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'rhe present invention relates to methods and apparatus
for generating images on a cathode ray tube ("CRT") or other
‘ display device. More particularly, the present invention relates
to methods and apparatus for the painting of. curves, curved

_surfaces, vectors, polygons or objects on a CR'l‘ or other display

_ device.

B aacxcnounn OF THE INVENTION | |

' - In. many computer systems, it is quite common to |
-represent. and convey information to a: user: through-digitial

_ images.- These images may take & variety oz torms, such as, for"
'example, alpha numeric characters, cartesian graphs, and other
pictorial representations.' In nany applications, the digital
images are conveyed to a user on a display device, such as a
raster scan video monitor,_printer or the_like. Typically, the
images to be displayed are stored in digital torm, manipulated "
and then displayed. 7 | L '

~In rendering an image on a cathode ray tube, the

.coordinants for each pixel ot an image being rendered must be

 calculated, as well as such values as. the coler, transparency,

- depth cue, haze and specular and diffuse factors for each such

'pixel. Rendering a pixel so that it illustrates a characteristic



-2- of an object being rendered (i.e. a three-dinensional object) to
{reflect depth, cl oseness to'the view, reflection fromlight sources,. . etc.
i's known as "shading" the pixel. Several shading techniques are used: fgr ¢
generating snmoothly shaded i mages of surfaces approximated by three =" ---
di mensi onal paranetric patches or pokygens. One such well known technlque

I s Phong shadi ng, ‘mhlch i s'.a desirabl e shadi ng techni que because It gives
a fairly realistic- renderlng of the desired image with a nodest ' _-
conputatlonal cost. Most three- dinmensional conputer-aided design - :

~ appl i cat | ehangobdest diedog pendaxiedy ({ced m Shueeidigepeionalrebiectindto herefore

often utili h aligmaffor hong s adi not her.  wel | - known
shadi ng t&¢ jﬁr?c ge?tgh PaaneE 3uﬁ£éh A8V gTe (',;plgﬁe#A IRt near
i nt erpol agdneedl, 60kOT1g0%ROw: e mgﬁtaiﬂgaalthggmns bei ng rendered and

which is |ess accurate t han Phong shading ol ygon appr oxi nations of
curved surfaces ar@everad sbhading techmiyuesr aze maed fonogenerstingior art.

hi gh- d hi built for fast f pol A--'
Cypreal HndkiBRY ghedi I R A IR e AR
‘give a remmmmnwﬁhezwrsaéhaatw@&&?é deahrﬁshxp%ﬁﬂ xnd¥y - desi gn

applications would be greatly facititated-i SNooth R gh- speed, curved.
surface rtechniang Mrﬂimabhmru. wbt@tdnngl geainable mqﬂimscl pal - obj ect of

t he presept vent on to prov metri tch erin t hod and .
appar at usp Q RBYss, g{: ‘ﬁ’ 8. M%‘Yhﬁ ‘ﬁ%“%ﬁ'@ B‘gs ing -
directly mm iRGWIWIEn0R oddd® BbngiltataBARY | Icmtr atﬁose%ﬁgphei obj ect of .
the present inventior |Is topgrovide a method. and.apparatas™for the

render i ngd.‘aiena:tagel ¢mputgrtnide@ debigtaruppltosttdmcqimtlﬁ]gheses wel | as \J

non-uni f or altlona B-s
prior

ty to intergoti;e pertormenoe and therefore otten utilize
thewreelism afforded by ‘Phong ehading. Another_well-known_ _
eneding teohnique is called Gouroud ehediné, whioh performe
lineer interpolation ‘of color over the individuel polygone beinq |

' rendered and which is less eoourete then Phong shading. Polygon
approximations of ourved surfaces are used for performance |
reasons, since moet prior'ert high-epeedlgroonioe hardware is
built for fest'rendering of polygons. A typical bi-cubic patch,
for example, may reqﬁire.loo or_more'polygone‘to.give a
reasonably eoourete.ebproximetioniot_tne'deeired patch.- Many
design;epplioetione.nonld be greetly teoiliteted if smooth, high-
speed, curved eurreoe.rendering,were eveilable.' _ |

- Aooordingly,:it is a principal. oojeot of the preeent
invention to provide a parametrio petch rendering method and
epperetue, which usee reletively simple herdwere to do Phong.
shading directly.without elowinq down the pixel rendering rate._
Anothen;objeot of the preeent invention is to provide a’

method and epparatue for the rendering of images having uniform
bivariate surface patches as vell as non-unitoru rational B-epline
surfaces. '

A_ooordingly; in the present invention, bi-cubic



shrfaces.‘Accdrdingly, in the present invention, bi-cubic -3- functions -
mhlcQJapprOX|nate t he shadi ng paraneters are derived and eval uated, by
adaptLﬁg forward differencing circuits (AFDU) to . provide a shaded col or
~at eacM™pixel along a paranettic curve. Notzes ‘adaptive forward
. differencing circuits (AFDU) will later be explained.] The present .
~invention provides an apparatus for accurately and quickly shading vectors
and pol ygons at -a nuch faster rate, and wi thout any appreciable loss in
quality, than was heretofore available under prior art nethods [ For a

T o O e HEAY hbePernghas e, ondiig. SRAMHAALE! 80! %%?v%ﬁ For
Conput er - Genehaaedvdﬁmeah %;F E@a@@s Tdrvdfa didrérdSditg EQ%&MJ (AFDOp@| y

Shaded Renderings O Polyhe ects On Rast er-:Dresplays,~+-Conput er
G aphi cs, Vol previds a\shaded Anjost atmh SL:eqaemlAngcx)mrms'erta@@s'VFor

Co t Al ded_De 8 F " Prolect NMAC t t t
o7 e hnol oqy ARG ednpt 08 forvaed AL decRbs i Firprhts (ABHE ), hgtls ' ©
Shadi ng, Oomgbfﬁiﬁ@ﬁh' ffia PiAlUHE 'ftglen@QonApro@‘!ﬁUﬂari%ﬁerusSfﬁﬁt z and

S-L Lien, "shadlng Bi cubi.c- Pat ches, " Comput er Graphi cs, Vol une 21,

July, 19871 Slaensritslg Isndnqummlyashacﬁmwscm ‘dadginlyqalnat at & M&pt [ ve
Forward D'fferencrng For * gggﬁ
’

Qurves And SurfRaEex rafeorrw! Srithonbane amsﬁﬁ’rréﬂmbsm%r as
a - . L was heretotors availabls under prior art nsthods. [For a mo:s
thorough understanding ot,Phong shsding and shading of polygons,
_veotors, curves and otﬁsf objscts,.sss:: Bﬁi ‘Tuong-Phong,
Illumination For Comgutsr-ssneratsd ;ggggg, UTEC-C8 c-73-129,
o July 1973; Tom Duft, "Smoothly Shsdsd Renderings Oof Polyhedral
: Objsots On Raster Displays," CQgggtsr Gra hlos, Volume 13, No. 2,
August 1979: Steven A. Coon, "Surfacss ror Computsr-aidsd Dssign
ot Spacs Forms," Projso uac, usssachusstts Instituts o! -
Tsohnology, C'TRPQI, Juns, 1957; Bishop and Wsimsr, "Fast Phong
Shading," Computsr Gra hics, Volums 20, No. 4, August 1986;
M. Shantz and s-L Lisn, "Shadlng Bicubic Patchss,“ Computer
Gra hlcs, Volume 2, uo. 4, July, 19871 Shsus-l:.:lng Lien, Michael
AL Shantz i nd vaughan Pratt. "Adaptlvs rorwagqnoittersnoinq For
' Rsndsring Curves And surfacss," Compgtsr Grs hics, Yolume 21,
July, 1987.] '



4 BRI EF SUMWVARY OF THE | NVENTI ON The af orenenti oned obj.ects are
facconpllshed in a method and apparatus for shading vectoss and curves- on a
“di spl ay device. The apparatus conprises. a nean for inplenmenting a ]

function, said first function conprising; - Tc [err] where Tc equaIS‘a .

transparency factor, [err] equals a &i4st pixel buffer of data fed back -

froma franme buffer fromeach pixel- address al ong an object such as a
curve, and where X represents a second function; the apparatus for shading

vectors and curves al so conprising a neans' for |nplenenting t he .second

function, the second function conpri.sing: Be [err] where Be = a nodified

Bresenhan1error factor R guRMARY OF 2hgOnRENTREeNyappar at us of the present

i nvention; where PB2 - @ second.pr x€l- burfer or data fed back fromthe
franme buffer and mltsataéofemoxmiesedtoh:tecltbl ark fascompbishe@hénadanethddscri bed
appar atus_al so conpri.ses.a ns for in Ieneniln at g fupction, the -
third f PERAEY fgrnghad[ yeGHra: 2 r‘é‘iﬁv(??e é’r}(fé’ BY dRViGRe or

di st ancema‘ sreéuae Comb £u8d Iaemxa&av%r ?ﬂpi&%%iﬁ&té Arsgaze” or

backgr ound co and erein PMrepresents.intrinsSic curve. color froma ]
pattern immtriym ﬁida]f&ysttﬂmc&pparmishngshadl ng vectors and curves

i ncl udes a neans %or conbln ng the above |nplenentat|ons of the first,
'second and-t hi rd TrEBadnt - ]ogthér %o conpri se the inplenentation of

Te[err] (Cd) . + 1-vhdr@Mrek] adiiac Byt SdiitdaRenéy Eactby s mde&asiara bei ng
rendered. The present invention also includes a.means ¥or shading
first. -pixel buffer of data fed back trom a trame buffer from each
pixel address along an object such as a curve, and where X :. ' | _.i_)
represents a second tunction; the apparatus tor shading vectors | |
and curves also conprising a neans for inplensntinq the second
function, the second’ function comprising:'
Be (PB ]+(l-Be) v
where Be = a modi:ied Bresonham error taotor which is
calculated hy the: apparatus of the present inventions where PB,
second pixel buffer of data fed baok tron tha trane hurfer and
where Y represents a third function. The above descrihed
apparatus also comprises a means for implementinq a thirda
function, the third function comprising: e .
‘g[ca] + (1 - 2) [PM): | |
| where Z- represents a depth volume or distance of the
object trom'the_viewer: cd represents a'Fhaze“ or'packground
color, and wherein PM represents intrinsic curve color :i&h;a'f"
pattern nmemnory. irinally, the-apparatus tor'shadiné vectors-and_
curves includes a means for conbining the above implementations !
of the'tirst,'second and third functions together, to comprise
the implementation of Tc(PBI) + (1 = To) [Be (Psz) + (1 - Be) (2
(cay + 1-2 (PM) 1] therehy shading the curve and vector beinq
rendered.

The present'invention'also incladss a means for shading



-5 pgjygons Cohpr|5|ng a neans for inplenmenting a first function, the
first\function conpriksing: To [PB] + (1-- To) X; where Tc = a transparency
factonw_PB - pixel buffer of data fed back fromthe frame buffer, and where
X represents a second functi'on. The appar atus for ‘shadi ng pol ygons al so

I ncl udes. a neans for inplenenting the second function, the second function
conprising: Z [Cd] +-(I - Z)_[diffuse [IM™ * specular [Le]]; where Cd
represents depth cue color or haze color, a represents depth and where
"di ffuse" and "specul ar" represent third. and fourth functions. The present
i nvention al so PHAIGAEsCompRIsADIf® meanp| mm@ﬂgmeuﬂ.mboveirmttunoe:bbﬁ hird
(di ffuse). funct h|r functign,conprising: Ka + [err] where N N
represents the Eﬁ? é%ggn °9eﬁ? q’&PﬂFls the dot product of Nwith .
itself, NLrt is the dot pﬁqﬁqgt+o 1Lh3b§q¥{ace normal at the right edge of
t he polygon and a unit vector L towar | ght - sour ce; [err]ls t he . dot
product of N and L at whare Pef+ e(t;anepardmypﬂhq\gur)t PKa-rﬁsfee.SBﬁfféﬂﬂ%f

ff t of fl ect d wh L t | ht
e [iﬁ% pIEEASTY SRR LW, ééq%@si‘ew{w%éﬂeita‘é"w&%pﬁgﬁi’a“éﬁse
of the pol ygon. sddiharpRaseddss | fhe weuﬁqé(aeggg %ngig%aad%is means

for inplenenting the above nmentione ourt ron; the fourth
functlon conpr i $ncipdes/ a[means for 1mp1ementing the second function, the second

function comprising:
2 [ea) + (1 - z) [diffuse [Iu] + specular (Le]]:
Y ' ' where Cd represents depth cue color or haze- color, 2

represents depth and where "ditfuse“ and "specular“ represent

_ third and fourth functions,. i;; .f,,ﬁ.ﬂl :"“ {

~ The present 1nvention also 1ncludee‘a means - for :
_ 1mp1ementing the above mentioned third (dittuee) function,
~ the third function comprieing°-

Ka + 1/.I-N‘—N [ocm:.rt + -a) NL, 17 -
) where N-N represente the surface normal vector; N°N is
~ the dot product of N with iteelf, “‘rt is the dot product of the
- eurrace normal at the-right ‘edge’ of ‘the polygon and a unit vector
I\, L towerd'a light eourcef~N£1t"1e“tHe“dot produot'at'n and L at
..-the. left edge of the polygon; Ka represente the coefficient of
i'ambient reflection, and where Lc repreeente a 1ight source color.
'Tiklpha (0%'Y" incredses from 0 to 1 between the left and right edge
~-o£ the poiygon. _ f‘“‘“j“f“ Sl
" The apparatus for ehading polyqono aleo includee a
means for implementing-tne abovo nentioned fourth- (specular)
-£unct1on, the fourth £unction comprisings
1/ NN [etNH, +(-o% ) NH] O°
where NH . is the dot product of the surface nornal N at the
right edge of the polygon times the unit vector H in the



wher g NHrt is the dot product of the surface normal N at the right edge of
t he. polygon tinmes the unit vector Hin the - -6- direction of maxi_ Aum
i'ghlight,[err] is the dot product of the«nornal vector N at " -the | eff cedge
- of the polygon tinmes H, Oe is a power to which the expression in brack ets h
in raised, and where [err] increases 6 om0 to 1 between the left and right
- edges of the pol ygon.- Finally, the invented apparatus for shadi ng polygons
i ncl udes a neans for cenbining said inplemented first, second, third and:
fourth functions to thereby conprise: Tc[PB]. + (1 - Tt) [z [Cd] +(1- 2)

[diffuse [IM + specular [Lc]]];: where tN-is the object color froma
const ant diﬂectiunloﬁmlﬁuﬁ(lﬂ@hngﬂm;e mllgnmrtmaaewwge tHe ay. of
col or - values and where Lc is the co the I'i ght source. The

present iPRFEM BACEARY ARcHRRIASLE edamoLf Bhe RelyEnp pinesniler9e dafches by |
shadi ng %araquegescr n e g,fpgmguixﬁshmssﬂea q%.e!rx;rw&e&ng whe Lhe spaci'ng

-cal culati'on 1s conprisin et I ng the

first funmd dmeréeksed ifrsh 6 et batwesmpthei Deet ARRPEight @agesTa) th¥; The -
appar atus for ‘shadi ng patches also includes a means for inplenenting the
second f RRI¥YGR. X, the second function compri-sing: Z[Cd] + (1-2) Y; where

