eﬁ-;g%eg@%r tl OH§X§ES whi ch _.
i ncl udes ot her ifuldesgedain d rREStemnd2 At (s Stagy Bt ey vade- o/

These two values are combined in an adder 14 to give a new
depth parameter 2Axs+By+C for the horizontélly adjacent
pixel, which is lodged in thé.register 12 in the following
cell. Parameter A is also lodged in a corresponding
register 10 in the next cell. The values in registers 10
and 12 in the following cell are then combined in a
corresponding adder 14 whose output. forms the input to

register 12 in the next cell in the pipeline.

The surfaces defining the various objects
are stored as a list and are processed in a sequential
fashion. The surfaces are grouped in terms of the objects
which they define and are so ordered that all the forward
surfaces are based at the start of the group followed by
the reverse surfaces. This is shown below: . o’

object N+i-suf£a¢é M+9 reverse
object N+1 surface M+8 reverse
object N+1 surface M+7 forward.
object N+1 surface M+6 forward

object N surface M+5 reverse
object N surface M+4 reverse
object N surface M+3 reverse .
object N surface M+2 forward
object N surface: M+1 forward:
object N surface M forward.

The parameters A, B . and C which define each

L]
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tag used as an index for a | ook-up table to shade the surface.
Alternatively the tag could conprise the actual R, G B values for that
surface. Additional information in the operation code is used by the
processor to decide what to do with each surface. The tyre of information
the code mght contain is as follows: start of a new object forward or
r&yerse surface start of surface data for t whol e scene end of surface
data for the whol e scene shadow object transparent object. This infornation

|'s represented by Pzngg@feo'stﬁkﬁﬂa‘ik_fc \%%ﬁ&ﬁﬁigﬂ%od{ vhi®hoab &&Qs are

stored on a regist SPRELe3CEh
required. At the QF’&?’E %#rfécﬁeﬁtﬁﬁflé‘é‘feﬁ'he Qe PR ei‘hé“afy P asﬁPFE%%el n

that object for tbagpused dseiangipdexefmed ilooktupetable ttre shatieatbept h
register 18. Surfgg BEELAED. d%ﬁe%ﬂsél@élftﬁﬁ@ccsgstaaéfdaé&np%%r eqhena&h@al

intra-tag reglster me tine & V'Oﬁ'f%:.'ntr ue from
the previous objeBt Fs %o gd 85&%‘% st“'r:F Ar&l- tRRg 11@ °H'@fﬁ: Hon
regi ster 16 whi chistthes aperagionecedel s disigdebyuthemratsssorf bp daeide xel

bei ng processed. yhat hgo idd kAtdepabn VilriadeS JirRaAt €frd N inlESrinAt £6n Geid h
for that pixel thga?éterg\‘%a %?haui;lhe m%/r ﬂ%%h register is transferred to

the inter-depth r 85"t h em conpares, with the end of the
processi ng of the surfaces:of an object, the nearest visible surface in
that object with the near etfar¢i 6fba enswirdbeetdet ected so far in the scene
for that particular pixel.g g,gkgtg{. g&%&eug%iggﬁif necessary. In order to

corrpare I ntra-depth and |nter- ept h val ues Is used to switch the

put of register 16 to Gt@rsfofhBuripnn dagp EerpEherdiolss scepe - 10-
oth r of which receives tlemdoofpstrfdce ehitat €orl18he Whdle tskeensur f aces of a

transparent object.

This information is represented by the
control signals which are input to a signal and are stored
on a register 20 in a cell. From where they may be
assessed as required.

At the start of a new object the depth of
the first surface in that object for the pixel being
processed is stored in the intra-depth register 18.
Surface tag data such as surface shade are stored in the
intra-tag register 22. At the same time the previous

K,/ intra-depth value from the previous object is compared
against the value in the inter-depth register 16 which
stores the processed visible surface depth for the pixel
being processed. If the intra-depth value is greater than
the inter-depth for that pixel then the value in the
intra-depth register is transferred to the inter-depth
register 16. Thus the system compares, with the end of
the processing of the surfaces of an object, the nearest
visible surface in that object with the nearest visible
surface detected so far in the scene for that particular
pixel. Register 16 is updated if necessary.

In order to compare intra-depth and inter-
depth values MUX 24 is used to switch the output of
register 16 to one of the inputs of comparator 26, the



bei ng processed MUX 24 is controlled by the control signal |odged on
register 28 to connect register 12 and register 18 to the inputs of
conparator 26. For forward surfaces, if the current surface depth is
greater than the intra- depth value then the intra-depth register remains

t he same. For reverse surfaces the opposite action is taken. Thus at the _..
start of processing of an object the intra- depth register contains the s/
nearest surface to the eye of the prev'roWs‘obj ect. After all objects have
been processed  the inter:taq and.the_jnter-depth registers contain data
defining the & 55?95@1‘%%%‘35’”?3 ’é{’% ?"brrpuﬁ"g(??p?’?gfs%%tsm[°he cel | was
wor ki ng on. . A rul e gener afbilgothe sunf@ces phphetintgleypieet i®

i nt fer - dept hdr Qﬂii&@ebriée@é%h iMUxe R4t 3§ &6 31Qed3ByVWbRE @omeegyhsibl e .
surface |1 s det.e . . ' S . gl ng
certain obj ectl§%§§gsﬁ%d%€%/%\gtfln§§. Q%hégﬁ%%g%?géfggg ;fés/ éane‘{rneg 35%? space
which is sweptlfofe Ehet Hapuhs [fuSOTR2EYRRF A6 -anFOBj E8¥VaYd H#Wrfaces: from a
poi nt |ight sdf eche Anyreaity eqirfacet HQepth his grelater ahan ddenednteabe in

shadow. Shadowigleehsud" hdif URSIRErhladbth SaUEsHEY Anaa0ld dyab ects. When

all shadow an on- shadow o*ects have been cessed If 1s straightforward
to determ ne i#nher FPReTSRYSS SUELarghcthe FPROFAKEI aCtion 55 5aKeH by
conparing t he Thosi skobhefstdrtt ofupracessind) athenf abjéesttHeorinird-sur f ace

and near est r‘%ié‘i{t?xeré?ié@&e InthhfsSbRE e RRsRCusbdce eSO e sge i f the
vi si bl e surfaq_ﬁ_tls within that r flﬁ%eg sociated with that
|

