"METHOD AND APPARATUS FOR ADAPTI VE PHONG SHADI-NG' BACKGROUND OF THE

| NVENTILON 1. FI ELD OF THE | NVENTION: 5 The nethod QE:)G?
apparatus of the present invention is related to the fiel® 6% ﬁg
generation of conputer generated Images. In particular; the nethod and
apparatus of the presefinidhy Al RBpARATS ¥ordabRpiite: PABNE NSHATINGRTPUL er
gener at ed Inages 10
gr aphi cs system whi ch. genera S Te-surfaces of objects are
represented as a nesh of planar polygons These pol ygons can be transforned
and rendered qui ckly using well-known 15 techniques. The techni ques assune
the input totbe EIELDIDFETHE IRVENFIONere the vertex attributes are position,
normal and color as illustrated in Figure la. The vertex position is

defined, for exanple, in the object coordinate space. The vertex nornmals

are unit yectors whic r ertex.
The vertei col or specﬁ?‘gﬁ&bﬁg%ﬂﬁﬁph%%ggﬁﬁgﬁeﬁgnk ﬁ'%@%"o‘%t g{a"ﬁﬁ%gh% ex '
color 20 at fsldlof iR garerition dicompubérigenrdted Irfaged. n paftkefar the mhéthadgl e. In
order to generate a realistic image of an object on a conputer graphics B
di spl ay, not andhepparatus afitke presest ipvention isivplated thsheshaging eticaroputehe shadi ng
of the visible surfaces of the object nust be included, taking into account
25 the Ilghﬂegﬂﬂ{e@gig‘a%ﬁrface characteristics and the positions and
orientations of the surfaces and sources. ‘A combination of three reflection
functi‘ews may be used to determne the shading of an inmage: Those three
reflecti o0 f@octi ARE BackewOURD; reflection, diffuse reflection and
specutar reflection. Anbient reflection is the light which the object
absorbs, then radiates, from random | i ght seurces. There is no 30.

SSFSQSG”CECSPOL'QEErd'fx g A RSoRTB bkt Wb AR B Hodi GPndnc,
bl ue, Ka,. (@héages, iﬁ%bs(,urfdéﬁs BFBijbt%rhr@freﬁB?érﬂ@a ak @i hesr bIlanepdiyonescr i bed

as: (err) lag =
These polygons can be transformed and rendered quickly using well-known

15 techniques. The techniques assume the input to be a simple triangle where the
vertex attr'ibutes.are position, normal and color es illustrated in Figure 1a. The
o veriex position is defined, for example, in the object coordinate “space. The vertex
hormals are un'it vectors which describe the the surface orientation at each vertex.
The vertex color splecifies' the intrinsic color of the object. The vertex color | =

20 attribute allows the object color to vary across the triangle.

in order to generate é realistic i'mége of an objeet on a computer

gfaphics dieplay. not only must the shape of the object be generated but the

shading of the visible surfaces of the object must be included, taking into account

25 the light sources, .surface‘ characteristics and the positions and orientations of the
surfaces ane sources. A combination of ih-ree reflection functions may be used to il
determine the shading of an image. Those three refiection functions are ambient
reflection, diffuse reflection and speculer reflection. Ambient reflection is the light
~ which the object absorbs, then radiates, from random light sources. There is no

30 dependence on fight direction. The ambient function simply scales the object
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5 : . | ab= -- (err) where lar, lag, lab respectively are
the anbient reflection for the red, green -and blue color elenments, (érr) °
are the anbient weights for the color elenents red, green and blue and
(err) are the object colors or color Intensities for the red,- green and

bl ue el enents of the object. The range of the anbient weights is: 10 (err)

- It should be noted that.the anbient weights, Kar, Kag, Kab, and the diffuse

o O e, Bl B o o i B 1 B Lo e

expr essesKag) thélRinclidry oPambidAt bl miy ba desérbel®ist ect this conponent.
Si nce neither depends on the scene geonetry, the discussion conbines the

two terns into the weiglaes. 1f tKar"€eene |Includes multiple |ight sources,
there woul d be separate weights for, each |ight source. 20 Dull, matted
surfaces exhibit diffusl@sref|ect K8aCg scatteri ng light equally In all
directg ons so that surfﬁggs apPedg, ' -have the sane brightness fromall
vi ewi ng angl es. For such surfaces, Lanhbert's cosine |aw rel ates the anount

of refleamatell'aglag,ﬂab tdspectivelynare dle ambienh gifisciiorbior tisered, hrediangct i on L to
the point tight 25 ‘source, ‘and the normal vector Nto the surface as is
| | | ust r atkiue calorplgments, iKar, iry. iap Aretherambient:weighta-dgr the colopelemantssd by t he