Cd = depth cue CO'P{naﬁKé Q?é)tilﬁvgﬁge %ELH& s%q' Qfﬁw %Exyéé‘ﬂ esent

_flfth and si-xth funct
‘includes a means for combining said implemanted tlrst, second,

thlrd and fourth tunotions to thoreby oomprlse:
To[PB] + @ - 0) [2rca) + (1 = 2 [dlf.fuse [20 T
specular [Lc]]]: _
where IM io the object color trom a constant color
value or a color value from an addrossed image’array ofﬂcolor |
values and whero 1c is the color o: thoylight source,- «;-f_
. The presont lnvontlon allo 1noludos-a noan- for shadlng
parametric patches by shading a- qeqnenoo of surface.curves spaced
* closely together.i The spacing calculatloﬁ is:desoribed below,
ﬁoomprislng a means for lmplemenelﬁg"tho_flfat function, the first
function comprisings: . . SRR | '
. TC[PB] + (1 = Tc) Xz _
;;Jl The apparatus for shadlng potohoo also lnoludos a means : \*2
for implomontingigho:second function-X, the sooond‘tunotlon
comprising:.. - . B | o " ' '
z[ca) + (1—3) X3
where Cd - depth ous oolor. z= depth and "ditfuso" and,
uspocular" rapresent £ifth and slxth tunotlons.". | '
' The apparatus also inoludoo a means tor 1mplemontlng a
eirth (diffuse) and. sixth (lpooular) tunction. Tho gifth
functlon comprising: _ _
Ka + N-LAI—TE where N is tho lurtaoo noznal vootor
which varies along a. surfaoo curve as a paranotrlo tunotlon. The

- sixth function (spooular) oomprlalnqs



The pa(atUSohIso i ncludes a neans for inplenenting a fifth (diffuse) and
si xt R_('spetul ar) function. The fifth function conprising: Ka + [err] where
Neis the surface normal vector which varies along.a surface curve as a

par amet™i ¢ function. The sixth function (specular)conprising: . -7- [err]
Finally the .apparatus for shading paramefr{C patches includes a neans for
conbi ning said inplenented first, second, fifth and sixth functions to .
t hereby conprise: To [PB] + (1-Tc) [Z [Cd] + (1-2) . [(Ka + [err][IM [err]

t hereby shadi ng the 'surface curve of -the paranetric patch bei ng rendered.
BRI EF DESCRI PTI ON OF THE GgeFi gure-1 is a block diagram of the
circuitry for shading. N8/ “%ﬁ)j:he present invention that incorporates the

present i-nventioh; Fi gyigat1y Sepd) Q,l_.rggﬁd 20 e} b S oY etk 18 S FgOf
Figure 1; Figure 3'is ano?%é* expfgée VIEMLOf'SO#%bgﬁat e %ﬁré%?{ry shown -
in Figure 2; Hinglndes a meansafdricoabling: shaddi inpliemehtéd firist ¢ usdaondof

_F gure £ifth and'sixth functions to thereby comprise:

Tc [PB] + (1-Te) (2 [CA] + (1-Z) [(Ka + N-L/[N-N) [mj-___'
& (eEAF) %° (1)) | | R
théreby éﬁadihq thé surfada'cﬁfﬁe.qfvthe;paranatriq patch;being.
'renda:ad. . _ ;-~'  .“.ﬁ¢gnHﬂ ;“mi?ﬁ,ng e o

~



- 9-. DETAILED DESCRI PTI ON OF THE | NVENTI ON The present invention discloses
@p’parat us and nethods having particular application for use’'in a conput er
system used for the graphic. display of imges. Although the present T
invention is described with reference to specific circuits, block diagrans,

si-gnal s, algorithns, etc., it will® Be appr eci ated by one of ordi nary skill
in the art that such detalls are disclosed sinply to provide-a nore )
“thorough under st andi ng “of t he present “invention. It will therefore be

apparent to one skilled in the.art that the present invention may be -~ . .
-practucedMWﬂcmms | n ‘ot her instances, wel | known
circuits are shown_i C ra rm|n rgde obscure the '
present i nvention Eﬁﬁ‘é?eglsgf 3%"1"? ﬁ ?.9 ﬂté g ©%n overal |

f unct i.onakhRdHik gfib:am R ¢het ﬁf‘eﬂn@s Qﬂ%ﬂﬁ\bﬂn&w mcbepewk%rs tRedef i ne

i mages on a CRI displ ay or other display device, it is necessary-to '
mani pul at pregent dnvenviont speed in order to sel ect the pi xel {ocation and-
color on a CRT disgla def i ne he curve; ace, vector or .
i mage that is desi eﬁgﬁ)r}bé d?’ép?’%"@é S‘Flte" 8! \gs'ﬁﬁfﬁ/rf;i‘ﬁrt’ﬂe rt -that -
the | ocat yoguréfieach point -to be displayed.on a CRT often is represent ed
by digital values stored in a nenory device which:-correspond_to x, y, .z and
w honbgeneous coorﬂg’@tﬂaﬁ i€camaithey explodemd . Viewrnmlnomacd:ﬂm the X, Y, 2
and W AFDY, uni 14 shogt gd described in Figure 1 of co-pending

appl i cat i SHESUARRY, ghoyp Jn &3g8¥e 296 and 07/ 047, 693, co_rrput es the x, y, w
and a honbgeneous g9gufd fhafﬁsaﬂfaﬁ'&rﬂbtfﬁ 3 83 EndrPQe tite’ c.gh%ﬁ spl ayed.

The geonetry section™7 also conprises an address.pipeline 1 i ncl udes
' the pi xel otlrigm:ecnr.cwt 30 ' '

i
5



of Fi gq;r'eé'. 1. é{nd 7 of 'co-pendi ng applications éeri al nes. 07/047,696 and
07/ 04%, 693, which outputs a nodified Bresenham - 10 - algorithm error

term Which is used as an anti-aliasing weighting function.” [The -
af or eﬁﬂ'ént i oned nodified version.of the Bresenhamalgorithmis w dely used
for increnmentally stepping along the edge of a polygon-in scanline order
and in anti-aliasing vector techniques~(3€e Akira Fujinoto and KO | wata,
"Jag Free I'nmages on a Raster CRT," Conputer G aphics Theory and -

Applications, gehiBErPYEICRIDEON Lirgp-u ioned [err]pringer Vérl.ag, o
11983).] The welGNLTTG ,éﬁﬁﬁws&b Em.a shadi ng pipeline 12 of a
pai nt section 150. The phe rdreseati irvehtloh Aisddsesd spParhtds elds metheas CRT

22 .as W ll. later be d'escr_.i bed. The AFDU s 14 out put instantaneous X, y, W
and z coor di-naf@¥éing Pagbieatar,ppplioatiop fomaisei 4B a fqomputenEystep used

-length and ti-aliasid i ght i;ng_functi .and. al so_out puts the -
o Coor drnat o 560 G brRbh S da Iy U Ufaed" M BRag SRE RRRA (o e
address pi pel i Bventich D8I ddscriBbd AthoPerdenta to! sidiied8 firxlit8S%10ck

Address pipeline 16 outputs the x, 'y, w-and -z coordinates to frame buffer
20 to define adirgnams,| aignsleo| atoorithRE, etthe Abswillt becappramiatddriye z,
which is inputted to the shadi pjpekine 12, ‘i.s used therein for depth -
cuei ng whi ch rg"%‘?/éﬂ‘ggﬁm‘b‘gghn*'gﬁé‘ra . .fztﬁﬁtnﬂu%td%ﬂﬁiﬁt_%r%éiiﬁﬁl sed _
rendered so that: o2 PP ad &' hOFE Yudh Tun ' 155 "é'?‘}é' from
t he vi ewer  of "t‘h%éii%g'efﬁ""[“Fol_ ey &'Va%%\&%ealrzr‘#rllll Iﬁﬂr?tgg?g%@\?g ?:grr%tt r E}Qg%)hi Ccs, .
Addi son-, sl ey int@sAch. Thit aridll thexrdforet betapparent stnadnegskilied da ke i s -

used for increneptal l.y jndexing.a, pattern mempry for fhe purpose of mapping
a pattern al onf*® MQ@M&S@. h%‘E‘éﬁﬂq oR) pa¥ b PrActifed, ¥itheuto these yseqd

forns b‘endingspééf¥fé details, In'bthef_inétances,'we11 known'¢ircuits are
- | shown in block'diagfam fé:m 1nﬁorder'n9t to obscure fhe'preseht :
invention unnecessarily. ' " -
. In Figure 1 there is ShOWQ-éﬁ.dverall functional block
diagranm of'the present inVeﬁtion;";h o#der’to define images on a
CRT'displﬁy.or-othaikdisplay device, it is necessary to |
manipuigte data at a high;épee&fin drdér.to select the pixel -
location and color on a cnz:displqy,that'defina:the curve, curved
surface, vector or imﬁgé;that’i#idééired to be disﬁlayed. It is
well known in the art.that. the location, -_qtﬂfe_a_ch,,,\pqiht to.be .
— o diéplayed'oh7a_cng often is réprtéente¢_by.digigal_yalues;stored
in a ﬁemory device which éorrespond.go'x,*y,'z'and W hqmogéneous"
coordinates. . | .' _ I
‘Geometry section 7, wh;ch 1nc1udea the X, Y, ziand W
=AFDU'units 1458hoﬁn and descriﬁed in.?igure 1”6! co—pénding
applications, serial nos. 07)047;696'and 07/047,693, computes the
X, Y, vwand z hbmogeneons coordinates dt'an-object'whose Inage'is'
to be displayed. Thé geonetry‘?ection71-also comprises an
address éipeline 16 which.inéiudegnthe pixel filter circuit 30
of'rigures 1l and 7 of cb-pending applicationé serial nos.
07/047,696 and 07/047,693¢ whiéh-éutputs a modified Bresenham



along the edge or silhouette of an obJect berng rendered with the
bgckground to reduce the jagged appearance of images on a raster di spl ay.

(Earnt section 150 conprises a plurality of additional AFDU crrcurtﬁylo .-
and the above nentioned shading pipeline 12. Paint section 150 renders and -
outputs red, green and bl ue répresentations of the color to be displayed at
each pi xel and per f or ns vector ~shadi ng,- curve shadrng pol ygon shadi ng, -as

- well as patch shading (i.e.. shading of bi-cubic patches). The operation
and performance of each_of these functions will be explained in greater
detail hereinafter. AFDU circuits 10 serve as function generators to

provi de pasbyorithf erusy tekf, (Wiichhasi yihdPaBCan flﬁatlzel:mii@:gsﬂ&%ﬂﬂi@ﬁ' ly,” :
AFDU s 10 servé the purpose of conputing paranetric cubic approximations to

t he nor nal-f4aetien. dofThe GGBGQ@Q&#-’LPMG \mﬂifk%WPMGngO%m ngewum on, as

N f dd
monory 1 or TR HhSeet S0 fBk Shorendpbafly siRpRPrR ARSI oeo
three chansgye ofoacpsBgon’ 2h iﬁi:li%eefhéi:ndn&' 1S dNICEE Skl Ihg Eastbﬁhannel

conprises a series of cascaded arithnmetic units that perfornrcolor vect or
arithmeti ctmiwpsnésee BXxdra Fukimoto| endiRor Ivatay #TagFrse) Juages ion

erforns o el C¥Rh rithoet]c td.0Ns. wWhi gh |l Jater -
Sescrr bed, Q?%pié‘n% mm%mm ?ﬁ% dp| peI i ne
12 conput epy amuquhﬁmﬁq puBPrsHeakbpéspingek Ovér10, CRodvg behé diffuse

and specular refl'ection contributions and, in addition, adds color depth
cuei ng, ~anveighhingsfwaction-issentonstrd taia shading mnsb&\\% @y of 08 mtp i xel

.eo'l or. P' égétf& tigoval %S pgigt QB%cQ_:li.to;[)eﬁJ ismugehé‘ q: %o?op e;h'x% s on a ‘:J
- -CRT 22 as will;later be described. - mhe.arnu's 14 output . -
?t:instenteneons X, ¥, w and z ooordinetes”to'eddrees pipeline 16. The -
pixel rilter 30 outputs arc-length and an enti-elieeing_weighting' o
_tunction7Ce, and elso outputs the g coordinate, ero-lenéth end'
the enti-alieeing weighting funotion to an- eddrese ‘pipeline 12 of
paint section 150, as will later be discussed. _
Address pipeline 16 outputs the X, Y, w.and z.
coordinetee to frame buffer 20 to. detine a particular pixel on a
CRT. The_instanteneoue“ooordinete g, which is inputted to the
shading pipeline.lz,rie_need tnerein.ter depth cueing which is a _
. well_knownitechnique for fading out objecte-being.rendered 80 \J
that they appear farther away [in the 2 (deptn) dimension) from . -
' the viewer of the image. ([Foley & Vah bemn, Interective-Comggter-
~-Graphics, Adgieon.Wesley; 1933-]' The_ero-lenéth outpetted to
shading pipeline 12 ie ueeo'foriinorementelly indexing-e pattern
nemory tor the pnrpose.or napping a pettern elonq e'ourve, while
_the-enti-aliesing weighting factor is needgﬁor blending pixels -
along the edge or eilhouette ot an object being rendered with the
background to reduce the Jagged eppeerenoe ot_inegee on a raster
dieplay. o o
 Paint eeotion 150 comprises a. plurality of additional



to frame buffer 20 for display on the CRT 22 (i.e. as defined by x, vy, z
and coor di nat es). .Shadi ng pipeline 12 may al so have its output directed
to pixel buffers in shading pipeline 12 so that a recursive conputational
abili t’V"l s provided. The-values conput eﬁat each pi'xel address are witten
sequentially into a pixel. buffer -12-" menory. As wil| 1|ater be :
expl ai ned, the\mimm kayatk thecahiéval nagtlondd/ shadihg plpeaine N2.and
conbi ned with t preV| ousl co ut ed pi-xel val ues ‘stored |n the pi xel

buffer for addfiEnapctinn Batpd UtPRBS Ry GFRRN aRd Biuemy aI so
f
et on' 15 fuGRanidiie SR bbby ARt RSkt o

address plpellne 16 are used to re

and out put thqsa-uaneemdm:semuﬁg,abummamw moubgoﬁrmnnggplmhneme 12
so that these values ma be u sed- i n subse uent rendering-qperations such

as for anti-al3hophgh gh afbrfey shading ©fohinpukic pptoles)ionthe vEcTOR
SHADI NG Wt h. I Gs3aioh O.,fcf ?ﬁgféﬁﬁn\éﬂ%fr&cnv‘éftﬂieﬂ ebhtidin Wiel e |1 ne
wi dt h, .anti’- al-l-ast fig, epth cuel ng and transparency i ne wi dth and

anti - aI i .asi ng expladesd vixd greater tdetgemmerginaeteron 7 as descri bed above

and as w.l|" l'atér be rmre fuIJ g(él ained. Color depth cuei g_ and
transparency are der| v AP ﬁﬂ%é’bﬁ%ﬁ%?%%" prfients as
calculated in r es O
(opaque):to 1 éﬂf ear) %SY\%%‘TI{‘; E&%‘?".S?Z‘é&f‘%ﬁgsti.i%ﬁaﬁ ?gﬂgTo is

const ant for. aegpcit!ﬂ.cabl;e,cmrnll'e 10 serve the purpose of computing parametric
: ' ' cubic apptcximatione tc the. normal vecter dot producte in the
N\ well known Phong shading equation, ae_v_iell as computing linear
S interpolation fnncticne__ and addreeeee' into imag.e'. memory for. '
mapping imagee onto patches. ~Shading pipeline 12, comprises three
'channele . one each for red, green and blue preceee,ing- - Each
'channel comprieee a eeriee of cascaded arithmetic unite that

uw-- .

iperfcrn colcr vector arithmetic cpe:atienf& HEPcn_a:ithmetic unit
in ehading pipeiine 12 pertcrne cne of eeverai arithmetic "
.functicne, which will 1ater be described, depending upon the
ccunand received trcm CPU_ 9. - L
_ Shading pipeline 12 cemputee and cutpute to trame
butter 20 cclcre which have both ditfuee and specular reflection
| centributione and, in addition, adds color depth cueing, anti-
aliaeing, cpticnal nctien blur and traneparency to each pixel
color. Pixel cclor valuee are. cutputtedhtrcn ehading pipeiine 12
to trane butter 20 tcr diepiay on- the cem 22 (i.e. as defined by
X, Y, z and wyce;rdinatee). o - _ _ .
_ Shading pipeiine i;amay elec have ite cutput directed
to pixel buffers in ehading pipeline 12_80. that a recureive
computational ability is provided: The values ccmputed at each

- pixel address are written ee@entiany- into a pixel buffer



PB - pixel buffer nenory, addressed by val ues generated.by the AFDU s 10.
RYG B> range Oto 1, 12 fractional bits (typi cal). Be 5 nodified
esenham error (used as anti-aliasing weighting function) range frorrf;),to ’

1, and typicall'y conprises 12 fractrddat bits. Bis. generated by the< .