¢ angg If_Jt LS. _a
surface is set"YoPFrurga? eo}?Jﬁﬁ ‘a Ef?i%iajt i?(?ﬂelcgs X0e or col our needs
to be nade to p¥ofgssed the jfteactagf an@ehaviimger-deptRyst em can be made )

versatile enﬁt@gﬂseeeleaéomiaihx idlaltuﬁﬂeﬁiaﬂxﬂ{g funemertest haurfake poi an?l ::ght
3 5 shadow objou8t TP% FEncp LAt RaR, PR E MR pot R LP L Y T (he ™
forward surfaces have been®pFBéRsIREHATEY APr 48 et to ippgedert 18 is
conpar ed wi t hug@atiest €6 - tiegdih depghstkegidifer 16 and inter-tag register
32 when a nearer visible surface is detected.
A shadow may be rendered by the system by
flagging certain objects as shadow volumes. The shadow
volume is a region of space which .is swept out by the
- silhouette edge of an object illuminated from a point
light source. Any objects within this volume are deemed
to be in shadow.. ' ' :
Shadow=6bjects are processed in the same way
as solid objects. When all shadow and non-shadow objects
have been processed it is straightforward to determine NS
whether the surface 5é$igne§ to a pixel is in shadow by |
comparing the position of that surface with the furthest
forward surface and nearest reverse surface of the shadow
object and checking to see if the visible surface is
within thatirahge. If it is a flag associated with that
surface is set to indicate ‘that a modification to its
shade or colour needs to be made to simulate the effect of
shadowing. The system can be made versatile enough to
deal with illumination from more than one point light
source and thus with more than one shadow shade.
_ In the circuitry of Figure 4 a shadow object
is handled slightly differently in that after all the
forward surfaces have been processed the intra-depth

*)



| the intra-depth value is greater than the inter-depth value then a flag
Is set in the inter-tag register 32. After all the reverse surfaces have
been processed the intra-depth value iis again conpared with the inter-depth
value. If the intra-depth value is greater than the inter-depth val ue then
the flag is cleared. One flag is provided for each |ight source which can
cagt: shadows. If after processing all the shigow obj ects there are any
shadow fl ags set then the col our of the surface for that pixel will be

modi fied t i mul [ 31 . h | f d
by the rul 6 gener afgtale? MR S8RAIE T cHl enblEEePdat rbEBEE L8
and, via conpet ent I%e‘l’-]%ﬁzt’é?qréi'%ﬁﬁﬁhc"%ﬂ%éﬁ GEEPLeR My thge IpEGFSERPER | or

updating. The systealus tiire at dldgais vedth it abepineecytadegdsteeudar |y
with absorption !rRASRATLNCYnelblvelse UAidedhbll bderHroReblbdl! LheYS
| ose energy in par{icu 2({ 1:}\%\_glvel ngt hs when passi ng tvb{}%u h a.,transparent
obj ect and t her eby*REXR &S WPSH 18,293 FRRGared) ! thee 10benT JeRYh
ef fect is stinulatealhy. f I Ifgghegineraadepdbjvedue as dmsateprt thaspthent .

These arg Er Otcﬁsseﬂn@elﬁfﬂieﬁtli‘fvﬁmtﬁguﬁfh&?hﬁféI%};la%r agsmaqmdt_ .OPbast §1§§eias
processe Yy e usual, se LN ¥ esS. 0l . parti cul ar I, Xe

Ut anspar ent obj ect PAOFRARE 10 PRch; 1ght irevrcs; Bt Fe, e, =pRASwR, L dif
then a flag is set2f%ey Ruaegssingi alk o tshedov| pbjert s |theresaret antie

col our of ]Ehe sur f siefdcw Slagle Be¥ethdss ﬂwiédledrtsfsiﬂal|saiﬁf akeafePatIRAEY -
Furt her software c QVvi.de Ve t | C t ar ent
obj ect thus nmakin an&ggg'rlg'p?)lgaﬂgafﬁf%é}eﬁo r?ogllﬁ 1l %g%t%&geﬁsfhg(afﬁeggg{i%g?&%
that pixel. This ndthddiqase assdorsrarpranformrichy ke @S geapyator 30
tramSparent. Howevix Figure possThie (xedwwesaalilnghe canthradesfignabs cdndct

invisible, for exappl %?We‘sélé?tpggg?c%acﬂ 9%69cC08 @é‘ti‘@l‘w}r”"éﬁaﬂﬂ%gtghebeen

generated. To generatge thi arrangemént, after an-object
processed the revefSEFFFEALOE WP AT ed in again. If the forward surface
was visible at a pixel and has Ehe system is able to deal with transparency

and particularly with absorption transparency. This is
the situation in which light rays lose energy in
particular wavelengths when passing through a transparent
object and thereby cause the light ray to change colour.
-The absorption effect is stimulated by
flagging certain objects as being transparent. These are
processed after the opagque objects. Transparent objects
are processed by the usual set of intra rules. If for a
: particular pixel a transparent object appears in front of
&_/ the visible surface at that pixel then a flag is set to
indicate this condition. If the flag is set the colour
of the surface at that pixel is modified to simulate
transparency. Further software can be provided to derive
the thickness of the transparent object thus making an
appropriate further modification to the colour of that
pixel.
This method is used for objects which are
completely transparent. However it is possible to have a
single surface of an object invisible, for example a tube.
Thus non-closed convex volumes may be generated. To
generate this type of arrangement, after an object has
. been processed the reverse surfaces are passed in again.
If the forward surface was visible at a pixel and has an