Cos. oy " ep@ehato i fa br 64, Ghrare the eblpet solass or el sl pde (o
cal cul at | @R, Glechuhd YN lbmieRtl B11fi8 obfelt (e randB bk ?{e[%]mbi'eﬂgweigﬂ%iszl db e/

respectively are the diffuse reflection val ue ere reen, and Rl ye
el enet s, Kdr, Kdg and Kdb are the diffuse reflection coefficients for t

red, green and blue 5, ele S 0 he |ight source (which are a constant
between 0 and 1 anﬁsaé?fyf-!'- 32%99 SI"BsF(absq | |

It should be noted that the ambient welghts, Kar, Kag',. Kap, #rid the
diffuse weights, Kdr, Kdg, Kdp below are, in fact, the product of two terms. The
15  first term expressés the light intensity fof the componerii. Tﬁe second- tefrﬁ _
expresses the abili_t‘y of the object surfact to reflect this coinpone_nf. Since neither
depends on the scene geomet&. the discussion combines the two terms into the
weights. If the scene includes multiple iight sources, there would be separate
weights for each light source. ) | .'
20 | | | o
| * Dull, matted surfaces exhibit diffuse reflections, seattering light |
e'quglly in all directions so that suriaces appear to have the same brightness from
all viewing angles. For such surfaces, Lambert's coéine law'relateé fhe amount of
reflected light to the cosine IOf the angle a between the direction L to the pbint light
25 source, and the normal vector N to the surface as is fllustrated in Flgu_re 1b. The -

diffuse reflection may be fepresénted by the following equation:

Id‘.?= cos{a)*KdrCr
ldg= cos{a)°Kdg*Cg
30 - ldp= cos{)*Kdp*Cp



accaording;to the material of the surface), and Cr. Cg and Cb are the colors
of red,* green and blue elenents of the surface. Specular reflection is the
hi ghl i ght observed on a shiny surface. The 10 nodel devel oped by Bu
Tuong- Phong nodul at es specul ar reflection as a function of -.the cosine of
the angl e between V; the vector to the eyepoint, and R the vector which
aligns with the maximumreflection as illustrated in Figure Ib (Phong, B.T.

"1 um [ ' " ' Wolalt . of
Corputer i oh8fe AT S8l NP @ns ohBfifiSe roneRlibiadd e e ' 1
AD- A0008- 786 ¢allolilatidrDgRhy cobler) rdquiresscosiay © muk{dos () ), ddb idyidp di f fuse and

specul ar reflection, see also Foley and Van Dam Fundanental's of Interactive
Conput er G apreaspectiveliaresbe difiuse egfiectian valups forihie rak; greend amd blueelements,

Torrance, "A Reflecta Model FEor Computer G.aphics",. Conputer G aphics
Vol 18 No. Ko, )elo a0l Keleare Thaifiyes FRHBEHEN GPOrIQeIS far ths ot 500 ATCLAM Thus,
I f 3 separgt el L0l f anl

reflecti onéo neieh‘eu“gsuéﬁgé gsﬁ‘s%%%pﬂ”é%’f %dg?nes?énﬁt r?I% ﬁg“t" k@%ﬁo{rﬁﬁg&gg
reflecti on w abcording2s the matealofithe Siridce)) ard ©)) CoundiGy are thecalonotired)f
reflection determned with respect to each |ight source. 25 When

det er ni ni ng t geeenans bipe elemeants ofdhe sudaedrount of reflection, It should be

recogni zed that there exists different types of |ight sources. One case
occurs I f the solutien assunes the distance to the light is infinite. The

speci fieation for the |3'¢H&[,La$?éffe€:ﬁon fsgﬂﬂ‘ifﬁhli gl(?&%rv"ehfﬂﬂ & shihy Bliria@c t e

bel qw.. (err) -3- where the magnitude of t I ght vector ‘equals, (err)
and The v#f uenmwide( develeppdoby Bl TuamgePhong’ modulatesi spetulanefleetiontas a o
Anot her case occurs |If .the soluti-on assunes the distance to the light is

fini.te but th&nchen gt thecosineial ihe angle betwasncV. theweqterdn the exapeinb,and Ry at es
the same int eﬂi‘eht%cééﬂnﬁl:ﬁ allhhsitth S makinfurs REfdclion 8 iRBir&ba il PigdrgMfp SOUT Ce