_ AFDUs 14 for each pi xel along the vector. - -13_ IIN-- | mage nenory, IN PM

‘Pattern nenory, PMZ = Depth valu, from ZAFD, . range Oto 1, typically 12

fract i onal b| ts onst ant _f nt.i aI L asi back round <RG B>, 8
bits [err ™o ]C%r‘hé'gﬂ “later 'be axplained," tn °'ﬂ'v !?] ®he above .
equat i on mcbee&uramf bfchﬁw aeq Fee) Is and Jo%qurﬁnoaéct S,

substituting a constant col or i n the anti--ali-ast-ng term by -
setting B@u@ibwlmaomputedilpinln@m” stoxed tint the mioredt butfexcdoer COc for

respeg{ ?)é’d?jf&élﬂ?% é“i‘&gﬁ\men ngfg '?t hwrC:JIel Bg a:orsnrce]lgrsiatltr gg thg{\brt tes Yv\/\:)h
Dl ementat fon OF Ainaane ¥ Wiknof ) SEASTRRBLIEE A1 3 Fpéfe Bucthle:)
t he ci rcur:tqql Bhdéivhereby . LR SR Iy&l&utee\sbxraddﬂsp plpel:lam 16 awxctors
el S B AL D S B "Bl WL ol T
these valuee to sequential locations in the shading pipe'une'lz ee_
that these values may be u'eed 4n subsequent ‘rendering j-operatlone-

such as for anti-aliasing,’ f_'-renspere'nGY_ and motion blur B
calculations. : L - . \‘,. 

VECTOR SHADING . o
' With respect to rendering vectors, veetor attributes
include line wiath, anti—aliaeing, color depth cueing and
transparency. Line width and anti-aliaeing ere derived from the .~
geometry section 7 as deeeribed ‘above end as will later be more
fully.explained.” Color depth cuelng and transparency are derived
'by implehenting the_be;qw_lisgeg_gofegficients as calculated in
tormula (1) below. _" R T '
Tc = Traneperency coetticient rengee o (opeque) to
'1(c1ear), end typicelly comprieee 12 frectional bite.' Te is
conetent for a. gtven objeet. i_. . ' |
. PB = pixel hutfer nenory, ;daielled hy veluel genereted
by the AFDU's 10. <n,e,e>, range o to °1, 'n .tractl.onel bits
(typicel). | _
" Bewm moditeed_B:eeeﬁhe;-eréeef(Q;eaie;feqti-alleeinq '
weighting function) range from 0 to 1;*eﬁ§*¥§§feeiif'eEQSrlees 12
.tractionel bits. B is generated by the AFDU's 14 ge:'eaeh pixel :

along the vector. -



I nter 'tj:ve.Corr'puter Gr.aphi_c, Addi son Wégd ey, 1982.) The primary difference -
bei ng that an anti-alram ng coefficient Ce replaces Be of equation (1),
abdve: Wgcordingly, the equation for rendering a curve is acconplished by

I npl ementi ng equation 2 beI ow. - - -14- Jerr]. Equatlc)h (2) offers the sane.
sinplifications as fg% ;2 efficient Ce is corrputed by the
pixel filter 30 in address 8 ’1% for each pi-xel along the curve. This

circuit is-part of pPMok !fwt&ﬁi ﬂi:owd mil | later be-described in greater
detail. POLYGON SHADING The shading attributs which apply to pol ygons .
i ncl ude hol | ow; . solua @ﬂmtauuﬂl% PAB AR aBRREE osf:9| b itypdealiipdiang,
antl-allaS|ﬁga jng , and transparency. The follomﬁng equatlon
gives the s dlng equatlon for a line. between two points (i.e a scanllne)
of a polygon.: Pol ygoa =italbongearstant ofgyt |aahedamasiﬁglmmmbngd; he .
coefficients |isted bel owin equation (3) and (4) below. NL = Unnornalized
dot ‘product <Re G B 'P 8§t or ri ght- edge of a scan. line of a pol ygon bing
shaded, the no | st the fertikes bei g MorTal i zedf~ such] t fat 1inda}
|nterpolat|on Redes| NL to almqys range] fnee.q to 1, neved gxfpeedi 1| NL
hi{ nrore or} § Ess

in the preferrdd enbpdi ment} has*|12 frac}i dnaf {bits, hlthOLf
bits may be 0 zed dot].pr . I or=-r]i-ppt.-
R S C %nt”gwaﬁga Aot t%ﬁ, i)
|81 - | 4 e ene b
ue ' e Pabc . .__ - o m L “'- . b.- .i-
o © he above equation can be slnpiifieX by setting T = 0

for opaque objects, by substituting a constant color Ca for PB’ in
the anti-aliasing tem, by settingﬁ lfe: & § for no anti-aliesing,
by substituting eonstant solor 0e for IM; oY hy setting 2 = 0. _
when no depth cueing is desired. (Note: " With ‘respect to an _.
anti-aliaeed.veetor, it will be appreciated that its two sides |
can be drawn insependently as two separate vectors side by side.)
Implementation of equation (1) will later be described with '
reference'tb"the'citceitry'ot Figure 2.
CURVE SHADING

Curves are very similar to veetors in their shading
attributes. (Reterenea ‘Foley and van Damm, ‘Fundamentals of
Interactive Computer Graphics; Addieon Wesley, 1982.) - The
ptinary'ditterenee ﬁeing'that an anti-aliaaing eeettieient Ce
replaces Be of equation (1), above. Accordingly, the equation
-for rendering a curve is aceomplished by inplenenting equation 2

_ below .



'iecqe range and bits as NL). NN = The squared | engt h of 't,he surface normal

tor, i.e. the dot product of N and N This value typical 'y, in the
preferred enbodi ment,. is from0.5 to 1 and requires 12 fractional bit.?} .
- 15 - [err] = a vaI ue gener ated- by, an AFDU circuit which increases = - -

linearly fromO to 1 between the i and rlght edges of a scan line of a

pol ygon bei ng sfafed andftypfical |y imc t ormpl  bitg. : the
AFDU circuit islidenticall:injcircuifqry} cfrcuit|of t:ig re 3 -
of co-pending applfi cati ofpSPrderial pos|¥ §8:p7/ 047|883 err]
(diffus alue) ! e O - Y | P : e 11 - o,
[ 2y e o PBy [+(1-To) {ce ca, +f’érz|)] Ty, ove -
~equations (3) a @(4) C r?BE greatlly. Icu§ ‘hi gh #!ng
technlque of usind-the to ggnef ijmat} on of [spefg|[gqnd a -
oXi“mat e

AFDU circuit (I at QQ&grezﬁegt *&'?f gag?ﬁgr&#?ﬁg Jt}oi,pp

diff. Spec and d| range from I8 M5t sumto 1

and eaclvecgprsal Im coetticipnef ce riﬂdoeﬁinmmyt theé piserpzinagd 0b 12
fractional bhits. Gour aud shadi ng i nter pol ati on of col or:- al ong a

~ scanlin "OF"QFQS?T P Hei%é\ﬁefgﬁaﬁﬂ;‘hqu&ﬂ Along, the cuiryes i This circuit
is part ot pixel filter 30 and will lator be dosoribod 1n grsater

detail.
POLYGON SHADING
The shading attributes which.spply to pol¥gons include "; e
. hollow, solid, Gouraud, or Phong shading stylo, image mapping, .-
snti—sliasing. depth cueing;: snd~;rsnsparsncy. «Thsstollowing
_ equation gives the shading oqust&oa-tor-o~11ns bstwson two. points o
(i.e.- s-soonllno) of & polygon:: Polygon shsding is aocomplishsd
by implsmsnting the" oosttioients listsd below in squstion (3) and
(4) below.” Tt .wTEco ) o )
NL -_Unnornaliied.dot product. NeL at_ths,loft:or right edge
*mbffa scan line of a polygon bsing shsdoo; the normals
“‘at the vertices bsing normslizsd; such that linear
interpolstion causes NL to slways _range from 0 to 1,
T never oxoosding 1. NL in the preferred embodinent has L;)
12 fractional bits, slthough more or less bitl ‘may be
- used. _ S L _ _
jka = Unnormalized dot product N-Brst the istt or.fiqht sogs_
ot the scan line of the polyqon (typioally having ths
.same range and bits as un).
©. NN..=. Ths squared lanth of the su:taoe normal vsotor, i.e.
‘the dot product of N and N. This value typically, in
the prefsr:sd snbodimsnt, is from 0.5 to 1 and requires
12 fractional bits. o



by eIi@dnatlng the multiply by [err] (Note: Gouraud shading is well known
in the“drt and is expfained, for exanple, in Gour aud, Henri, Conputer

Di §pl ay™ of Curved Surfaces , Depart nment - 16 - 1971, see also Tom .
Duf f, 'Srmothly Shaded Renderings of Polyhedral Objects on Raster

Di spl ays,;™ Conputer G aphics, Volume 13, 1979.) As is well known in the
art, in shading polygons, boundarl es nmust often be drawn around pol ygons to
render the edge-styie attribute. W#r® such boundaries are nore than one

pi xel w-de, a problemarises in getting correct values for dz/dx on the
boundary being rendered, so that the value doesn't mnimze the x val ue
boundary pixels. App]icant h s di scov a solution to,the afore-nentioned

probl em of renderi n§-bounyaf}¥e genexs aseblfnﬁ"eAFWérFiGﬁE 1%iwhdehyi de. Two

pol ygons are rendered,. anmsgglmgrﬂfff%ng &8 1° egpttﬂga and an

i nner pol ygon defining an inner hole e vertices o e 1 nner. potf ygon

are al so those of the polgdgbrrlghtesdgsa of e sean Hnemoﬂaalmmbn lpshigl em of

occl uded boundary pi xel s. |veI f the boundary is: onI y oh‘e pixel
piadsdl PR ATRAAHY dagiodrs ddortarSin

wide or if anti-aliasing
rendered; it is preferred ﬁ&,r,enggg DM EEi; hag f tor)
wr appi ng t he poI ygon. The ‘X Oor.yz=o fl}? et o t’%’e%n’f@t i e‘gJ Vecto thod
i nsures that the w appiingtodheok. XEDY. sll.neu:tt) ofi Rbdara/i ofi da-@end:kngie t he
exact boundary of the pol égag ﬁg%‘eﬂ':rg?g*{? ncguaa_’))rhf g;saanndant i -aliased

edge around a Phong shade
_  07/047,693.)
o S '_h-.......-...;.";',' Tmere "_’. : e - -
| [asee [xa] [ P e ]
(difruse value) ' S B o ' it
@ | . |o +1/ k.!.:.!o't NH +(1.'-- .)' B ., |
spec - * NI =gt). )
(specular value) - R o B 1t

0 o Sl o e

R A A I R 1
(4) . - -~ _" L © . - o
- : - e e g _ - . -
R\ ] [k T (e (11
. Tg PB +(:.-'rc) 2 cclg +(1~2) spa?_ . :.gg +q1:g |
i D N s R s A
The above equations (3) and (4) can ba graatly = -
\— simpliﬂed by the high overhead tcchnique ot us:l.nq the W AFDU to

.....

genarate an. approxination of spec and a - AFDU c:lrcuit (hter
described with reference to rigure 2) to approxinate daire, Spec
T . and d:l:t range from 0 to 1 and together vith Ka nust sum to 1 and
each typi_cany, in the pre_:er:_red qnbodinent, s Qonprised of 12
" fractional bits. R R |
For Gouraud shading (:I.... 1nt.rpolation of co:l.or along

a scanline of a CRT) the qbov_o s_l;ade equation may be simplified

B by _cl.ininating the nultiply 'by_'_l/ NN, (uoi_:_o:_; Gouriuﬁ_ shading
is well known in the a_it and is oxpiiima, for exampls, in
Gouraud, Henrd, Computer Display of _Cgr_g_cg Surfaces, Department



-17- It  hids been discovered that nultlple | i ght sources may be rendered by
, t;he apparatus of Figure 2 by first storing diff [IM in the pixel buffers
16, 216 and 316 of Figure 2 and then repeatedly adding the specularbf H
‘conponent spec [err][La] for each |light source to the pixel buffer. * -
PARAVETRI C PATCH SHADI NG The fol | owi ng equation gives the shading equatlon
for a surface curve across a bivariate paranetric patch. [err] As described
i n co-pending applications, serial. nos. = 07/047,696 and 07/047,693, AFDU
circuits may be used to.inplenent. g cubic (or higher order) paranetric
function of the 'variable (called the paraneter) v. These AFDU circuits

used as culone, fsseialen DemOWEEQr temsothlgeshddeadgRemdaings(vt, v (v), z(Vv),
and w(v) to_give t.h. pixel addresses along a cubic curve such that

subst ant | AOLyhefEal, Ckdects %%F?ﬁeﬂ#@?&@w" Scpputer Gxaphicsy Velyme he used-

- to generatyg p.g; functi on approxi-mations to spec(v), diff(v), N L(v),
N. H(v) orlN N‘}I vehlch are all —controlled by the pixel filter 30 to

‘generate shadi ng valsuds ¥ thews ofr Qﬁﬂoﬂﬂtﬁ@npbnﬂir@@bﬂﬁ(j&& For the
shadi ng of a bivariate surface patch f(‘U,v), the apparatus of Figure 2

gener at es PRuBdarian ust oftan be drawn 3y ‘ROlygeny tozender dhe her in the |
. U paranmet gy Qsé)gﬂr engﬂﬁ#&” thﬁgrétgt{oﬁcfo\ﬁﬂlﬁhﬁseﬁ?er %%e&ﬁ{ xe] gaps.

Thus the pa ered 1'n u;V. paraneter . space y grea
facilitat |pige$uciaes,hadpﬁgareieh&leﬁlatﬁ@etﬂﬁ@ CORPECE Graliids DL thdkm’ﬂ ng

Whl .Ch are o\geh:lhe kl;]gumx&alrg ltvehfngageridez%edrle rsgt ‘II:l;]a athieggfunec %oeen't _

: minimize the x value boundary pixels. Applicant hee discovered a u
wh:l.ch ere more than one pixel wide. Two polygons are rendered,
an edge polygon def:l.n:lng an outer bonndary, and an 1nner polygon
det:l.ning an inner hole. . The vertices of the inner polygon are.
also those of the polygo_n 1n€erior, thereby eliminating the
problem of ooo:ll.uded boundary pixels. Alternatively, 1f the

' bouixdary is only: _ohe_-_.pixel wi_.de or 1£_ anti-elieeine is desired
. at the edge o't t___h_e_ polygon being reridered; it 1_e_preterred_ to
render a vector (half an antiealiaeed vector) wrapp:lfxg the
polyeon. ‘The x ory ofteet of the enti-elieeed veotor nethod
1nsures that the wrapping vector containe no pixels wh:l.oh lie
inside the exeot'. Kouridary of the polygon. The shading equation

for eri_ anti-aliased edge around a Phong shaded polygon is

aifs |Ra} . ' 'N-I'p'll S . Nhg
spec| = 0 [+1/{NeN o~ “upl +(1~ot) : )mpo
o | ol  {lel ] o |
"1 L -_".'._' L . LT
Psr : PBr' : Cdr '
G |=Tc "'pB"g +(1-Tc)| Be :1'_’39 +(1-Be) z cd'g +(1-2) ;'.pe-_'c°
PB,’,J | en,| | : Cdb o
L 3 T L L L

% .