-12- invisible flag set then it has its depth and tag val ues repl aced by
the reverse surface which is nearest to the viewpoint. It is then classed
as a forward surface for all further operations. If the reverse surface was

also invisible then the surface is left as a reverse surface and will take
no further part in depth operations. Thus open ended cylinders may be -
generated. In the circuitry of Figure 4 en a transparent object is .
processed the intra rules stay the sane. Wwever, when a transparent

al ways remai ns ‘tH& transparent T ntra-dept] an the
i nter-depth vakgplaned Ry fihegrevesee syrfage whieR-imdreangisé &antB®en be :
used to nodifyvibepeohOur | ia théRrckaad e ai fotbwd tsuaitapar foey. Figure

TS, © TR PR B, 3P ekl g oo

intra-depth is .corxggié?r%ﬁ%%i r;%;.__ _Eﬁgniﬂ{ Ei{a'sd?t@shcgig%jx ?%n%rtégteg%%%- depth -

™

whi ch are indi catfed a t are casca er and

typical ly Mw ARvégifle Shem thegpyiace dsylelt pgs a%‘drel’i’e\ﬁfleué’s‘gﬁéﬁ? esenting
every surface iandawillrampke mobéudtbet peart. iA deptbtepertioneresThize X and Y

val ues for the starin@ia GAANNREREKkn) B JoiRERLEQ. be processed. At the
start of proces?%i ng %\ B and_C val ue.g}of. dhe %il‘r,st surfaﬁe in the first
S

t
object to be displayed are SHppPs SHEFL58Y 8 50 h¥ FBrdry. The A val ue
is nmultiplied byanhparent jQijextcasrprorasses thhelntraryliesestay the bl ock
in a nultipliegahl.andoweved,0%hefla a6raibpatient iRt Rt i48cokpred

2P b p gk EhE i Mo Dol ek Uil il KBl e
input to the adgBRIRS §hr aamga) uEL| SransRaTeas dnrFEr1dsptlo 14ngrapter of addgy
48. The out put thint tike atitiir-deptRsealue tthendepEbayal siesetoint brefirst .
The first of carEerabiine Tiforia e Hl, vBea fo iy TncChefBhrad 15"
are both initi#& LpteEtstage tonFivglats LHansPRIPAGEDPth value will be read to
both registers. The A paranBigure S ahowssappinele ginogesbyrt ncluding
a plurality of the cells of Figure 4 which are indicated
at 40. A total of M cells are cascaded together and
typically M will equal 32. A memory 42 stores A,B and C
values representing every surface in an image to be
displayed. A register 44 stores the X and Y values for
the start of each block of an image to be processed.
At the start of processing A,B and C values
. of the first surface in the first object to be displayed
are supplied at outputs from the memory. The A value is
multiplied by the initial X coordinate or the first pixel | \d)
in the block in a multiplier 46 and is provided as an
input to an adder 48. The corresponding B value is
multiplied by the Y value of the first row of pixels to
. be processed in a multiplier 50 the output'of which forms
another input to the adder 48 the C value is supplied
directly to an input of adder 48.
The output of the adder represents the depth
value for the first surface at the first pixel. This is
supplied to the first of cells 40. .
_ In the first of cells 40 the inter-depth and
intra-depth register 16 and 18 are both initially set to 0
and so this initial depth value will be read to both
registers. The A parameter is also supplied directly to



-13- cell 40 where it is conbined with the initial depth value in the adder
14. On the next clock cycle the A paraneter, is fed through to register 10
in the second cell and the updated depth val ue supplied by adder 14 is
supplied to register 12. At the sane time the A B and C paraneters for the
next surface in the object being processed are supplied by nultipliers 46
ands/50 to adder 48 and hence the depth valuez are supplied to the first
cel'l which will conpare the depth of the sec %d surface with that of the

first surface and,cdim W%@%cgt%téﬁmg@amg 'tifhitthslcgégwtvyﬁleue
stored in the intra- d‘_g_feth reglster , whet her the new and ‘exi sting

strfaces are forwat® may update the value stored in the
intra-depth register 18. |If tHm thgi sest ¢lodpdntade thenAtpreranstiex tiag

rﬁgl S]E er h22I whlt Chfﬁé@tﬁﬁco‘ﬁ%ﬁf ESGré’éiédé%Uh%S 1 Wi Héeaéé&z@ ﬁgﬁﬁﬁéﬁé chd the

ehd o e list o eV

regi'ster is corrpar ﬁadrcl%faﬁgg Y#Y%eéqpﬁﬁénggﬁt ‘s"e’@ﬁé{ ef FBngiée&ftq he

| atter shoul d be wrrREkste™WIRh oAt|therersapiesthme the {Adh anth€ pavaseters
continues for all sof frarenekd bhefdy a6l that bbjett el paseedstarorgh the

rray of cells 40. N..as Ief ct . h een :
2upp|>/| ed by the menﬁ/ﬁ%% Pﬂ m}swﬁéfi:élﬁs?gceggg %ﬁetaz? aﬁ?ﬂo% a8 Q%d RS
suppl i ed. Thus t hetRe [dsPth BRAUES i37q (RVPPRAPH BP Ehe ficss Séiﬁgw%{ﬁkﬂWR%i to
the cells 40. Oncecaipgaxeheheudépiie off amheakkecbhé sinffrries wﬁahethserbmrtnﬁessed

the X portion of thg dieghsgke44nd S 1m<are§@ﬁa&ﬁé%b&. Mnee ﬁﬁzlsw%ﬂﬂmer

of cells in the pr | 1.5t en a

cessor. Ihe entire
ntially proceéhﬁﬂfWQEFthgaﬁ% ghared o Ebke trﬁanpﬁpoﬁﬁgksiﬁﬁn¥31ues
un;L? an entire |iand ohhephryl théaewend prosbisedsurtfadesc hrpofotwaid of

portion of regi SE%eMs}M | napeup Métere&iet ealmétéﬁs’f%h t:.'i‘xetﬁep%i:i-?{% Oﬂfﬂ dgtea

[S%EL bonkaeun, eloiBhiah ol B NelleR! bl e el N O

regi ster 44 are nd{agﬁr@@p,spgr 22 wh:.ch stores surface attributes will also
be updated.