In this case
(Phong, B.T. "lllumination for Computer Generated images”, PhD Dissertation,

Dept. of Computer Science, University of Utah, Sait Lake City, Gov. Ordering No.
15 AD-A0008-786 (July 1973)). For further information on ambient, diffuse and
- specular reﬂeet_lon-..see also Foley and Van Dam Fundamentals of interactive
Computer Graphics, (Addison Wesley 1983), pp. 575-580 and Cook and .
Torrance, "A Reflectance Model For Computer Graphics”, Computer Graphics,
Vol. 15, No. 3, August 1981.
_ 20
The amount of reflection is additive. Thus, if 3 separate light sources
shine light on a surface, the amount of reflection on the surtace is computed by
determining the amount of reflection with respect to each light source and
summing the amount of reflection determined with respect to each light source.
25 When determining the type of reflection and amount of reflection, it should be
recognized that there exists different types of light sources. One case occurs if the
- solution assumes the distance to the light is infinite. The specification for the light
source.reduces to the simple light vector below:
L=1x Ly, Lz
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to the light position: (err) 10 The light vector, that is the light .
position relative to the vertex position, Px, Py, Pz, is: (err) where‘he

magni tude is: 15 LI = sqrt (err) Since the nmagnitude .
may not be one, and the illum nation equations require unit vectors, the
| ight vector is normalized: (err) Still another case occurs when the

radi ation pattern is not |Isotopic. 20 Since the radiati.-on pattern i s not

| sotopic, the specification of the |light source requires the pattern vector
whi ch spahere e magnitude ofithe figlt vector aqualsct i on:” K = Kx, Ky, Kz The pattern

vector serves to describe t ' 3 greythe light intensity Is

maxi mum The |ight which st Bﬁﬁ%e(ﬁ% ggfze\gﬁ'zthen decreases as the angle 25
bet ween tdud thé 8lue\6? i} ¥quals,1 BR8N IntiRIte Aghteolresect or, K, Increases. The

|l ight vector, before I'nclusion of the pattern function Is as before: L =

(err) where the magnitude Is ILI =-sqrt (err) 30 - The pattern function,

whi ch_adjusts the Lntensity as a nctjgn of the ang] e between_the |ight
vectoP and the patfBothe cgcpur,sgtflgptsghﬁongssumes(@p%jslw toithetightect or

absor bs G lgud/ ﬁt'lﬂﬁg tréhiﬁﬁﬁgmﬁanf Eriﬁ&oﬁ?. The Iight' therefof® FHI#!S% tlgsf 8RfbCS systems
typical |y represent curved surfaces of inmages as a mesh of planar polygons
that ar e iffeAsifdintaM divelishse Fhesspeetibation of the light source in this case reduces

to the light position: :
-

Q=Qx, Qy, Oz o
' ot

10 .
The ligi\t vector, that is the light position relative to the vertex position, Px, Py, Pz, -
is: '
L = Qx -Px, Qy-Py, Qz-Pz -
where the magnitude is: ' _
15 - L] = sqnt ((Qx-Px)2 + (Qy-Py)2 + (Qz-P2)2)
~ Since the magnitude may not be one, and the illumination equations \J‘
require unit vectors, the light vector is normalized: '
L = (Qx-Px)/|L, (Qy-Py)iL, (Qz-Pz)AL
Still another case occurs when the radiation pattern is not isotopic.
20  Since the radiation pattern is not isotopic, the specification of the light source ' E o
requires the pattern vector which specifies the radiation pattern function: |
K =KxKyKz
The pattern vector serves to describe the direction where the light intensity is
maximum. The light which strikes the object then decreases as the angle
25 between the light vector, L, and the pattern vector, K, increases. The light vector, -
before inclusion of the pattern function is as before:
L = (Qx-Px)/jL], (Qy-Py)|LI, (Qz-Pz)L|
where the magnitude is. . . :
I} = sqrt ( (Qx-Px)2 + (Qy-Py)2 + (Qz-Pz)2 )
30 - The pattern funcliof, which adjusts the Intensity as a function of the angle