- 18 - of closgly spaced curves to shade a bivariate patch can be
inple&gntéd'using‘the af oredescri-bed adaptive forward differencing

t echni que- - of co-pendi ng applications, seri-al munbers 07/047,696 and

07/ 047,693. The followi ng description will convey to one skilled in the art
t he nmet hod of the present i-nvention for shadi ng patches by rendering
several closely spaced curves. In-adaptive forward differencing froma
first curve to the next curve, the basis Thction for the first curve is
f(u,v) while the . basis function for the second curve is f(u + du,v). The
wel | "known matrix in foriahdsdbddreadseovéred sha®multpprs crightyssurcds’ dajyn
u,vis: [err] where Bv and Bo are the forward. difference basi.s. matrices.
[For a nore thd®dgRIeses By the ARPRrptesRf Fdgnre o h¥ctieat staulng AMSE see
Fol ey & Van Da | 9 ehae t qggﬁg-“rﬂ ~daRkkCon - Addi sen | e ,1&f 2.1 The
jth colum of t elA?%%yi}.ég_]'.re;.er%gd} d. %?/’EA%" %ggmg?;#%?% %e‘.l ﬁ:%relc}w of
the A matri'x | sepehtediyd addihy thiex speduiay Gohposkrt epec®mijepof rewshone
curve to the next-curve on a bivariate paranetric patch is achieved by

addi ng col um [?é-ﬂ?‘f- $Pyas tp the plxed Hyffexsve is then defined by the four:
val ues. in colum [ert]. -The next curve rendered is checked to see if it
wi |l be too farpaRARBYRI® FATER! sHapaRG)  away fromthe current curve as.
follows. The "difference™ colum [err] is converted to the well known
"Bezier" basis. The welThek fodtrwBag equationcgives |thesshading equatilpn for a

surface curve across a bivariate parametric patch.

| I rar T o A
>~ IR el %% ] el ™
Gl= Tc |PBy{+(1-Tc) 2 Cdé 45(1—2) ‘spec % mg' &+ aire IMg
il -""Pab'" o cat', | ch .. | e
- o - o - by -‘ L o J . E |

_ | As described in co-pending applicﬁt-ians.' serial nos. -
07/047,696 and 07/047,693, Ar_n’n circuits .inaf"hé used to “implement
a cubic (or higher order) parametric function of thé varfable

_ (cailed the parameter) v. These. ‘AFDU circuits used as cubic
function gen_ex‘__atb:_s" are "izs'e"d::‘éd _'g"e:'nérété"":'::(\i)",, yi{v), z(v), and

w(v) to give the pixel addissses along ‘4 ‘cuble éurveé such that

substant{ally one pi%é) steps are generited. ~'AFDU circuits may
o also be used €6 generate ‘cubic “findEion ‘approximations to - -
 spec(v), diff(v), NeL{v), WOH{V) G N.N(V) vhich are all
- conf_ro_iléd by the"pixéi ""f:[lt.".leq'f'_":_:s.d'ﬂ"tto éehefaée jshqding ‘values for
" the cérfesponding' pixel i&c__i_iéé_‘é:éé.f T BRI o - i
. per the shadihg of ‘a biviriate surface patch £(u,v) -
. 'the'apparat'ﬁs: _o:-riguré" 2 géﬁé:ateé 'a sequence of curves g(v)
| spice& cioﬁely enough to’ée’ih_er in the uw pa_rameté:é' so that the
résultihg surface..' ¢6htain_§ no holes or p:l.x'el_"g'épa'.'" ‘Thus the _
patch is fendered__ in u,v p‘ai;a'netér space, thereby 'greatlg"'
facilitating such shading operations as image mapping and patch

trimming which are well known in thé art. G_enarét’ing a sequence.




+*

tested to get the maxi mum di stance in pixel coordinate x and y between the
wo curves. If this distance is. greater than a predeterm ned threshold
alue, the curve is adjusted down each row of the A matrix. -If the '\;; .
distance in x and that-in y are-less than a predetermnm ned i ni num *

- threshold, we adj ust up each row of the matrix. .(For a nore thorough

expl anation of "Bezier" basis and its interplay vmth forward differenoing,
~see Foley & Van Danm Fundanental s ‘of Interactive Conputer G aphics,

Addi son Wesley, 1982.) Inplenentation of the above-listed equations for
vector, curve, polygon and bi-cubi C{Lpatch shading wilI now be described
Wi-th ref eseRIesby Nded darid b siihe @ bivhriate. paéap\eahau bl ock di agram
of the shadi ng hardware of the present invention is shown. Figure 2

~ i 11 ust r atimplenshted-usingnthe mforedeanribed sdapsiivpi fopetrandar d' red, - green,

and bl ue als for .a ener al h respect_to omp onents
e p s AR RRok i Shehel e G oo-pehlod A sebel ot SR b AR IRO0S
to the gre QQI;lag@eund QWQWQQ to the bl'ue channel . Four adaptive :

forward differencing circuits (AFDU s) 50, 60, 70 -and- 90 correspond to - -
.AFDU s 10 of Fi gurthe MQOMMumcpimomw&m r@mraym aney pkipladiiing to the

pi xel ess AFDU. s . s are third order
i g tal o SRk Eparaeman of MR mPsacne drvpnfien foxCartding pofeine
di ff er encey SRk PRy (saverR ! iBHel y CapdtdaC chvés.] on of paraneter t, as
described 1 n co-pendi ng applications.serial nunbers 07/047, 696 and

07/ 047, 693 so thatImsaﬁapt&veeﬁpmm dﬂ-tﬁ;rgnaimgr&mubtirmcueve ttoe df .step
te f t I hat_-t h t I

2pbr oxi nats eoCpriey toBchite iRt sk fag HitRe eiive ds s 55 U

104, 114,y :ﬂ-ﬁ% tix%“ba&i?ﬁ,fuﬁgém?%r Qﬂg,sa%%ﬁa afive §Q4f(§1+4au33?; 324 and )

328 are al
The well known matrix :I.n forward difrerenoo basis for representing a.

curve in u,v is: : ) : :
Aoo Rgy Poz o3|
. 1210 B Ay A3
f(u,v) = Bv. A, Ay, Ay, Ayl Bo
Ay, Ay, A |
i_::o 31

b3z 2

32.. g

‘where Bv and Bo are the forward ditforonco basis matrices. }
(For a more thorough oxplanation of f.orward ditterenco hasis '
matrices, see l?oley & Van Da.mn, Intoract:l.ve guter Gra h:lcs,
Addison Wosloy, 1982 1 _ _
The jth column ot tho A matrix is refarred to by Axj.
'.similarly, the ith row of the A matrix 15 roterrod to by M.x. A
forward ditforonoo stap £ron one ourvo to tho next ourvo ona ‘
b:l.variate parametric patch 15 achioved by add:lng oolunn Bxl to
Aot Apa to Ay and_ Ayy to A,.. The. next curve :l.s thon definad
hy tho four values in oolumn Axo' 'rho next curve rendored 13
oheokod to see if 1!: will be too tar (leav:l.ng pixel gaps) away
from the current curve as tonowa. o _ _
The "d:l.ftorence" column A‘;l is oonvortod to ‘the well

known "Bezier" basis. The woll known Bez:lor convex hull is then



i dentical units,which can be |nplenented as gate arrays or built out
of dlgcrete conponents such as " TRW mul tipli‘ers and ALU.s. For the sake of
cl.~ar|t\é.5 t he embodi ment described herein relates to a pipeline structure in
whi ch ch.conputational step is assigned to a dedicated ALU. It is to be
appr eci at ed that the same results may be achieved by the use of recursive
processi ng wherein a S|ngIe ALU for each channel perforns each of: t he
conput ati onal ‘operations her-ei nafter descrigoed during successive
operational cycles. Feedback and nultiplexing circuitry is required to
support such ﬂ:estnctltoegptottismugmum Aistine®|in pixalicdvordinsts 3¢ wad y
enbodi ment wi || . Fater be:described with reference to Figure 4. Each of the

AU s recei vesPPHPERT the B"%rﬁ]’rﬂEPHA %&hﬁmﬁﬁegca *%sﬁﬂeﬁtﬂés?@’i‘aﬁed RED .
Each - of th S oTelas] | plaTo

of}tC put? ( _ALIeDHQUQA " (1“%? Qi?es‘t? XLI{%RH% B+GX? e’?ﬁ’?&%”a&"%bfa‘i&w@

A+B row ¢f/bhe( ALMixB+ I the distanoe dnbx and Bhat in y ere less -
7 A 7d AA AF 0

,(AAC%unctlon moBaR 2 ?fed\ﬁﬁ?ﬂliq(ag éiﬁ‘gﬂ'ﬁ“ 'ébg 'CBﬂt%f&’lJ\ “Iﬁs‘f IF\F/'YeS:le h;?

converts -di SkR@CEadFIH) A(F&ARA hbfe éﬂbxﬁﬁgh%ﬂ%ﬂ&tﬁh br "Ebﬂéi“'t Bubiof AA
function nodule 52 is inputted-to nultiplfexor 96. Miltiplexor 96-also

recives as an andpitts dmtarplay vikh Sexrvpird dgftming&sqenretmatﬁ ¥an2) from

a pixel fllter C|rc it. 30 (shown' _in Figyre 3 of-.geonetr sec jon 7.
Figure 3 showd \M%%ﬁﬁgm&& piiics 3d11r,§fn 122)
shomn |n f'guhﬁsfeﬁtff§sz ) '
U Implementetion of the above-listed equations for
vector, ourve, polygon ‘and hi-cubio patoﬁ"éheding Wil now be

B RS TS TN D e ey s
: "

. described with referencé €6 Figuré Z.- HEAE SE SR j“”‘“‘“““'

Referring to rigure 2, an’ overell-biookldiegram ‘of the
shading hardwara 82 tﬁe present ‘invention is shown. Figure 2
.illustretes a three-oﬁannel processor ‘for developing standard red,
green, end blue él;ﬁii; for a color CRI. In general, with
respeot to oomponente heving referenoe numerele, 100-199 _
‘ correspond 6 the red ohannel, 200-299 to the green chennel, and

300-399 to the’ blue channel.

_ Four edaptive forwerd differenoing‘oirouits (AFDU's) 50,
60, 70 end 920 oorrespond to AFDU's 10" of Figure 1l and provide
pixel shading values oorresponding to the pixel addresses
outputted from AFDU's 14. The AFDU's are third order digital
.ditferentiel‘enalyzers which implement en edeptive rorward
ditferenoe solution to a parametrio oubio funotion of peremeter

il

t, as’ deeoribed in oo-pending epplioetions serial numbers
107/047,696 and’ o%"foi‘r 593 s0 that as t varies from 0 to 1 along a
cublc curve, the at’ step size for t is edeptively edjusted so
that the curve. steps elong An approximately one pixel steps.
_Arithmetio ‘units (“AU'B“) 78, 78, 86, 88, 194, lld, 122, 1;4,

128, 204, 214, 222, 224, 228, 304, 314, 322, 324 and 328 are all



afore-referenced pixel filter 30) of co-pending applications, serial non.
(07/ 047,696 and 07/047,693. Subtractor 170 of Figure 3 receives inputs from
X registers 103 and 104 and produces the. - 21.- output [err](tx |s‘{the x

- conponent. of the instantaneous tangent vector). Subtractor 171 take$ '
inputs fromy registers 121 and 122 to produce the output [err] is the y
~conmponent of the instantaneous tangent vector). Lookup table 176 of Fi gure '
3 takes the instantaneous tangent vector [err] t > inputs from
subtractors- 170. -and 171, and |npu J,_82 fromCPU 9, ras wel |l as t he
fractional portional of - address [err?I ‘fromregi sters. 103, and -121. Lookup
tabl e 1lGemtimhicenitdy ahichtgarn be implementddSas iJateantiayl iodNbafiv\ei ght i ng
“factor x, t aLnt secttion 150 out put 179 (the x-offset) to adder 183
and outBBE. ‘1’864]1'??@ 3, .CopppRents. t‘t‘)"’édﬁ%r TREY Writipliers And ALHLR: ved by the
frame buffer. Log | ues
correspondi'ng to tzﬁgu%ﬁ?a?gégésd%gk A one. m“e‘h@. ggﬁip\éta si gnal 182 to.
tabl e 1herefn mlates"mmbibglﬁwserutumsﬂ.mmtidlheschrCU|try of Figure 1

to render_a flrst ass of an anti-aliased curve. .One bit wide signal is
- set to COWRME t&"F‘@ﬂo%fr‘PaigeE%%&“ﬁ&sE" Qz(ﬂadﬂ-ﬁﬁt?‘?l“ép spas%, 1’t ke B‘l‘xel <X, y>

gener at ﬁ?ﬁiﬁ(c%&%ﬁpﬁgt theS sae 4l NBeSEANRa’ BF (&e b

- wher e[ er e curve berng ren ere I S--an. X maj or- curve. an§£[err] if.y

~major. rdbwreivel pretéssinggunerein angiigiy QLU foxf @MRH! éartie)] err] The out put
of | ook-up table 176 :for: a pass .for x major ‘and y nmaj or ‘curves is shown
bel ow i R® ‘pach % jthe computaticnal operations hereinafter

described during successive cperaticnel cycles. reedback and’ o \) '

multiplexing circuitry is required to suppcrt such. recursive _

prccessing. . An example of such a recursive snbgdinsnt will later. - '

be described with referencs tc rigurs 4.-—' oD i e e
" Each of the AU's receives Anputs. A,. B and ALPHA and .

_ prcvides a result designeted R:Bs. . Bach- of the AU's conputss one |

of the tcllcwing expressions et ths RES output:

(ALPHA) A + (1-ALPHA) B (6a), .
(ALPHA) B+ (1-mm) A (6b)

(ALPHA) A + B . - (7a) .
(ALPHA) B+ A (7p)
A *B . (7¢) .
A+ B : ’ '(7d) ’ )
_'.l'he cutput of AA AFDU 50 is delivsred tc AA function u _ |

module 52, which is a lcck-up teble ccnteining a tuncticn thet
converts. distsnce £ron a scan 1ine tc Be in equation 1. The

......

cutput of AA.. tunction ncdule 52 is inputted to mxltiplexcr 96. _
!mltiplexcr 96 alsc receives as an input an enti-elies weighting
factor (Ce in equation 2) frcm a pixel tilter circuit 30 (shcwn

in rigure 3 ot gecnetry secticn 7.. rigure 3 shows- several of the
registers (102, 103, 104, 120, 121, 122) shcwn in tigure 7 (the
arcrs-referenced pixel tilter 30) o cc-pending epplicaticns,
_serial ncs. 07/047 696 and 07/047 693. Subtrsctcr 170 of rigure .

3 receives inputs trcn x registers 103 end 104 and prcduces the



- 22 - For the second pass, the pi-__._xél havi ng t.he coordi nates <x+xoffset,

y+y01!fset > by [ert] . where xoffset = sign [err]. x mgjor and yof fset =
"skgn [Qgr] 'y major. The output of |ook-up table 176 for the second pass
for. x major and y major curves is shown belowin Table I'l. [err] - As shown
in Tables | and 11, the signal 182 to | ook- -up table 176. is set ."zero" to

Qut put -179 of | ook- up table 176 is x- offset = 0. Wjen signal 182 is set to
one, output 179 fromlook- up table 175 is as .follows: (i) O if input 174 °
i ndi cates the curve bei ng rendered is an X-ngj or tangent vector; (ii) 1 if
‘input 174 indicates y-major t angent wvertor and [err] is p05|t|ve;_ (rii)
-1 if input 174 indicates y-nmgjor tangent vector and [err] is negative
Qut put. 1800{,{; ttabLex&76.| & 25 {f_@d k8vene x( comporienti 8pWhel 74 i ndicates
y-maj or tangent veéttor®gii) s CF I nput 174 indicates x-najor tangent
vector and 1petm}taneoupoungem v(chqr) .- Ismaﬁrnpmr 273 takps dnputs -SREWor

t angent vector ] S _negat i 183 s the x- offset 79 from
table 176 do¥e% "reé”@ %?%r"l‘,’oﬁ?%%t fG?a‘é Qg‘ﬁtﬁ\ﬁm&ng Yotz F the
current pixgl gpd %mé e $s EhE fRhhEitiechBOtdrgunt! 6@&&:2526 LooHupe

regi ster content out put the.y coordinate-of the.curment .pixel.