At the end of the list of surfaces for an
object the value in the intra-depth register is compared
with that in the inter-depth register to see if the latter
should be updated with a closer visible surface.

The process continues for all surfaces in
the object until all have passed through the array of
cells 40. As soon as the last surface in an object has
been supplied by the memory 42 the first surface of the

K~/ following object is supplied. Thus there is no break in
the chain of surfaces being supplied to the cells 40.
' Once all the surfaces for all the objects
have been processed the X portion of the register 44 is
incremented by M, e.g. 32, the number of cells in the
processor. The entire list of objects is then again
sequentially processed for the new block of cells. This
process continues until an entire line of plxels has been
processed at which point the Y portion of register 44 will
be incremented by 1 and the X portion will be reset to its
initial wvalue representing the start of the next line of
data to be processed. The connections for incrementing
the X and Y portions of register 44 are not shown in
Figure 5.
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Fi gure 5. -14- Various extensions to the systemare possible to enhance °
the quality of the output pictUre..These are di scussed bel ow. Anti-aliasing
Anti-aliasing can be achieved very sinply by using a multi-pass technique.
In this method each object is processed a nunber of tines. Each time the
object is processed its position is changed by a sub-pixel anount and the ~
pi xel colour is accunmul ated over the passgs. At the end of the passes thewg
final colour value is divided by the nuibé@r ~of passes. The nunber of passes

made depends upon the quali bgag{mé h&dernddlonk "B get%eeg#asggg aE‘?h I nstance, if

1/2 pixel accuracy is require our passes wou the objects _
noved by hal f WéP-biﬁc‘F%mcéaEHetwl%ﬁ’; the PukPUloRigtEFeecti vel y be"
proj ect ed t hr ongleseashe qlitydusedf behewpi xel and the results averaged. Soft

Shadows Soft shadqwg;ay used by the consequence of using lights which -~
are not point SUUTE€§‘J%H%£ a fon a surface ee on rt of a

|ight. The transition fron1§§5$ ﬁf ipsing °3p %Rﬁﬁ&? Vﬁﬁﬁtg %E}' ¥ &bondi ng
to the penunbrasing gompltei-pasissterhniaqwe. cdm ébpenﬂéﬂgbd caghbphjeatises t he

soft edge of thg §B@é@¥\éé’d‘fh Hmbed! bASE kS TEBehSBﬁQ@VE&d%jb&tFEQUIFEd
This effect can_be Slqﬁ t ed %ﬁ a Hulél ass ghnlqu w@gg theukgght poi nt
used to gener aP&FRESE GA8 & F0 é? Th&Pesults are

accunul at ed betndethpapixsl fidoryeisi pefundiated V&Fﬁethﬁsﬂﬁsﬁﬁéed BY the
nunber of passenemefe. oPeflid) palsskisetHe [Ridl @olbueldalwwsedabpaeas are in

focus or bl urrg’gr @ﬁeamful'&ﬂé:} i ngsﬁEQei r'ﬁgé ShAReSSof %gg%ﬁge

simul ates a cangra Vi ew, an a human eye_vi e ect can al.so
be achi eved byd@?FHQSaPPRﬂtqﬂﬁa§§aébEYd%§rF eT51&EH|éW%S?fﬁ§9WFH§ A FE
paraneters are isstghtéy thanfpegixel accuracy is required four passes

would be made, with the objects moved by half pixel
increments each time. Thus the ray would effectively be

projected through each quarter of the pixel and the
results averaged. '
Soft shadows _

Soft shadows are caused by the consequence
of using lights which are not point sources, thus a point
on a surface may see only part of a light. The transition
from seeing a partially obscured light, corresponding to
the penumbra, to complete obscuration, corresponding to
umbra causes the soft edge of the shadow and anti-aliasing
of the shadow edge is required.

This effect can be simulated by a multipass g_)
technique where the light point used to generate the
shadow volume is moved bétween passes. The results are
accumulated between passes and the final colour wvalue is
divided by the number of passes made.
Depth of field -
Depth of field, where objects are in focus or blurred as a
function of their distances from the camera, simulates a
camera view, rather than a human eye view. This effect
.can also be achieved by using a multipass approach. To
achieve this the A & B parameters are slightly changed
between passes and the results accumulated as before.
Motion Blur

Motion blur simulates the effect of relative



bét ween passes and the results accunmul ated as hefore. Mtion Blur Mtion
blur sinulates the effect of relative - .15- notion between a canera and
a scene and is a practicable nmethod of tenporal anti-aliasing. This effect
is al so generated by a nultipass approach. The object which is to be
blurred is noved between passes and the results are accunulated as in the
prgvi ous cases. Curved Surfaces It is possible to extend the algorithmto
process curved surfaces by using the techni‘ql?e'of forward differencing.