Referring rawlearis tot Flgure 32takéw thet instantanedus teogent ¥BCBOr Fitqure 2 is '

recei ved by the ALPHA inputs of AU 124 7224 aid 3247 Th { N AFDU
60 i s receityed H9PYSOErER ‘E‘%’&Fé"w&\?aﬂpcﬂ"péﬁ or 308, ARPY! IQﬁé‘f‘lon of .the

Il nverse. squar er ﬁobgumaﬁgbeﬁ?,,ﬂQSg repdried to
the ALPHA - :@p‘étsg 1A8f° H’g tar-haga%]p#%%{@cetv% |t‘s Ai‘nput romthe RES

registers. . 1Q3 and 121, .

e

~ - _h_..MLookup table 176 produces three outputs: output 178,

the antL-aliasing v;e:lghting factor x, to the paint section 150,
output 179 (the x-offset) to ‘adder 183 and output 180 (the y-

| offset)- to adder _184_ vhich is later rageivegl by the _g:ame buffer.
Lookup ﬁablq 176 is loade_d witli-:pre_qq;_npu_ted vilues correspon_diné
to 'f.he twd tables below. 8 one- Sit wida' 1npuf. sigrial 182 to
table 176 is set to "zero" by CPU 9 to instruct the circuitry ot

| Figure 1 to render a ﬂ.rst pass c: an anti-aliued curvo. One
bit wide signal is set to "one" to rander a aecond pass. For the o :

" #irst pass, the pixe:l. <x,y> generated by the A?DU'B 13 shaded

L with the. shading factor 1 - \otl where oL - cL :I.f the curve being

rendered 15 an x major curve and O, = ogy 1: y major. The anti-
alia-ing weight::l.ng factor :I.s computad by .

o

The output of look-up table 176 tor a pass for x major

 and Y 'najor curve_s is shown below in Table I.

: l;as'sl . :
major axis xoffset yoffset we hd: 'f:.ct‘or.u
II.IZ")‘ %)0 .0 0 ) . . = I
= = 1 o
1 l<it | - 0,50 . o - .0 1 e
. o, <0 0 0 o,




- 23 - output of AU 76. The output of |INTERP AFDU 70 is. provided to the
LPHA.i nput of AU 76 and 86. Registers 72 and 74 provide.A and B inputs
espectlvely to AU 76. The output of-AU 78 is provi-ded to [err] funct\_;)n o

modul e 79. The output of [err] function nodule 79 is delivered to the~ALPHA

inputs of AU's 114, 214 and 314. The outputs of registers 82 and 84 provide

I nputs A and B respectlvel y of AU 86. The RES output of AU 86 is provided

tothe A input of AU 88. The B input of AU 88 is provided by register 87.

The RES output of AU 88 is provi<ded 40 the ALPHA input of AU s 104, 204 and

304. The output of pattern AFDU 90 is. provided to PATT function modul e- 92.

The output of FR¥ishe egcand pagsy @Pn?#ﬁhh}véﬁﬂjrt@@swm%tﬁs i nput to

P20 L SO 3 ocf v SPRNETH e (BE A 50720100 s
AU s jdfer dRd PortsdQi=Eighe¢ocVed . ndder REGhE Wdutiputobe Aldok-4p4, 204 and 304 -

are delivered to nultiplexors 110 210 and 310 respectively. Miltiplexors .
110, teiteaddesfiar sheosecond pass Loy majaxiand ¥ madorcsumvesi dsers 106, 206

and 3 i tputs of .multiplexors 110,. 210 and 310 are

del i V%?dw E?Eﬁp Aqllaﬁ?ﬁ?lfgﬁf AU‘ S 114 214 and 314 resoegt ively. The RES:
out puts L 314 X al i ad=lolne A Looulh of. AU s 122,
222 and 322'J°F!!§pec hs sequenti al

inputs o, g‘gll Shu [1es ppd- 11§, 246 0= 21 v an 1 316. and 318,
respectwe-E’-y—J—Seq‘ ettt Opt-pHtS—ef— o Hrer{es are S
provi deq AR -e-x-e-uF ey w-eh al so recei ve
as i nputts—sbliducplits : ' :

v o

" 'As.shown. in Tables 1- and II,: the signal 182 to’ look=-up
table 176 _-13:'set o "zerol® Output 179 of lqokeup-table-l‘ls_ is %~
offsét =0, "When "gignat'inz is set 't‘o:'bnc,' output 179 from look-
up table ;116' is as follows: ('3.) 0 it -':ln'put' 174 :I.nd:l.éa’tes the
curve being rendered is an k—mjor tangent: ve_étor: (11) 1if
input 174 indicates y-major tangent vector and. ot is 'posi'tiv.e:

'.(111) -1 &f <input 174 indicates y-major tangent vector and o<
ié negativen: o:;tput':l.ao from table 176 is aiz;ﬁnnowss (1) o :I.i'
input 174 indicates y-najo’r tangent vecter; (i) 1 iz :I.nput 174
indicates x-major tangent ‘vector and o¢ is posit:lve: (iii) -1 if
input 174 indicates x-najor tangent vector and O% 1a negative. , | W/ y
Adder 183 adds t_h.a_ x-offset 179 from table_ ,116 to the register
cohtent 102 and output the x cob:dinat_'é- of the current pixel.
Adder 184 adds the y-offset 180 from table 176 to the register
contant 120 and output the y eoord:l.nata ot the current pixel.

Reterring now hack to Figure 2, the output of .
multiplexor 96 ot Pigure 2 i.s rnceived by the ALPHA inputs of AU
124, 224 and 324. L

‘The output of NN AFDU- 60 :ls rcco.tved by look-up table
62, which pertoms an approxination of th. invoru square root of |

'N*N. The output of lool:-up tabh 62 is p:ovided to the ALPHA _
input of AU's 78 and 88. AU 78 receives its A inpnt from thée RES



and 308, respectively., The outputs of mul tiplexors 112, 212 and 312 are
delivered to the B inputs of AU s 114, 214 and 314, -24- respectively.
Eﬂploytpg the circuitry of the present invention as shown in Figure 2, a
new shading function of the.sane curve.can be cal cul ated and conbined in
the AU s arithnetically with the shading value of the corresponding pixel
previously cal cul ated and storéd in the pixel buffer array. The pi xel
buffers ‘are sequentially conttolled by a gounter (not shown) which nust be
reset at the beginning of a curve operation by CPU9. Al registers can be
accessed by-CPU 9. AU s 122, 222 and 322 receive B inputs-fromthe outputs.
of registers bRtpULXE AHA76820 Theegptm!ﬂ P8 !?NTERPnéFPESIQ)GPpm'%V&@dA@SﬂPZZ

o zmeet very. MeERACLiokE S8 A6 4 5d A kR oA, 9260 ZACHRBES R g 2,

shown) is delijnpes AsspetBlvély CoSRUURL | Bhb Yourthitess el [Texes pudviaed. to
menori es 126, 0, 226, 230, 326 and '330.7 "The ougﬁuts of "pi xel buffers

126, 226 and amctiem noduks: t7e.t+f&hq3quﬁputy#)fx utwnction podule,d9sde
respectively. - u f buffer 0 e delivered .
to the B inpu®® qu ﬁ&f fg é%ﬁ?iaﬁ é@ e?ﬂp §$%SE&ES out puts of
AU s 124, 224 and 324 &g detpwd o fégfdteré Oﬁﬂﬁdssﬁfpﬂviaelfﬁput&?& andl
328, respectively. The ALPHA 1nput of AU s 128, 228 and 328 is provided by

the out put of B raspectively efAGES. JBhe RES mutpuhpfudd Qﬁ is pzovided $og3

G cen-and bl LR SR SN Gy o B S oF B, 49 BRapd e 1C "0

| nterconnect | Ggsket N .1 il Aes GURPRETYE ABNGENS 'prEVMEd? 2 tth\LPHA
f.ungti onal perfornmance

. input of AU's 104, 204 and 304._'

The output ot pattern AFDU 90 is provided to PATT
'function module 92. The output of module 92 is a pattern
' memory eddress, which is input to pattern menories 102, 202 and
302. The contents. ot the addressed locations in pattern memories
102, 202, and 302, are delivered. to the A inputs of AU's 104, 204
_end 304 respectively. The RES cutput of AU's 104, 204 and 304
are delivered to multiplexors 110, 210 snd 310 respectively.
| Multiplexors 110, 210 and 310 also receive es inputs the outputs
of registers 106, . 206 and 306, respectively. ‘Outputs of
N multiplexors llo, 210 and 310 are’ delivered ‘at the A inputs of
AU's 114, 214 and- 314, respectively. - ' |
' ' ' The RES outputs of AU's 114, 214 snd 314 ere delivered_
to the A inputs of AU's 122, 222 and 322 respectively% .These -
' same RES outputs are provided as sequentiel inputs to pixel
' buffer memories 116 and 118, 216 and 218, and 316 and 318, |
respectively. Sequentiel outputs of these pixel bu:ter nemories '
_are provided to nultiplexors 112, 212 and 312, respectively,
which also receive as inputs the outputs ot registers 108, 208
and 308, respectively,.-whe outputs of multiplexors 112, 212 and '
/312 are delivered to the B inputs of AU's 114, 214 and 314,



: gL the circuitry wll now be described with regard to the afore- described
adi ng equations which are inplenented by the circuitry .of 'Figure 2 .. In
the foll owi ng .di scussion, reference will generally be made only to thQ,red .

channel . However, it is to be understood, unless otherw se indicated, ~that

| dent i cal -25- processing occurs in the green and bl ue channels as wel | .
1. VECTOR AND CURVE SHADI NG As stated, vector and curve shading.is-

_ acconpllshed by inpl ementing the equation (8) as |isted bel ow (8) pixe[
col or [err] (z(Cd) + (1 - z) (PM&-Were: [err] =transparency factor
[err] plxel buffer data feedback fromfranme buffer Be =nodified Bresenham

error fuMpmﬂe;ydemdplwiwttthcirmyOét ¥ présént Arventldn intrinsic .
curve color.fromthe pattern nenories of Figure 2. Pattern AFDU, 90 outputs o

t he cur r 3R (Sheyn, dn Figure. 2, mew: shading Sunction ©fcthe AANE:SYEYS ans| at i on
functi Oncﬁ?’bd""&hgguldﬁdt Hf?ﬁ  cdif1h8aFn 3R FE rlnﬁ‘m{n?f%cab %ﬁé' on of the

val ue inputted thereto e pattern address — outpu

transl at tihe shaddhgovaliid og thenﬂotedspohqlagtpiierﬂyﬁaﬁﬂoﬂéx& to address a
menory | ocatiion therein. . The addressed contents of the pattern menory 90

r epr esentaiFHLAtAE; and gtozed in the pixel, buffer Array. The tﬂé-"éﬁabl e bit for -
the cur rsaf:&l.xs&.oie%md&ﬁ,@rco%:aﬁae? LA Cndritage (AR &%%Q“at ed PMin -

t he above equation (
which must be reset at the beginning of a curve operetion by CPU
9. AIl registers can be accessed by CPU 9, ° _
- AU's 122, 222 ‘and 322 receive B inputs from the outputs
of reqistere 120, 220 and 320, reepectively.' The RES outputs of
AU'I 122, 222, and 322 are delivered at the A inputs of AU's 124,
224 and 324, respectively.j Red, green and blue-teedback data
from frame buffer 20 (not'shown)'is delivered'as'inputs to
sequentielly_acdressedfpixei'buffer nenoriee 126, 130, 226, 230,

- 326 and 330. The outputs of pixelibutters 126, 226 and 326.ere
delivered to the B inputs of AU's 124, 224 and 324 respectively. _.
The outputs of pixel _bufrers 130, 230 and 330 are delivered to |
the B inputs of An's_lzé, 228 .and 328, respectively. The RES
outputs of AU's 124, 224 and 324 are delivered at the A inputs of o
AU's 128, 228 &nd 328, respectively. The ALPHA input of AU's B
128, 228 and sés'ie orovided by tﬁe~output'ot trensﬁerency' ' |
register 98. The RES outputs of ‘AU's 128, 228 and 328 provide
digital representations of the pixel shading .f.or the red, green
and blue CRT channels, respectively.

Having thus described the interconnecticns of the

: circuit conponents shown in Figure 2, the functional performence
of the circuitry will now be described with regard to the efore-
described shading equations which ere.inplemented by the
circuitry of Figure 2. In the :ollcwing:diecussion; reference
will generellyfbe hedeVonly to the red'chaucei. However, it is

to be understood, unless otherwise indicated, that identical



In-this case, PM passes unaltered through AU's 104 and 114, and s applied
to input A'of AU 122. Haze 'color, [err] of -€quation (8) above S prOV|ded
by - regL§ter 120 t o0 |nput B of AU 122. A 7z coordinate val ue from the
geonetric section 7 is input to z function nodule 94. Nodule 94 performs a
| ook-up: table function to provide an interpolation-weight at the ALPHA

| nput of AU 122 - 26 - as a function of the a coordi nate value. AU 122
performs equation 6(b) abové with: input ALPHA of AU 122 bei ng equal to z.

i nput A, - of AU of 122 being equal- to PM. jggnput B of"'AU 122 bei ng equal to
Cd. CQutput- RES of AU 122 is theref.ore. expressed as equation (9) below (9)
z([err]) + (lpZdcdddihgToécur@Uant tie/ grébh CaR blubéhdrtelbNgd Gred@l Or adj usted
for depth (i.e. blended witha density of haze color that is dependent upon
the z coordinate val ue al.so referred to as the depth cued color. This
value i's then provildedVESTORAND QURVE SHABING AA AFDU 50, in conj unction
with AA function nodul V ey QRS q%gﬁﬁ ham
error function, Be. Thlgg?tuar%talgét |srprng‘\i/| Bﬁﬂidﬁaeqrgg%érédggq?gé&ﬁd?
ALPHA i nput oimmm&inelt&rd equatidre @) ask lfiettedthmldw'arre buffer 20 of -
Figure 1 is held by |er buffer menory 126 and_provided to,the B input of
AU 124. AU 122 ﬁég SRAPH Fofic (Bt atiolt Wieh: (?ﬁﬂﬁh?AIPHh “ofhU 124 -

bei ng equal to Be t_,, ©rkt § ecei ves the above descri bed depth
cued color result d% K Atoutpgtﬁﬁé)gt output RES of AU 122;

Where:
.\e/ | _' T, = transparency factor _ ,
PB,, PB, = pixel hutfer data feedback from ‘frame buffer
" Be = moditied Breeenham error £unction L '
2 = depth weight '

e L S T

_._lkl".J~.l|.'..'.||. i 0 et

€4 = haze or depth cue color'

PM = intrinsic curve color !ron‘the pattern.nenories of

e iemete s me e s

_'Figure 2. LT SRS ﬂ
_ Pattern AFDU 90 outpute the current value ot a
. ' _parametric function to pattern addreee translation tunction 92,
' | which, in turn, pertorme a pattern addrese translation of the
‘value inputted thereto. The pattern addreee—outputted,by address
— o ‘translation function 92 ie supplied to pattern memory 103 to
' addreee a nemory location therein. The addressed contents of the
pattern nenory 920 represent intrinsic curve color, (and also | :
include a write.enahle bit.for -the current pixel of the vector or
curve being rendered) deeignated ?M in the above equation (8).
In thie case, FM passes unaltered through AU's 104 and ll4, and
. is applied to input A of AU 122. Haze color, cd' of equation (8)
7-above is provided by regieter 120 to input B of AU 122. A z
coordinate value from the geonetric eection 7 is input to 2 |
function nodule 94. ncdule 94 pertorms a look-up table tunction
to provide an’ interpolation welght at the ALPHA input ot AU 122



I nput B of AU.124 being equal to [err] of equation (1) above. Qutput RES of
(AU 124 is therefore: (10) Be ([err]) + (1 - Be) (depth- cued color) This.
guantity is referred to as the anti-aliased color and is provided to wput .
A of AU 128. Transparency factor, [err], is provided by transparency
register 98 to the ALPHA input of ‘AU 128 Pi xel data feedback is held'in
pi xel buffer menory 130 and provided to input of AU 128. AU 128 al.so
performs equation 6(b) above with: 27 input ALPHA of AU 128 bei ng equal
to [err] input A being equal to anta3s-«4liased color input -B of AU 128 being
equal to [err] Qutput RES of AU 128 is therefore expressed as equation 11 -
bel ow. (B fypckien P]f)thﬂ(al cooxdingtenvalye adbd123 RAXFOr@Serring to the
above e ‘t é@) %% nd the circuitry of Figure 2, it can be seen
t hat quanti 1 he pi xel ‘col or_ as defined by equation (8), is

uni quel y. rendﬁ ﬁtidnpuhhetqurquntbéiﬁﬁ elig1 ke gent invention. 2. POLYGON
AND PATCH SHADI NG Appl ying -the wel| known Phong approximation, the color at
any point on Paﬂts&yrpécé“oﬁf 3280bginm eanaliitndMed by -a single |ight. source

at |nf|n|ty| he sum.,o iffuse coefficient times the

obj ect col or §ﬁé€ f@ﬁ %Pé?gf'?l%% i"?%ged to an object specular '

exponent ti rroEt{mhe REsUBE A9l1R i&W&efRﬂQWBQ&'WUq%&Ei&E goyel I known -
m

in the art and are fully described, for exanple, in To Snoot hl y-
Shaded Fes®®2i ngs of Pol yhedral Objects on Raster Displays, Oorrput er

Graph( cs( \_/oI ung(&?) +Ncll " A,ugiﬁs 1979.]-As di scussed, :.t_he |

This quantity represents the intrinsic color adjusted for -\
depth (i.e. blended with a density ot haze color thet is o
dependent upon the 2 coordinate velue), elso.reterred»tonee'the _.