Rat her than having just {hree paranmeters_agsociated w.th each surface there
woul d now be for i §t"§ﬁcéeé'¢'§%%r£c? and e ai ?ﬁao"‘l’ ase?e’{felaf‘\‘}affv%sp’ﬁﬁﬁ%&ﬁa&’gﬁl d be
accunul at ed as welmethpdi of wermePzal entdoadiaging .anFhighetfect fkradsico be
represented and t RjehexatiBfchy elrfitipasBbgpprsarine rhedobéet GHIKH U6t kve
Sol i d Geometrv Wi} exieDshONS I Belkén SRS QnalPlle CELLA LY TS 10
store both the forward and reverse depths 1t"1s possible to Inplement some
of the CSG bool ea®SSMplaredsas At $hGoBFEVEPEHFHIE i nst ance, two obj ects
to subtracted fromouwedasotrferes Thus, you coul d generate an object with a

hole in it by subtracting a smghl ¢k SHOSIVIOPS bxeENE IR rglgloq,tigﬁ egti ons
In the situation where a surf%fe | S oriegted SO %}to 8 ss directly through
the eye point a dBRFCEESHyCYEYRS FIARCLENPERRT the GREFRIGE A f9rvectr s
at silhouette edgedfferphnirgi hRadbelrathashanihgydustobthpesipaxameitelisni ty
tﬁ negat I vedl nfi nlatsygoteﬁaeéa ‘];ait&i 'E%Jc?x Bu¥€hce A&;éﬁabs:guidnﬁéw;}(sjé%ﬁtﬂ e with
e system descri surfac 0.he rtuybed to_avoi.d this

condition. This pg'S’isﬁﬁﬁg?i %%c%‘h“ﬁ,a‘ﬁz\%b&’éa,°‘E‘§‘Eﬁe‘{%’ﬁc¥agwﬁ%u"§i’t°§‘ &Y BPned
by { hi s surface t@ceppodnted ampwell-heFbby wvathdialgowhauaduatizmasid chbic

i mage. By attract isigfacébago tke tpredeh86@ dd thus a more realistic image

" can be produced. '
Constructive Solid Geomet

- With extensions to the rule generator. and
extra registers to étqre both the forward and reverse
-depths it is possible to implement some of the CSG boolean
primitives. This would allow for instance, two objects to
subtracted from one another. Thus, you could generate an
object with a hole in it by subtracting a smaller cube
from it.
Eyve Point Intersections
'~ In the situation where a surface is oriented
so0 as to pass directly through the eye point a divide by
o zero condition exists, a condition which occurs at
-silhouette-edgés. Hence the surface should go from
positive infinity to negative infinity across a single
pixel. As this is not possible with the system described
the surface has to be perturbed to avoid this condition.
This perturbation can, however, cause the silhouette edge
formed by this surface to appear to move, thereby reducing
‘ _ . the realism. of the image. S
. . By attracting a flag to the surface to
indicate that it passes through the eye point it is

14

possible to remove this problem. -When the flag is

asserted and the surface has positive depth then the depth
. is set to the maximum value allowed by the system. When

the flag is asserted and the surface has negative depth



indicate that it passes through the eye point it is possible to renove thi s

problem Wien the flag is asserted and the surface has positive depth then
the depth is set to the maxi mum value allowed by the system Wien the flag

is asserted and the surface has negative depth -16- then the depth is
set to the mnimumdepth values allowed by the system Thus a surface can~,
go from maxi num depth to m ni num depth in one pixel. Performnce \-.J

Enhancenents The performance of the prOp&éd architecture can very easily

b d b h f | J I
cel1 S have. hoctham e Rshlvctd EY £k AFbli, Brriouliid RRSEAPLC °2

coul d not be usedhesyssem. THED & SuFfaBer cat qge|fpr9nwnaxlw a(ie(Prtéilde of f.
bet ween cost apg maliTa8sen Hiy &hel pexkBchnol ogy which is to be used. It

is also very ege%fgr?“aﬁ%cggga% gﬂ%g of the proposed devices together to
I ncrease perf ne by pipelining or runni ng sever al
devices in-parallel, or a %W&FP’éﬂa%?e 1 FhesRpPReFe et trid t6FERRR  easi ng
per f or mance vvoc&zd\bﬁ:yteasmbplllvedmdﬂeasedrhpmnaﬂaasangunhernmﬁbén Iotfs Then,
for each tile those Otﬂneﬂr% g&éﬁa&st Qsaahbiesvw'aém aaogeﬁé@&u

decreasi ng the_average_ nu surface rocesse rther met hod

Wbt Chcourd bR EASRPL LS (b e 26, BB¥ A1) B TG SrELs CDDLEE when
it has been detecissd tinsteafiey Tree tosalonywber axfuiceddsi wilheseene. Al |

that is requireghdes Jdeg Ba¥feén fdsit WhaCPelBosinddngdvihecbew i s inside an
obj ect, and whj ct}u_} cI eagh%MerLO ?}e VLEY | sI'%ncnsIt %riggr | n. the ol;_J ect.
©t uar

When t he flag 8RES " no her .
processi ng forc4ﬂﬂﬁder &s nupber ref %Pﬁﬁ?ﬁ?%l#@@ﬂﬁsetﬂgsybﬁ’érﬁmm ng the \J
architecture oindheasenpepfbpmance.Sshamisi sotildWee doneTbiySpipainisRs o :

general pur posg, i GIPREYEESF Odeviced i G pEPATHLY C3eS WhlBition of
both. _ : :

Anotherfmethod of increasing performance
would be to subdivide the screen into a number of tiles.
Then, for each tile those 6bjects within the tile would be
processed, thus decreasing the average number of surfaces
to be processed;

A further method which could be combined
with those above would be to discard objects when it has
been detected that they are no longer required in the
scene. All that is required is to have a flag which is
set once the view is inside an object, and which is )
cleared when the view is no longer in the object. When . \.)
the flag is cleared that object takes no further part in
the processing for that raster line.