' depth'oued oolor;"rhis velue is then provided at input A of AU
124. B - D
| AA AFDU 50, in conjunction.with AA function module 52,
‘develops the eforementioned.modified Bresenham error funCtion,
‘Be. This function-is.provided by muitiplerr 96 tolthe ALPHA _
input of AU 124. Pixel data feedback from the frame buffer zo'o:_
Figure 1 is held by pixel’buffer'nemorp 126 and . provided to the B
input of AU 124. AU 124 performs equetion (Gb) ebove with. _
input ALPHA ot an 124 being equel to Be; - |
input A of AU 124 receives the above described depth cued
color result which is outputted at output RES of AU 122;
input B of AU 124 being equel to PBS ot equetion (1) ebove.
Output RES of AU 124 is theretore: "
_'(10) Be (PBB) + (1 - Be) (depth cued color)

_ This quantity is reterred to es the anti-elieeed color .
end is provided to input A of AU 128. Trensperenoy taotor, 'c, is
provided by trensperenoy register 98 to the ALPHA input o: AU 128.
Pixel data teedbeck ie held in pixel butfer nenory 130 and provided to N

| input of AU 128. ‘AU 128 also performs equetion G(b) above with. '
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specQI ar and "di f fuse coefficients -are corrput ed for a poI ygon scan line.
according to equations (12) and (13) as listied below (12) di ffuse =

[err] ( 3) .specul ar. = [err] Wiere: Nis the surface normal vector; L
is a unjt vector towardthellght source; His a unit vector in the
dlrectlon of maxi mum highlight (i.e. the %&ctor in the direction hal fway
bet ween 't he viewer and the,light source); -28 - Kais the coefficient of
anbient reflection;. [err] |.s ‘an i nterpol atlon coeffI(:lent the val ue of

which linearly- vari c]:b ”btonho %%q;ecm K ?ﬁet.ne segrrent of a pol ygon

bei ng rendered; RT an refer e va @ot ‘product N.L at the

right and |eft endSnputeapeemg/egaamfwmananmdseemt of a polygon. The
‘CPU 9 scan. converts the p X‘gon and provides a scanline segnent across the
pol ygon ‘bei ng r endRRFE B BFf J28helng, egupdrte FByf i ci ents at each end of

t he scanline are c&%{?e n@i}"j r e g hpaded
into registers 82 iigsd W?égpie%:tﬁherrfﬂ]‘e§%ﬁ% %8 Qééaet?'at egfa
quadratic fundelow.for N.N, (i.e. the dot product of t he norrral vect or

al ong the scanline, which product is well known in the art, see Tom Duff,

"Smoot hl y Shaddd) ReTil ckBBad s* ofL PoFghetanbi-abiasad cglorhist er Di spl ays, "
Conput er Graphi cs, Vol yitelding 69tne 'diicvePedlidtionl ?Weixﬁt ?io? Jdd“l’:ﬁ&

i nterpol ation of x
: circuitry of Figure 2, it can be seen’ thet quantity (ll) R which

is the pixel color as defined by equation (8), is uniquely
rendered by the circnitry of the present invention. .

B A EL AR vt oaees v |'-|m I STV P

2. POLYGON AND QICH SHADING

PRl R e W N ey

e e Applging the well known Phong approximation, the color
at any point on the eurfece of a polygon illumineted by e eingleu-
*light gource at infinity is represented by the sun of a diffuse
coefficient times the object color and a epeculer coefficient
raised to an object epeculer exponent times the light color.

| [Note: Phong approxinetione are well known in the art and are
fully described, for exenple, in Tom Duff, Smoothly Shaded
ﬁendering oflpolxhedre" tjecte on'ReEter-ﬁie lays, Computer

: Grephice, Vblume 13, No. 2, Anguet 1979 1 Ae discusee&, the

:-epeculer and diftuee coefficiente ere computed for a polygon scan

line eccording to equetions (12) end (13) as lieted below:

(12) - daiffuse = K, + 1/.r‘u.u [a.nzm. + (1=ot) Nlgp]
(13) epecular - 1/.1"'?{ [“““a'r + (1-os) mxmj
Where:

"N is the surface nornel vector;
Lis a nnit vector toward the-light source; ,
kR ie a unit vector in the direction of maximum highliqht '
(1.e. the vector in the direction helfwey between the viewer end
“the light source): '



~

from0G.tq 1 al ong t he scard ne segnent of the poI ygon being rendered. This
fﬁctor ‘is applied at the ALPHA inputs of AU s 76 and 86. L npl enment i ng
equation (6a) above in AU s-76 and 86 provi des the foll owi ng results 4)
RES AU 76 = (ALPHA) [err]+ (1- ALPHA) [err] (15) . RES AU 86 —(ALPI—M _
[err] + (1 -ALPHA) [err] -Equations 14 and 15 above represent snmooth |inear
interpolations of N.H.and N L respectipgely -These values are unnormalized

in that they no Ionger Lepresent unit vectors due to the I|inear . )
i nterpol ation process. .Renormalization at each pi xel is acconplished by the
quadratic function for N.N' performed in the N.N AFDJ 60. -29- The

quadratic functlonKLoisN:lte coegftitdienteds | anbiieat Nrdt LalcBibh P and input to
| ook-up table 62 which provi deg%ﬁan agg §°| mation of the inverse square
root. The output of ktﬂjﬁ"t tion, copfiicient, i khe yalua Pﬁputs of -

AU s 78 apflié8- 129,!4‘&&8,&}:}@3%% R Sfdedn® oS A @hl gg é M?i)‘xg e S| n he B

i nput of AU 78 is open, ut put - provi equal

to [err] RRESIYgdicpelhe remderéds coefficient: of equation (13) above . This
output is next pagssed {o.the x function generator 79, where the Obj ect

specul ar. exponent Wh@%ﬂé’cEFﬁ?’ gonthe Y‘E‘-‘lfpﬁﬂl the dptcpredyat dibrat of

anbi ent 1 ehbepidt Kaa {eee ank Sda2id nR" the B
i nput- of AU 88. diR:Therejfore Ee%g 6?3% A ﬂg&qgge%%?& #h’é di ffuse
- coeffici epplygomequation (12) above. Pattern AFDU 9Q .and pattern-address
transl ati on _function 92n9enerate a pattern nenory address.” As previously
9 scan.converts the polygnn and .provides a
scanline legment across the polygon being rendered.- Ditfuse and : U

_ specular coefficients at each end ot the scanline are computed,

namely, NLRT, M'M:L ‘NHRT and m-tm, 'I'heee coefficients are 1oaded

A .-~

~into reqisters 82, 84,}1? and 74, respectively. NeN AFDU 60
; generetes a quadratic tuncticn tor N-N, (i.e. the dot product of
" the nornal vector along the scenline, uhich product is well kncwn
in the ert, see Tcm Dutt. "Smoothly sneded Renderings of
?olyhedral Objects on Rester Displays," Com ggter Gra hics; Volume
13, 1979). _
- Interp AFDU 70 generates e linear interpcletion of x
from 0 to 1 along the scenline segment ot the pclygon beinq .
rendered. This factor is epplied at the ALPHA inputs of An's 76 'i lngu)
and 86. Implementing equsticn (se) ebcve in AU's 76 and 86 |
prevides the following results:
(14) . RES AU 76 = (ALPHA) NHpp + (1 - nmm NH,
(15) - RES AU 86 = (ALPHA) NLp, + (1 = ALPHA) NL,, -
.Equaticns 14 and 15_ebcve'represent emeoth'lineer
interpblaticns of NeH and N+L respectively. ‘These values are o
unnormalizeq in that they.no;longer represent unit vectors due to
tne_lineer interpoietion-precess.' Renormalireticn atieach pixel
is eccomplishedhby_the-qnedrntic-tunction for N*N performed in
the NeN AFDU 60. - ' |



desc(r bed: wrth respect to the shadr ng: of vectors the pattern nenory Red
102 provides the: object color at.each pixel.. The obj ect color (the red
conponent thereof) is provided to the A |nput of AU 104. AU 104 perforns.
equat™én (7a) above, and, since the B input is open, the RES out put
represents the product of the.diffuse coeffjcient (ALPHA input) and object-
color (A input). This signaleis selected. b 9rrultrpl exor 110 for input to _
the A input of AU 114. -Light color in register 108iis sel ected by : -
mul ti pl exor 112 for inp I

coeffi.cient raised to tr\blehéob ?agjr)éec aFPée'}(ggﬁe&fnfirgc])ﬁreﬁ |dgr%nrr% uI e“79_
is applied to tnmmrsramarmmtotom:bom—ap €ablkl 62penfan moeﬂwd ia@n (7b)
above, thereby rov g a co | ete pixel color expression at the RES = -
out put .~ Pr ocess ‘B‘g%ﬁ %aﬁ e pApversengguane zaet. bR entRuls oulopkwr
respect to curv. e ELY iag |

f oregoi ng di scugastrﬂdlﬂ Eaggg‘;e’e"?l\%g?% 5"%%"’?’9‘ Iﬂ?ﬁ?ts apﬂ?ogﬁrﬁ?{ngn% A?gng
shadi ng, as des?s =y esnpé'mrmt&uatﬁmrwhj pholvedecbﬁmedthi T dnplt of AU '

Pol yhedral bjects, on Raster- L hi.cs, Volume 13, 1979.
The” sane circui {3 y8r@peny Sthe FEFpﬂ%%“‘GBE? I@HF’F@? A, chich, cf-’sﬂﬁm d‘°i s
comonl y used b ﬁ?ﬁ}: ] '
particularly usgf (gﬂéro%@hs% ER% #ﬁl%u%E##%tag §1?ﬁ1 er‘e %ed as a ’
sinmpl e |inear isbevedl shiorbuﬁputhﬁs’ofe[mr phisead tocthei xﬂ% rﬁnett&mgeneﬁtms :

the pol ygon scanline. Thus, diffuse and specular coefficients are not
conput edand t hd9¢theresthe TREIERE PRACRIAE x¥RONSNS (the, SPeEUIAY PRWer) 47 ven .

by: ALPHA(rrghLéﬁ r) + (1 - ALPHA) (Ieft coIor) Gouraud shadi ng i's -
unurralred t hergrore it ishot - -

'i'he ‘coefficient of ambient reflecton Ka, is contained in.

_-reqister 87 and provided at the B‘input of AU 88. Theretore, the
'fnrs output of AU 8s is equal to the dittuse coetticient of
equation (12) above. _ o o
_ Pattern AFDU 90 and pattern address translation
£unction 92 qenerate a pattern nenory address. As previously
described with respect to the shading ot vectors, the pattern
memory Red 102 provides the object coloxr at each pixel. The
'-object color (the red component thereof) is provided to the A

input of AU 104. AU 104 performs equation (7a) above, and, since -

"the B. input is open, _the st output represents the product ot the '
ditfuse coetticient (ALPHA input) and object color (A input) S

e

This signal is selected by multiplexor 110 for input to the A

| input-of .AU 114. I.ight color in register 108 is selected by

_ multipiexor 112 for ”input to' the B input of AU 114. The specular
coefficient raised to the object specular exponent from function
module 79 .is applied to the ALPHA input of AU 114. AU 114
performs equation (7b) above, fthereby providing a complete pixel
‘color expression at the REs output. . ?rocessing downstream of AU
114 has already been discussed with respect to curve and vector

shadino.



necessary to introduce the inverse square r.oot of NN at AU s 78 and 88.
wstead, the ACLPHA ipputs of AU 78 and 88 are held at unit val ue. ‘Regj.ster
: is Toaded with 0, register 72 is loaded with 1 so that thellnearu ot
interpolation factor” frominterp 4DU 70 i's passed through unnodi fied’to’

the A input-of AU 78. 8 r.for equa above, thus passing the
A i nput 5nm)d| f ’Pﬁ"g& ﬁ ?% %%&ﬁ%ﬁ‘%?ﬂéﬁg’w& has,been ¢ |gon
and toviER Yigawd wmuma &b%aaaawpﬂwqmmer agl ue is loaded into

regi ster 108 and.a |l eft object color value.is | oaded Tnto regi ster 106. The
i nt er pgpaerihed 4of Wtums 'émoqthbm Menymmw:«m Pedyhedtale ALPHA

oP ot Sebita b nafbhd lebigre b BoRRlEG! BrbSHISLChotdie 307 DM LD " 112

provi dThe édie Cluealekys hag m&tmm RYhrakd @aaaw.es dodrai® A i nput of -
AU 122. Processing.of patches .within the shadi- ng circuitry is simlar-to

pol ygoMbaging s FH&!“"FWe“&HQchQﬁ}“ﬁ&r%éttér simplicity of camputakiomye -
approx 'aﬂat ﬂ t hI@' &%{L&M@OH& \Qog'ego@ﬁ %ﬁwu% Soﬁggg 4) rather

than by a near I nter I'on acr oSS thé:Scan-1ine.-- Shantz .

and Sheuediag\g.d_uﬁpleme‘iﬁdl ag Blmpbeqﬁﬂaeheﬁterp@uﬁmxeroﬁtaahl cs, Vol ume
21, nunber 4, 1987 (unpublished);. ati-aché&d: her et o:.as ‘Appendi x A several

mat hem@oRen| £xex: pap i & mmpxngcrm £be\polygon serrlingsr oxi nat i ng - -
ot bk LS, AhE, e dhseenEEtnde SERRYE SomReeah o bR arCy 70
SR S L il 6 o 40 48 g 2D
86 - ALPHA (right color) + (1 = ALPHA) (left color). -/
' | ' Gouraud shading 18 unnomelized, theretore. it is not | '
'neceseary to 1ntroduce the inverse equa:e :oot of NeN et tJ'- 78
.and 88. Ins_t_:ead, the ALPHA inputs ef AU 78 and 88 are he:l.d nt
C e’nit value. Regieter 74 is loaded with 0, :egieter 72 is loaded
| with 1 so that the linear interpoiefion-tecter : from :lnte'rt: AFDU_
70 is passed through unnediﬁ.ed to the A input of AU 78. AU 78
performs equetian (74) above, thus pase:lng t:he A 1nput unmoditied
through to RES, and thence bypasaing the x e f.unctien end to the |
 ALPHA input of AU 114. A right object color: value is loaded 1nto
register 108 end a left object color value :I.s loaded into
register 106. The interpolation coettichnte are provided by
INTERP AFDU 70 at the ALPHA input of AU 114. Multiplexor 110
selects re?g'ieter 106 and multiplexor 112 selects Eegietei" 106-. |
AU 114 perfe:ue equation (6a) above, thereby prwidin_g the
Goureud shading at RES output which passes to i:l_;e‘ A inﬁﬁt_ of AU
22
. _Processing of patches within the shading _c:l.;‘eui.i:rk is
sinflar to pelygeni-"ei:.ee'pt that the shading parameters NeL and

- - A
- @ .



_‘respectlvel y, the specul ar ‘coeffici errt pa55| ng through | ook-up table 62

wi t Kout | alterati-on.. The A input of AU 78 is“held at unit value, thereby
,pa55|\a’? t he specul ar. coefficient on to the RES out put unal t er ed.
Sinmilwfly,the diffuse coefficient is pgssed through- AU.s 86 and 88 WlthOUt
alteration. Thereafter, proce55| ng profe&éds in the same nmanner as descri bed
above with re ard to pol ons. Patch and pol ygon shadi ng proceed fromthe
RES out put - of HJ‘IM‘?RF"P‘I%E‘M dthabirmbde; Barrtdishocoranided: by ARIP et or

Sooui 19 "pho e BBkl EAME ('R, Moadl ek LANACH fraen UhE' 4 ' ©

perforned forlineat clms Michrel \Elantz aid Shgueering hﬂbﬁ, | eshaagng mcubie _
alterrati ve enbodi nent of the circuitry shiown in Figure 2. Going fromright

to left in dRatehseny eBf ‘ngiuﬁeﬂélv mmrmol%?r esponds to

Pattern AFDU f @;}Q r sanme function
as previousl ya%gsc? éb\u(}) &{.’%s%eggw ?ﬁeg (§ir3r%on g?m larly, QAFDU .
402 repl aces wemimebhﬁwféﬂruanieuﬁgaazmakh%n&udnéw ERP AFDU 70-
of Figure 2. Address npds 402 and 406 repl ace and performthe sane

functions as aPPrexjmating bincubim fnnetinnsoare sertagermms Foripageh 2

‘correspond t ctlons as ern rles 1_
b ©509" ne mABInBE N R HfRabed 5B RrRioRattEST 1 hRLORIBIREL 7 o,
menories (i.coekkfcidit andl EnTEiC AFDUMY IdeRbfxtds %4@&@&&&&&@1 kUt a
desired color constant co which may be [err] Ca, Cd I n the above -

equati ons, ordififuseucontticientagShecontputs. ORLIN ND!IOGO 4r@ Iotexp AFQY an-

kg&l;ijE f)';h;:’d*mdlfapguB enf amA%ﬁgrigp%tor ﬁf! t;s &%%t of |nage

respectively, the specular ceefticient peee:l.ng through look-up
table 52 without alteration: ’

, 'rhe A 1nput of AU 78 :I.e held at un:lt velue, thereby
peesing the specular coéfticient on’ te “the RES eutput unaltered.
similarlg, the Aaiffuse coerfiei_ent is paee_edA throuqh AU's 86 and 86

_'without elteretioh. i Theree!.'ter, preceee:lng proeeede in the same
manner as described ebove with regard‘ to polygone. . " a
Petch end pelygen eheding proceed £rem the REs output.
| of AU 114 in the menuer as deecribed ebcve fer curve' and veetor
shading with- reepeet to depth cueing and- traneparency. :
/ - ' Intermediete reeults pass unchenged through AU 124 since enti-
R elieeing is not per:ormed for- patchee or polygene. '
In rigure 4 there :l.e- ehewn an elternetive embodiment of
the circuitry shown 1n rigure 2._ Geing trem right to left in
' describing the c:lrcuitry of l"iqure 4, PFD!L Aoo corresponds to

N s e

Pattern A?DU 90 and NeN A!'DU 60 ot ri.gure 2 end pertorne the same

[ T S B

e IO

function as previoully deecr:l.bed w:lth reepect to theee ‘
'compone_n_ts. Similarly, QAFDU 402 replecee end pertorme the same
" functions as AAFDU 50 and INTERP AFDU 70 of Figure 2. Mdress

mods 402 and 406 replace and pertorm the sane f.unctione as



tc, dependl ng upon the partrcul ar functi on bei ng rendered Mul ti pI exor 418
-sdl ects- the output of image nenmory "1, or the out put of image menory 2, or
Cl, a desired color constant which may be NLit, Ca, Cd, Qc or -other u *
constant col or volune. The sel ected out put of rrultl plexors 414, 416 and 418
are fed to AU s 420, 422 and 424, which, respectively, replace all red,-

green and blue AUs of Figure 2, as -vveII as AU s 76, 78, 86. and 88 of

"Figure 2. CPU 9 controts the circuitry of Figure 4, such that each .
.conmponent perfornms an appropriate fun8 Fon in order to execute the

af ore-described functions, the inplenentation of which has been fully

descri bed m‘%%rPe§mqlatté°F| 92n e Image tmemq P, bk andpRecorrenpontiato tand

above- des n enbodj £d i n_ottrer ecific.f rms W|thout
departing Tr omqhgxggdr“u fﬂ?‘\'/tis)g‘gn Pat %’i‘gfaﬁfté'ﬁ@t Fg@"ﬁ?@r éB?

par ti cul arand D@2AFak) welaAesChféduarberéot PRSP 62TRhE NEHY s:aﬁer or der
functions than cubics.--The -present -enbodi ments- are, therefore, to be

consi der edP¥&fexn neaerp‘eea dia@. 346,018 208, anticlot  Muttiplmxioredld he scope of

th t e t by th
forGelgg:/ﬁg %gs?céﬁgbplgoin#qnﬁgi ? 'man%ﬁges gﬁﬁj%%%@; \%Igt #ﬁe;?@ ?Tml %g aﬁd
range of ,_,v,abanch asxe oct e reied aBove r&qaadedni,o dietrRatiitRe bPehfige. -

33 - CLAIMS paratus for shading vectors and curves on a display
devi ce, sa’P%PQﬁ?pSr at‘G&i dpiprex i i BMEF 28r an AnpeeRE | (they mpitigied uncti on,

' tsﬁiags];o; Z;cy Sact or‘yfg r‘?g &IIQJ | A upt;'l[ §%{jm&g;e£€m%ﬁ[)&cggq#lal Saaf rame
buf f er nmeatxss, depending upon the particular function being rendered. A
Multiplexor 418 selects the output of inace memory 1, or the \#’
output of image memory 2, or Cl, a'desired coior constant which
may be ant’ Ca, cd, Oc or other. constant color volume. The
selected output ot multiplexors 414, 416 and 418 are fed to AU's
420, 422 and 424, which, respectively, replace all red, green and
blue AU's of Figure 2, as well as AU's 76, 78, 86 and 88 of
Figure 2. CPU 9 controls the circuitry ot Figure . 4, such that,'
each component pertorms an appropriate tunction in order to |
execute the afore-described functions, the implementation of
which has been tully described with respect to Figure-2s .
It will be appreciated that the above-described o | Q;)
invention may he embodied in other specitic forms without
-departing from the spirit or essential characteristics thereof.
In particular, the AtUU's can ealily be ertended to implement
higher_order :unctions than cuhics. The_present embodiments are,
therefore, to,he considered in aii_aspects as illustrative and
" not restrictiue; the scope of the-inwention being indicated-hy
: the appended clains rathsr than by the toregcing description, and
_a11 changes which ‘come within the meaning and range .of
equivalency are,-theregore, intended to be embraced therain.



and where X represents a second functi‘on; 10 - #eans for

I npl én_.rent_lng sai d second function, said second function conprising: [err] -
vwhere\Be = a nodified Bresenham error function; and [err] = a second- pi xel
data fed back fromsaid frane 15 : : buffer and where Y represents a
third function; neans for inplenenting said third function, said third '
function conprising: Z [Cd] - + (1- 2) [PI% where Z represents depth

wei ght; cd represents haze 20" | or, ard“wherein.PM represents

intrinsic curve color; neans for conbi HMI d i mpl enrent ati on of said
first, second and thlrd functions toget

f T + (1 - PB -B Cd b
ghadfné[:nd] i)att(ernl néC)sal[ A éﬂ%zﬂiﬂj Egl)ed‘Léé" Lac‘t‘\féc‘?"gl\@"l?]“ °";5r9; Y

- appar atus for -shadi ng d;iepleyodwine;rrxeisll am:ara'emsump:nisimgxl enenting a fi rs't
function, -said first functi n28n {Wri@hg&nﬁaga girstagunctien ehtdlfiRst (1 -

Tc)] X Wnere Tc represents ranspar ency represents pi er data
fed back.from & frane fupetion m&s Mnd where X represents a second :

function; means for inplenenting pgq $e?_oud1-f)ungt|on said 35 second
function conprising: Z[Cd] + (1‘:- 2L di tfu

sef sp
34-- where Z represents depth, uWhere oy BquRlese oé’ﬁf‘ ‘F&B ec%nr, JSE] ]equale

a first pixel data fed back from a frame buffer means
and where X represente a second function,
'lD. : means for implementing said second function, seid -
' - second function comprising:
' Be [PB,] + (1 - Be) V;
where Be = e modified Bresenham error function; end
| | ) PB2 = a second pixel data fed back from said frame
15 buffer and where Y represente a third functien,
" ' means for implementing said third functlon, sald third
".function cemprising° . :
Z[cdl + (-2 [PM]:
where_ifrepresente depth weight; cd represents haze
20 "~ color, and wherein PM repreeente intrinsic curve color;
o means for combining said implementation of said first,
eecbnd and third functions together, to campriee the |
. _ implementation of Tc (PB, )+ (1~ Te) [Be (P8, )+(1-Be) [Z(Cd) +
U L 1-Z (PM)]] thereby ehading end patterning seid curve and said
' 25 vecter. - '

2. An spparatus for sheding'pulygnne enmpriaing: _
means for implementing a first function, said first
_ 'functien cemprising'”
30 - TelPB+ Q- Tc)] X;
- where Tc represente a transparency factor; PB
' repreaents pixel data. fed back from a frame buffer means;
| and where X repreeente a eeeend function;
» ~ ~ means for implementing said second functien, sald
" 35 ‘secand function comprising: .
- z[cd] + (1 -2 [diffuse [PM] + specular [Lc]].

o conprise the |rrpl enentation -

T

——



color or haze, Lc represents a |ight source.color, PMrepresents a stored

c$l or val ue, and where diffuse and specul ar represent third and fourth,
functions; and 5 nmeans for inplenenting said third function, said tquy
function conprising, in the case of polygon shading: [err] neans for

I mpl ementing said fourth function, said 10 fourth function conprising-
[err] where N represents the surface normal vector; L . represents a unit .
vector toward a light source; His & Qhrt vector in the direction of

maxi mum hi ghli ght; Ka represepts 15 ficient, of
reflection, rt designat e@.'eé‘e | NFETRRenLS, ejﬁ‘[‘ qﬁd’%?”?é‘&?? FF&@OCF? |
desi gnates a val ue ealax defhazendcofepresents hi Hight smwcesmioe, &M i near

i nt er pol ati on coef frédrce‘SEntsaneﬁeH‘éﬁ;l%Wﬁe %"831"%8% ﬁﬁ"ﬁ exponent

“means for conbining sal enent e I T st tco nd fourth
functions to thereb?Paﬁb‘Frp? |1'§Er53P€‘FPB]1r¢ qnd. feyrth], fyncifons FUQ) [di ffuse
[PM + specul gr [LC]]]. ~ An apparatus-for. shadrng uni f or m and

nonuni form rational 25 rat i.onal S e and ot her. patches

conprising: neans for i Faﬁﬁﬁf[@m&e’ﬁw qﬁiﬁ %ﬁ‘g Laetion, 89id thind on

conprising: Tc [PB fuoqtiﬂqumpﬂsmerim Tbe ragseesi pbygont skeeiipgs ency factor;

PB 30 represents prxelkqui/{qp’pggthr fwanaﬁghguffer means; and .
ion

where X represents a second. func Ating said second

function; said second quE?'i'%ﬁ%dr‘PB?-'P'!%#é“g BEF-d:d]UUtﬂ'( Ffunction), obdiﬂuse [ PM
-+specnn ar [ Lchh fourth function comprising :

- QLANN )HNH + (1-e<) NH ]F'B

_ where N represents the surface normal vector; L .
represents a unit vector toward & light source; H is a unit
~vector in the direction of maximum highlight; Ka represents

the coefficient of ambient reflection, rt designates a value -
at a right end of scan line, 1t designates a value at a left .

end of a scan line,¢‘ represents a linear interpoletion
coefficient, and Oe represente an object. speculer exponent
o means for combining sald implemented first, second
20 third end fourth functions to thereby comprise: | :
o Tc[PB] + (1-Te) [[z[Cd] + (1-2) [diffuse [pM] + specular |
[LC] 1. |

15

. | 3. An.epperetus for shading uniform end-nonuniform, rational Q_)
- 25 and non-rational B-splines and other patches comprising: S
- means for implementing a first function; said first
function comprising:
Te [PB+ (1 -Tc)] X;
where Tc represents a transparency fector; PB
30 represents pixel data fed beck from a freme buffer means; end
' where X. rcpresents a eecond function;
_' means for 1mplementing seid second function, said
secand -function comprising" '
L zlcd] + (1 - Z) [diffuss [PM] +specu1sr [Lell;
3B . " uhare Z.represents depth, Cd represents depth cue
color or haze » Lc rcpresents a light source color, M
represents a stored color value, and diffuse and specular.

IIIIIIII N ) IlIII I IIII




35 { . - where Z represents depth, Cd represents depth cue col or or
haze . Lc represent. a light source color, PMrepresents a stored col or

val ue_‘-,;y’a-nd di ffuse and specul ar - 35- r.epresent third and fourth
functions; and nmeans for inplenenting said third function, said-third
function diffuse conprising: Ka.+ N L/[err] 5 . means for

i npl-enenting said fourth function, said fo§$th function, comprising: [err] -
where N represents the sur f-ate nornal vectdP; L repfesents a unit vector
toward a |ight sourcetepresentatidad and fourth funetions; @nd direction of

maxi mum hi ghl i ght; Ka 1 epriiag!for! RiarchShiingl Si¥ Bhes Pvelich bhggt| on. and

Ce represents an object specul ar 1Qonent ans I ni ng" sai.d

i'npl enented first, scd¥gd f'-!'l'FF%P'hHH f‘-@ﬂr?‘?’l‘F'F‘&?M-ons to thereby conpri se
15 Tc[PB] + (1- Tc) [[Z[l@j}pN'LWl\—l—. [dlffuse[PI\/] +specu|ar [L]]].

The appar at us claim1l \/\herel S d th| d fungiions are
i npl ement ed | nogdrl thnetic 'ﬁ?BP ilmpq'emﬁ'ﬁ%f'g %gf)?nux%ﬁ ré!t ﬁgf‘%f claim
1 further conprising fmt‘tbrﬁmnuﬂm,ycummsingoupl ed to sai d means for

i npl ement i ng saldthlrdfu m Belng and selectively retrieving
said 25 intrinsic eurve go?‘/ ?}? I-B% The apparatus of ‘claim5 further

conpri sing function genera!HEGﬁ N@&H&E%ﬁﬁ)lﬂﬂe surfege ogeal veatomsinbry neans
for ' | represents a unit vector toward a light source; H is a unit

10 vector in the directinn of maximum highlight; Ka represents
. the coefficient of ambient reflection, and Oe represents an
.nbjsct specular sxpunsnt means for combining said
1mp1amantsd first, second third and fourth functions to
o thereby comprise: T
15 Tc[PB] + (1-Te) [[z[cd] + (1—z) [diffuse [PM] + specular
' fLelll. :

- b, The apparatus of t:laim 1 wharsin said first sscond
and third functipns ars 1mplsmantsd in arithmatic logic
2p - units. :

5.~ The spperatus of claim 1 further comprising pattern
.. memory means cnuplad to said means for 1mp1émsnt1ng said
_ third function for stur:l.ng and aelsctivsly rstrisvi.ng said
U - 25 . .. intrinsic curve color (PM).