System Architecture

' A system using the architecture of the
invention is shown in figure 6. This comprises a general
purpose microprocessor 52 which communicates. with an
interface such as a games port. This communicates via a
32 bit bus with a plﬁrality of processors 54 embodying the
invention. The first processpr to which the bus is
connected is also coupled via two busses to a parameter
store and main memory in which all -the surface
coordinates of a scene are stored. This may be a random
access memory which can be updated with data relating to

1)



Interface such as a ganes port. This communicates via a 32 bit bus with a
plurality of processors 54 enbodying the invention. The first processor to
whi ch the bus is connected is also coupled via two busses to a paraneter
store and main nenory in which all the surface coordi nates of a scene are
stored. This may be a random access nenory which can be updated with data
relating to -17- different scenes. The main core of each processor 54 is
the array of cells described with reference 170~ Fi gures 4 and 5 and is shown
in nore detail in I.:if ure 7. Figure 7 conprises a nmenory controller 56 which
interfaces with tf& gﬁfﬁ%tsecres 6re and main nenory and with the processor
port of mcroprocessor 52. TheTke|main qere40fngheh @ragessey AAdisOtRed t he
adfler 4g _COfreSpoa;drrh?bélesa.Hl@W?ckﬂb&glﬁiﬁ:gEr\difl_bbeﬁbe %em_l;ul ¥est arai%gg
val ues bei ng suppki tr i . tyol register
al so supplies con%r g‘flds%/%?\salfogﬂ’t Sgtﬁéggfe%%/l}c%n r??ﬁ?g ichin turn
suppl i es appropriate control sFEF¥e NiGIRPERESS LR {ERRCIA CPPELPELEX P& he
cells 40. A first whilchi istexfiticesFwEEh tlgi Jarameliersstorplall tmaihhrenotput
of the cells 40 Visgqdyth Ll ee88op e dEC kRGB! BRI OFfigSed

e the Out e

val ues and thus decoup ut o eqqrocessor rom-t cells. A

t
pi xel accunul at or 641 §r{ﬁ‘36\ﬁi°déﬁgf:bpﬁ+?{ﬁv4t @0¢, PP oFRA nife i3RF&E £8chni ques
descri bed above t eobeesperdtentbdse TakowntiputFighrei §uwitly wen Xbendoknect ed
to a high perfornapaetPi§ JOudscBeing HipiSli by hOcontFSMB-dYdfisher, 581
alternatively it o gl cobgrogonréect ggrd# eqy I% to ?.gl gléﬁlh 1,0 einal ggug
converter and supp Fe§tS dﬁ.?ﬁ,ls i unft t= 9 ﬁﬂl’lpp 3°Fhe u.’ﬁ En i) ‘el?her a
gapes type port wshehmemeny donteelder vinighyyis itaks, swERl ieg tarpagesiabad
ot games i nput c8a¥r6ESsidialist wieH| ehéemirfire!l a€eFPbiEds itY ehkacelsych as
| BM PC bus interfgge. Menory controller 57 is able to perform functions

such as rotations, franslations, etc on the ) .
o A first in first out (FIFO) register 60 is

coupled to the'output of the cells 40 via a multiplexer 62
and is used to accumulate processed values and thus
decouple the output of the processor from the cells. A
pixel accumulator 64 is provided to allow the various
multipass techniques described above to be implemented.
|  The output of Figure 7 can be connected to a
high performance bus for feeding'pixel data to a frame
buffer, or alternatively it could be connected directly to
a digital to analogue converter and supplied to a display
unit. Input to the unit can be either a games type port
L./ ' which would interface to joysticks, ROM cartridges, and
other games input devices, or it could be a host computer
interface such as IBM PC bus interface.
_Memory controller 57 is able to perform
functions such as_rotatiohs, ‘translations, etc on the
~scene being processed in response to signals supplied from
the processor port.
The whole of the circuitry shown in Figure 7
can be supplied on a singlg chip. Alternatively only a
portion of this circuitry could be provided on a single
chip. o



scene bej ng processed in response to signals supplied fromthe pr‘ocesso? v
port. The whole of the circuitry shown in Figure 7 can be supptied—on a

single chip. Alternatively only a portion of this
provi ded on a single chinp. CLAI MS: 1. A net hom"mmm mﬁm,gmhr ee
di nrensi onal inmage for display on a screen %OITDI’I sing t s s0
representing each object in the inage by a group of infinite surfaces, fof
each el enentary area of the display prtﬁi’é&gng a ray into the 3-dinensi onalf

i mage, determining the location of the intersection of the ray with each

surface, determni et her i ntersected surfa e S le at. that

el enentary atea, a‘ﬁ%:h\gﬁ h?%geraeﬁté‘?ﬁea PPedsegns Ima?%pfpﬁy 1P p¥hfence ¢
on the resul écrekent dsmgiesmqnthatsms @f repleswmitiing dagh cHjadtnin ahehimsye

di nensi onal g I SId: £e C d ich

each surfaceﬁgmg g’é% r?gtgrglggt%%ugf \%\/‘g“gf ? of, a%‘h éf%ekeaty gggée?/fe?gghf acing =
surface and dmlammqneetirucattmsnm thet érwpsmlmmagefl ofekaminiey
reverse faC'ﬂ&?e iuésﬁsgs?ﬁr&wﬁ%fs@céfénew fHehgaphithedach SEfAGE 15

vi si bl e. hadi ng a three di nensional |nage for “di spl ay on
a screen acc@ﬁtGFﬁgth vhefher camih dpEprsested| SRR Yivblpsabitd@bie if the
furthest foryrindntas agesU rahacshadrihgreecummtarﬁImerfdmdmelayQnect|on