" B Tha apparatus of claini 5 further asmprising function
generation means coupled to said pattern memory means fur
: sslsctivaly addressing said pattarn msmory means as a R
30 function of a pixel lacatipn. '

35
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sel ectively addressing said pattern nenory means as a 30 function of a
p(kel location. 35 11111111111111 11111 11111 11111 - -36- 7. The =« -
apparatus of claim6 wherein said function+generation means conprises g
adaptive forward difference unit (AFDU). 8. The apparatus. of claim1l
wherein said first, second, third and fourth functions are inplenented i'n
arithnetic logic units. 9. The apparatus of claim2 further conprising ,
pattern rmenory reans -coupled to said neans for inplenenting said second " -
function-for storing and selectivel ggr-etrieving said intrinsic curve col or

Gonbrat 3 modhd AERRFRNTH % HiF ke bRRERRRL e Lih Sl cot vel y

addr essi ngarisat 1A hBhfla RN SEAER. 33aPt [0 CHdA adrBb¥Bhcd 0CALi ON. 11,

The apparatus of claim 10 wherein said first function generation nmeans - - .
conpri seqrdit {AFPUYve forward difference unit (APDU) 12. The apparatus of

claim2 further conprising second function generation neans coupled to said .

means for inplementing said third and fourth.functions for perforning a

| i near .inger ation of. posifiqn.on.a scan. line segnent :of isaid polygons. .
_ YT PGnY apparatus of claim'l wherein said " rst, second, POTYS

third and fourth functions afé'impleménféd iﬁ arithmetic

‘logie units;”___

9. - The apparatus"éfﬁéiiim'z_furtherféompri§iﬁ¢'pattern U
memory means coupled to said meaﬁs_foriiﬁﬁiéménﬁiﬁg said
second-functionffor'storing_and;selectiﬁély_retrieving said

 intrinsic curve color (PM).

10. The_aﬁparatns_éf'cldim sffq?thé;hépmprising.first_
function generation means cbnpied;tq said pattern memory
means for selectively addressing said patterh memory means

as a function of a-pixel location.

11. Thé_apparatus of'clgim 1o wherein said first function K;J
generat16n means comprises an adaptiﬁe forward difference

unit (AFDU).

12, The apparatus of clainm 2'further.cbmpriéing-second

. function ggneratioh‘meahs'coupled to said means fo:
implemehtipg said_third and fourth functions for perforﬁing
a linear intefpolation of positibn on a écan line segmeht”of

said polygons.

T



37 13. The apparatus of cl&im 12.wherein said second function generation
meanls, conpri ses -an.adaptive forward difference unit (AFDU). 14. The
sappar.atus of claim 2 further conprising third function generation neans
: coupr?% to said neans for inplenenting said third and fourth functions for
.providing said |/ [err] term 15. "The apparatus of claim 14 wherein said .’
third function generation nmeans conprises an adaptive forward difference .-
unit (AFDU) and an inverse-square root 370ek-up tabl'e. 16.  The apparatus of
claim2 wherein said nmeans for inpleéementing said fourth function conprises
an exponenti aB.f uméi appgatasaodr cldim 1T vheteinr salld Sécendiifinztibar ei n
said first, -second, third and fourth functions are inplenented in |
ari thnetic | ggperakien means compripperan (adaptivesifarvard rditfenanss:i si ng
pattern nmeno aps- coupl ed to said nmeans for inplenenting said second '
function for5§9g$?§§°§%u sel ectively retrieving said intrinsic curve color
(PM. 19. The apparatus of claim18 further conprising first function
generation means coupled to sai'd pattern.menory neans for selectively -
addressi ng sakd pTheecappawatvey ofeelains2 afurthaxi eompkisipg ddiddcati on.
-38- 20. The apgaratus of claim 19 wherein said first fuhction generation
means. conpri §8Bctian genarationomeans cowpled tse said means for
implementing said third and fourth functions for providing

saiad 1/ NN term.

15. The apparatus of claim 14 wherein said third function
generationlmegné comprises gnlédaptive forward -difference.

unit (AfDU) and an inverse square :oot'lookrup table.

16. ihe apparatﬁs of claim 2 wherein said'means for
“implementing sgid'fourth function comprises an exponential

function_generato:,

17. The apparatus of claim 3 wherein said_first; sécoﬁd,
‘third and fourth functions are implemented in arithmetic
lggic,uhits.] . " | ‘

18. The appgratﬁs of claim 3 further comprising pattern
memory means coupled to said means for implementing said
. seéond :ungtion for storing and Selectivelylretrievinq'said

intrinsic curve color (FM).

19. The apparatus of claimflsitnrthe; comprising ti:st
: fuhctioﬁ generation means coupled tdxsaid pattern memory

means for selectively addressing said pattern memory means

AR

as a function of a pixel location.



unit (AFDU). 21. - The apparatus of claim3 further conpr.ising second
fynction generatlon means coupl ed to said neans. for.inpl ementi ng sar d third
f&nction for providing said N. L/ [err] term 22. The appar at us of chfurn
21 wherein said second function generation neans conprises an adaptive ..
forward difference .unit (AFDU). 23. The apparatus of claim3 further
.conprising third function generation neans coupled to said neans for
i npl erenting said fourth function for providing said NH [err]Jterm -

- T - 24, The appar al ug of claim 23 wherein said third
'functlon generati-on means conprises an adaptive forward difference unit
(AFDU). 25. The apparatus of claim4 wherein said arithnetic logic units
are arrangegh f oirndl gbaPAtRE £ SAa1% 136wheF8En IR Hi$3t0kahbalgy4 Wherein

said arithmetic l ogi C units are arranged for recursive processi.ng: - 30-
27. The appenextatdonf mehns ncdnpyises ans addptivé-hfﬁward dgieeev@hée are
-arranged for pipeline processing. 28, The. apparatys of ~el aim8 wherein
said arltrwﬁﬂ£) % (AFBU3 -units are arranged foor.recursive processing. 29. The
-apparatus of claim17 mhereln said arlthnetlc | ogi ¢ uni.ts are arranged for.
pi pel i ne processing. 30.. “The apparaLus of claim 17 wherein said arithmetic.

| ogi ¢ uni t r € qifel aggs&&ea wfadg vs Eﬁ%ﬁé?'é&pﬁjsinqa‘egeogad for

shadi ng vectors and Clrves on a
. function generation means coupled to eaid means for

&

_ implementing said third tunotion for providinq said .
N.r (T N'term.. | n L Y

22. . The apparatus of claim 21 wherein eaid eecond'tnnction
‘generation means comprises an adaptive'torﬁard difference
. unit.(AFDU). | |

23." The apparatus of claim 3 further oomprising third :

function generation means coupled to said meane-for |

implementing said fourth function for providing said

N-H/ {Ttem. S LT e
24.. The apparatus of olaim 23 wherein said third tunotion
generation means comprises an adaptive_forward;diggerence_
unit. (AFDU). o a LT

725( The apparatus of claim 4 wherein eaid arithmetio logio

units are arranged for pipeline prooeseing.

26. The apparatue of olaim 4 wherein eaid arithmetio logio |

units are arranged tor reoursive prooeeeing.

LT



Hevitf, Said*nmethod conprising the steps of: a. inplementing a first

functd on, "said ftrst function conprising: Tc [[err]] + (1- Tc ) X where"’
dc represents a transparency factor [err] represents a first pixel data fed
back Tom a frame buffer neans and where X represents a second function; b.
i npl enenting said second function, said second function conprising: Be

[err] + (1 - Be) Y; where Be represents a nodified Bresenham'error function .
‘PB2 represents a secohd pixel: data fed ‘back fromsaid franme buffer and
where Y represents a.:third ?unction; c. =i¥prenenting said third function,
sai d- third funci?on B RYrRrad: : 3 S - e - :
represents depth weight, p(%&raggﬁgéggﬁg 'nga;ae.wco 8&5'\%%1 v%%’?‘g’%wr&e%?gggnts
intrinsic curveunitmrared arvangedi 86r rgipdlineobroagedsingst, second and third
functions together, to conprise the inplenmentation of To [err] + (1 - Tc)
‘(Be ([err]) + (1-Be) [Z(Cd) + (1-Z) (PM]], thereby shading and patterning

The steps of  ato1 mAtARERR ey PFoEL At A MBRTeLH: fabd (AL msEdRoRogic .
compri sing: To bRfes drls Krhnged 6E CrddufdiRie®§EBbEsdLhg ANSPAreNCy fact ory

. 29. The apparatus of claim 17 vherein said érithmetiq logic

units are arranged for pipeiine processing.

30. The apparatus of claim:17 wherein said a:ithmetic logic
uniﬁs ére_arta;ged_fo: fecuréive pfocessing. | |
31. A method for shading veétdré gnd éurveé-on a display
deviée,"said mefhodfcqmpfiSing the steps_of:‘

a. _implémeﬁting a fifst'function,:said_fifst function
comprising: ' o |

Tc [PB1) + (1 -Te) Xi |
- where Tec represents S trﬁnsparénéy-fécédr PBi
_ L;epregents a'firét pixel data fed back ffdm a“frame

 buffer means and where X represents a second function;
b. implemehtiﬁg'said sécqhq functién, said second
function comprising: ; | | R |
| Be [PB2] + (1 - Be) Y;

where Be represent§ a'modified:ﬂréSéhﬁam;erro} function
PB2 representsfa_seéond pixel data'fed b;ck from said'
,f;ame-buffer and where Y :gprééents.g third function;
c. 1mplemen€ihg said third_functidnﬂ said third

: tnncfion comprising:

2[cd] + (L - Z) [PM)

’ S [ L n s - *



represents pixel data fed back froma frame buffer neans; and where X
represents a secaond function; b. inplenenting said second function; said
second function conprising: Z[Cd] + (I-2Z) [diffuse [PM + ‘specul ar [uﬂﬂ
jjﬂuﬂ um“'ﬂ mnmlgepth Cd represents depth cue Tol or or haze, Lc _
re ource color, PMrepresents a stored color value and
where diffus® ahd *specul ar represent third and fourth functions; c.
‘inplenmenting said third function, said third function conprising: [err] d.
i npl enenting said fourth functlon sai d fourt-h-function conprising: [err]-
where N represents a surface nornal veb@or; L represents a unit vector .
toward a |ight source; His-a unit vector |n the direction of nmaxi mnum
hi ghli ght: Ka Whe!ﬂlz-rﬂppﬂesnkﬂsﬂ&pﬁhoubﬁghtenedotepndnsnﬁs hagkection, rt
desi gnates a value tP% right ~end of a sgan line, It designates a value at

a left end ¥t %F%; gre] B, Yeprasents, datrins g purva Fation

f f { .
o N8 r pRRRLAEAT et W LR ha FROFHY, TURBAR haCpa bR 1! g .
t hereby compuinctionk: [dgkthet) - #6)ddtigrdlse the- Inpl ehdittadnPMe + specular

[Lc]] 33. A nmethod for shadi ng uniform and . nonuni form rational
Tc (PB1) + (1 - Tc) [Be (PB2) + (l-Be) [z(cd) + (1-2)

(FM) 11, thereby shading and patterning said curve and said
vector. . _ o o o -
32. A method fer shading §ol§gons eonprisinglthe steps of: _i_)
a. implementing a first function, said first function, '
comprising: t o ,1.24:1 T,
"rc'tes'-r- (1=TC)] Xi - - edamnm ewesmriinoolot
where Tc represent5~a-t:ansbaEEEanfaetéé§ PB--
'represents pixel dstx'fea.badk'rrdh ¥ = frame buffer "
. means;. and where X represents a second function;

b;' implementing said second function, said second

....... o

functien comprising'““m e
g2[cdj . + (1 -. 2) Ldiffuse (P + specula: [Lc]].
'_huﬁhé?Qtf E?PE&?EESS,QGEtF: Cd represents depth cue color 't*)
br haze, Lc'represents a ‘light source-color, PM
represents,a stored color value and where ditfuse and
S speculan,:epzesent third and fourth tunctions:
implementing~said -third function,. said third
function comprisinq.MA_ SIILD L TRl
CKa (1/f‘-?)[um.rt + (1-%) NLit]
' d. implementing said fourth tﬁnetion, said fourth
tunction comprising: BRI A
(1/ l'x'v"ﬁ')townrt + (1- 4 )NHLE) 08
where N represents a surface nermal vectet: L
rep;esentsfa unit.vector toward a light source; H is a

unit vector in the direction of maximum highlight; Ka



and non-rati onal B—spllnes and ot.her patches conprising the steps of: a.
|npldnent|ng a first function; said first function conprising, Tc [PB + (1
% TcYX] :X; where To represents a transparency factor; PB represents pi xel
data Ted back froma frane buffer neans; and where X represents a second .
function; b. inplenenting said second function, said section function
conprising Z[Cd] + (1-Z) (diffuse [PM + specul ar [Lc]] where Z
represents depth, Cd repreésents depth=dde=-col or, .or:-haze, Lc represents a
l'i ght source colog PMre resentsF?hciored col or -val ue,_ and diffuse and

specul ar represent *PhP? f 68 %ﬂfctqfoﬁgbian | it laatdonagrsai d t hi rd

function, said thigpds ﬁ%?% risi d [ .Jetr]l.) )
i npl enenting said %ou% du(nagtv?ggg %glic}gﬁléﬁ &u?]é{\kl I(;sn a[n 8‘ Pi’sﬁ‘ng -
42 - [err] .where Bestenetedtss valau’ 46 1rm:rr&hdvs£t9f-cén NeARERRNtS & unit
vector toward a light source; His a unit vector in a di recti on of nBX|nnm

hi ghtight; Ka reprenmencs @oéﬁheereinte:fpoantd.entcoeﬂmmn anddoée
represents an object gecu ar Pﬁgonent e.. conbining results of said

inpl enented  firsTEPERANRE &M ech PHSFHLAE PYREReREE to t hereby conpri se:
‘@ combining results of saia implemented first, seconad,

~ third and tourth functions to thereby comprise-
Tc[PB] + (1-Tc)[z[¢d] + (1-2) [diffuse [pu] + specular

o en. . | |
k~/'] 33. A method for snading unitorm_andlnonuniforn; rational
and non-retionei B-splines:endfotner petches comprising the
'~_:eteps_oi; : _ ) _ _ | | |
| a. implementing;aifirst :unction:-said'fifst'function
_ comprising, _ .
| | Te [pa + (- Tc)] x. ' N
.where Tc represents a transparency factor; PB
represente pixel data fed back from a frame buffer
meens: and where x represents a second function.
implementing said second tunction, said section
U . .

-'_ function comprising: .
| z(ca) + (1—2) [ditfuse [PM] + specular (Lc]],
ﬁhere Z represents deptn, Cd represents depth cue
.color;'or neze; Lc“renresents e.iignt source color PM
_fepreEente-e stored color value, and diffuse and
specular renresent third and-fourth functionef
'Ce implementing said third tunction, said third
tunction comprising: |
'Ka + Kd (u-wrr N)
d. implementing said fourth tunction, eeid fourth

mmwwmm

function, comprisings



i

- i
Tc[PBI + (1-Tc) [[z[Cd] + (I-2) [diffuse [PM+ specular - [LC]]. 34. ~An
apparatus for shadi.ng vectorsS an curves on a substantlally as N 4
Her einbefore described with reference to the acconpanyi ng draw ngs. 3&.

A net hod for shading vectors and curves-on a dlsplay devi ce, substantlally
- as herelnbefore descri bed.

. . -b2 -
((1/ TN-N') (N-H) }0°
“where N represents a surface normal vector; L
represents a unit vector toward a light source; H is a
-unit'vector in. a. direction of naximunfhighlightz Ka
: represents a coetticient o! ambient reflection, end Oe

represents an object speculor exponent:

N
T

| e. combining results of “said implemented firstl o

second, third and fourth functions to therahy comprise.
Tc[PB] +.(1TT9) IE%LQQ}-tnilng.Ldiftuse;LPul -

specular. LLcJJJ~~.~— e 5. iei e

potfodiut ' » - -_'-- -
- - oo Pyy e T e b et P ELo T o e ar s - .

- RGN U pperatus- TOF- éhsding vsctors and ‘Blirves oh a
rtr O cdishlay-device, substantially as hersinpsfnre described with
<=+ veference -to -the .?ccompanv.ing.—. drauings. ..

T dd:'f | A msthod for shading vsctdrs and curves on a display
| devics, substantially as hersinbefbre described.

A e