poi nt of the ray .than th urt hes er.se faci surface intersection. 4.
A net hod fordP§ éﬂ??f'ge ¢ éeﬁfh]%e Q& @?Fafif F 'di spl ay on a screen

according to any preceding cI ai min which for each el ementary area a ray is
projected in,tur I S e e ol ects
in the maggz 5. i &%’%?ﬂ: a&nﬁgdﬂﬁ.jeea ?%g |lmg% OEQ#%%E cm% .
di spl ay on asgeﬁemmémtﬁgclﬁﬂbﬁ-annwhwm apRh csuntage éécﬁe%’l%ﬁ@aﬁﬂ/aare\aJ

aray is pr Ofdi‘:%ﬁé ﬁé&&a&%&a&é\ otUhf ARRrkd fta‘éﬁ.ﬂg fur@aéd) afif Ot QElétEfvfeaces
representing an obj ect net hod ng 3d| n&; a thre?edj nensi onal | mage

for display a&’-%‘t‘"f é’énl%ﬁ,e(’:'ﬁ?%"r"l‘?@‘st‘t')"m FeVRr i 2Rt hEh
Vi si bl e- sur f@aeeuséd angaetmohing vhatieg aeqrdaestisgisiblebj ect is corrpar ed

3. A method for shading a three dimensional -‘image for display on a
screen according to claim 2 wherein an elementary area is vieible if
the furthest forward facing surface intersection is closer to the

projection point of the ray than the furthest reverse facing surface

intersection.

4, A method for shading a three dimensional image for display on a
screen accordlng to any precedlng claim in which for each elementary L_).
area a ray is projected in turn through the groups of surfaces '

representing the objects in the image.

5. A method for shading a three dimensional image for display on a
screen according to claim 4 in which for each elementary area a ray
is projected through each suriace in turn of each group of surfaces

representing an object.

6. A method fef shading a three dimensional image for display on a <
screen according to claims 4 or 5 in which the nearest visible
surface in a group of surfaces representing an object is compared



19 with the nearest visible surface fromall preceding gr faces
and the elenentary area is shaded in dependence on the reﬁm)ﬂgﬂ"ﬂﬂﬁuﬁﬂﬂm
conparison. 7. A nmet hod for shading a three dinmensional L y
on a screen according to any preceding cl ai mqi ncl uding the step of

degsi gnating an object as a shadow object, ddtler mi ni ng the boundary of the
shgdow obj ect on each ray passing through each el ementary area and shadi ng
an el enent ary #i&h thet he%i"el‘iﬁd‘flfﬁlgéieswé'aécﬁl fframsafrlf RERCeAizg IROUPR ¢hat

el ementary areguifadtist fhd) thece RAEALARY abéa tikeshdmdonh Aitpefdencd on theet hod
~for shading a three di_nensional .inage for display on a screen according to
~afiy preceding EF%H%Tﬁ PACHIRICPIPATE%%t ep of designating an object as a
transparent object and nodi fying the shade applied to an elenmentary area if,

the visible surface at, .t ele tary ea i;$_hehind, t.he transparent object
hCthe | nage. 8 - AR ARSI TP, SPRRATH , ShEeh, PR By et o BESSTY o<
di splay on a sestxen eonprdisf ity Apurprecedinguppiin igctiadingdetie sitag @f gr oup of
infinite surfa E's':a?ﬁ t] a i B4 | S f
generating a dg t ?giﬁi%?oé%gghggua?%% ggjée%ghhe ené%%%&ﬁgrggmgﬁr}f he
di spl ay i n depehddecebadpw pljefitsen rashoras Passing theaughr et o lPRERFATH| ane,

nmeans for detegrdaiand MRS an2BYeridtthdf Gired with Bl foddliédathagbeient ary
area, and neans for shading that elenentary area . in dependence on the

result of the HRIECRI FAIDIR 1 FhatysismeRtarys areasAadviidia the baurfaringf onal

| mage for di sptisey shadew objeenn according to claim9 in which each surface is
designated as a forward facing surface or a reverse facing surface and the
reNayi ve depths of forward and reverse facing surfaces are used in

det er mi ni ng wh&t heR methadf fier shadings abthrest dimenshiopalntinage focadisplay on a
Appar atus for LN ; di | | 3 : Sp! reen
according to c ai_%hQQ%‘%t?gégﬁﬁc%%%n%gﬁse?%? gg%‘%ﬁ?ﬁgé*hge?%%i ve

dept hs of visidAségBatingas ehiecheds Rabeanspprrefic RPEechant Mofdifying Ahe

shadi ng the el gigaat apylirdeto iah SPRRAESHEAred Ifehe vidiblesurfacd #thehe

on B scroen aclsPRRREEY GU80 AenPURRY Bpe SFAPTFARPEOTING, lpERevaRass. |

9. Apparatus for shading a three dimensional image for display on
a Screen compfising means for supplying data defining a group of
infinite surfaces representing each object in the image, means for
generating a depth value for each surface for each elementary area
of the display in dependence on the distance of that surface from an
_ image plane, means for determining whethér any surface is visible at

U that elementary area, and means for shading that elementary area in

dependence on the result of the determination.

10. Apparatus for shading a three dimensional image for display on
a screen according to claim 9 in which each surface is designated as
a forward facing surface or é reverse facing surface and the
relative depths of forward and reverse facing surfaces are used in
determining whether a surface is visible at an elementary area.

11. Apparatus.for shading a three dimensional image for display on
a screen according to claim 9 or 10, including means for comparing
the relative depths of visible surfaces in the image for each
elementary area and shading the elementary area in dependence on the



el

generating means generates a depth value for each surface of each object in’
turn for each elenentary area of the inage. 13. Apparat m

t hree di nensional inage for display accorzd ng to claim t'“l mlﬂnwum”“l
provided on a single integrated circuit. #4. A method fdr Shadiry & three

di nensi onal i nmgsulbrofdithe|cappaxispri si ng t he steps of supplying data P
defining a group of infinite surfaces representing each object in the \vrg‘
i mge, for each el enent ar‘és area of the displ €¥ geneé%: i,ng a deﬁé_h \ial ue for”
each surface i nt2depRRRASAEE JAT (ShB4iRG Ao RS Ainensiond), dnage £O7 415P1PR Y

pl ane, deterni ni Rgradictbesrdany toUeifine 9i 0 Vrsiblin shidthahe elepthndadnyg area,

and shading that el ementary area _op dependence. in e._result. of e ¥
det er mi nati on. 9PBETIANGP ?Wrgﬂ%ﬁjian epgz tﬁgg‘? 5%$reena§|80%']éﬁfaf:ﬁa e °f St? : :
di spl ay on a swbgeot aimcouxt fgr teach| clemedtarynardd off Seeclhimageface is
designated as a forward facing surface or a reverse facing surface and the
depth values of the forward 5 and reverse facing surfaces are used in
det er ni ni ng whé3herAppagatysafer jshading |9 thzpe @imansiprdle bagsy Igredispiay A
met hod for shadjcagrdiddtse1din®) 3001 bri R@RoTMeddbs Pl 8¥n@le ansegeted
according to claim 15 wherein an elenentary area is-visible if the depth
val ue for the B¥rCWi%yrthest forward facing surface is less than the depth
value for the furthest reverse facing surface. -17. A nethod for shading a

t hree di nensiongl i or. di snl NA. SCHE e[ taQ .a cl ai ns
14, 15, and 16r1?n vﬁ? h%rfoga%%dg%{%%eﬁ ae}yhgl?%gqgg% ﬁhgg? ui%sr girlsepq%g )
determined in tesmprisingutie Shepsyefgnppdying fatr defirvingedegrauRgCf Halébitect s
n the imge. surkfcedrEBidiaeiy eftipdbgied ih IR 1IN SbORALH! SRiRntaly \ )
di splay on a screen accordi n? to claim17 i.n which fof(r%eac el epentary area
a depth val ue iaFegcpertherUiFPiay JeRerrting 2 AePH) VRlpe 15 %%thg?gffﬁ of
surfaces represpbhdéhcenod the dilsitende of%that swmtfiagd frum ahaidiagg plank; ee
di mensi onal i for .displ: N .acgol.di ' in
whi ch the near¢€ eW-’sﬂ"BFe‘H’seS;{?g%ggi %&rgggé:&%psggrl%%g??%%gg{?%% éé%n inge%n
obj ect is conpanddshadingtthatnekemeptary area on dependence in the result of the .
determination. ' - |

¥

15. A method for shading'a three dimensional image for
display on a screen according to claim 14 in which each
surface is designéted as a forward facing surface or a
reverse facing surface and the depth values of the forward
5 and reverse facing surfaces are used in determining
whether a surface is visible at that elementary area.
16. A method for shading a three dimensional image for ~
display on a screen according to claim 15 wherein an
elementary area is visible if the depth value for the
10 furthest forwatd facing surface is less than the depth
value for the furtheét reverse facing surface.

17. A method for shading a three dimensional image for

B ¥4

display on a screen according to any of claims 14, 15, and
16 in which for each elemehtary area depth values are

15 determined in turn through the groups of surfaces
representing the objeqts in the image.

)
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10 visible surface fromall preceding groups, of surfac he
elementary area i s shaded in dependence on, the result of mg@@ﬂmﬂtjmnm
20. A nmethod for shading a three dinmensional imge for d Lo n
according to any of clains 14 to 19 15 i ng} udi ng the step of designating
an~qQbj ect as a shadow object, determ ning the boundary of the shadow obj ect

arezshadi | t 1t i fi h i f. . Lsi bl
at” that el erentary ared 15 WAk ?ﬁ%dg‘g%h%ﬁ%%f Wficho St oS8 ¥or, 0! ©
21. A nethod for 93FRIRNP™ & AFELSR)i IRGHEGRG TPnalRIM o7 dRsphaghofP@ screen

according to any eéck|elementdryoaféaimclepthngalhe 54 efereirmdeedgfiat isrg-han
obj ect as a transpapeide Oy ehknage JUH gEoB%eBEesé%%ﬁk%saQQEESQeﬁG&ﬁHTan

elementary area if_the visible surface at t el enentary 2 ared is
behind the tPansp8P&ft=object in the i mge. 22. A method for shading a
t“hree_ di mensi onal image for display on a screen substantially as herein
described. 23. Appal at iSméeHocs Fe BHadiAd £ HHEELAShOAM oddMdRaber £64 Spl ay
on a screen subst gLiplly,ag BELeLl HRRGlRETel Lusf 17 eLE ERGRIG the
acconpanyi ng dr anfhgR2Y g

the nearest visible surface in a group or surfaces

representing an object is compared with the nearest

10 vigsible surface from all preceding groups of surfaces and
the elementary area is shaded in dependence on the result

of the comparison.

20. A method for shading a three dimensional image for
display on a screen according to any of claims 14 to 19

15 including the step of designating an object as a shadow
object, determining the boundary of the shadow object and
shading an elementary area with a modified shade if a
surface visible at that elementary area is within the
boundary of the shadow object.

20 21. A method for shading a three dimensional image for
display on a screen according to any of claims 14 to 20
including the step of designating an object as a
transparent object and modifying the shade applied to an
elementary area if the visible surface at the elementary
o 25 area is behind the transparent object in the image.

22. A method for shading a three dimensional image for
display on a screen substantially as herein described.

23. Apparatus for shading a three dimensional image for
display on a screen substantially as herein described with
% 30 reference to the accompanying d:awings.