between the light vector and the pattern vector, is often;
_~h=

jy



appearance. The systens attenpt to restore the snooth appearance by varying
the Intensity across the polygons. Although there are techni ques for
realistic shading of polygons, real tinme systems do not use them because of
the large 10 anount of conputation required per pixel. The sinplest
shadi ng conputation that may be perfornmed Is the diffuse reflection
conput ati on, which foll ows Lanberts Law-for diffuse }light. However, this

conput ati on assunes th efl ection fromall yiew ng
angl es. Since the si rrp?%agrgtl&slé’ggggqyoﬁ;é&es not cast the réflection
equat i ons | n The light véctohabsoysthisvalwé to bdvomes of the surface, for 15
exanpl e, a roughness coefficient, the expreSS|on only approxi mates the
reflection. The expres'sﬁﬁ?s(‘ﬁ)o‘ﬂx-@,?&(‘l?ﬂdp coR(k3'LZot descri be how the

wavel ength can shift with the incident angle when the |ight strikes
metal lic surfaces. This wavel ength shift causes the color to change."

addi.tion, gt he sinple dcﬁ,m?a& to sur ace"a':gh t&&v&&‘éﬁﬁh&ﬁé’oficceum

howl|ght scatters from sur t her nore e si npl est

ver si on of tHmageéhsaemesﬁbiqﬂanarrpolygausﬂmtamnaﬁeuaoweswrea;smoﬂt ant across
the entire facet or gon Wiile this is sinple to conpute, thelnten5|ty
is often di scﬂﬂﬂ@ﬂmﬁ'@ﬁs msattempt Jo tastore the smogthappearance hypmrying

Gour aud Shadit nﬁ?ﬁ?ﬁéﬁrﬁéﬂﬁghﬁﬁgﬁiﬁ ﬂ@%@smﬂwﬁ%@* GchnieB RCBISE coch

poi nt \N-8  coNMmuKaAihgtof poljRohs, RN timB sp&tBRisaid bl ush théth Ueaamftthesar%b t he
verlgeces of the pol ygon. These intensities are determ ned usi ng t

ref Mecti d® ecamoundof computation fequired per pixel. ofhersimplash ehadingrebmpytalion that t he

vertices. For further, inf ti on 30 the Gouraud I.n Gour aud,

1 Gont: nuoudmas b pagotsecla e iteiss feflagton Compmalon Wl IIRS JERESAR  or o

Vol . 20, No. dwg E‘Q,WF

accounts sol e‘%y ?’? f@&?g gse re r’ttﬁ%r@aﬁﬁ&t{'k)‘ 53 %gfeessérﬂéﬁ éﬁi@ﬂ?% ﬁ

t echni que appefigctivn! from il visskihg amgles. t Since tosimphagiffasd bqaétmmdeshm d:as\at

pol ygon boundaries due to di scontinuous intensity changes. 5

. the reflection equations in terms of the physical atiributes of the surface, for -
15 example, a roughness coefficient, the expression only approximates the
k/ reflection. . The expression, for example, does not describe how the wavelength
' . can shift with the incident angle when the light strikes metallic surfaces. - This -

wavelength shift causes the color to change. In addition, the simple diffuse
equation does not attempt to take into account how light scatters from surface to

\_# 20 surface.

Furthermore, the simplest version of the diffuse refiection assumes
the reflection-is constant across the entire facet or polygon. While this is simplé to
compute, the intensity is often discontinuous at the boundary between polygons.

25 A better technique for performing shading of images in real time is referred to as
Gouraud Shading.. In the Gouraud Shadiﬁg technique, the intensity at each point
is computed by' the linear interpolation of the intensities at the vertices of the -
polygon. These intensities are determined using the reflection equation for
diffuse reflection with the normalis given at the vertices. For further information on

- 30 the Gouraud Shading see, Gouraud, H "Continuous Shading of Curved _
Surfaces”, lEEE.'[mnsacﬁnns_on_Qnmmna:s Vol. 20, No. 6, pp. 623-628 (June

- -5-



The Phong Shadi ng technique Illum nates the-dull surfaces and reduces the
mach bands whi ch the Gouraud Shadi ng techni que produces, but typically:is "’
not used in real time systens because of the |arge anount of conputation
time and expense required for the generation of the Image. In this 10
technique, the intensity of each point is determ ned using an approxi mate
surface normal that is linearly interpolated fromthe true surface nornal

201 by g0, B VS SecreRhcBB il B, of e Ol B Bis i 1
nor nal a%m&éeéhﬁadwuapﬂﬂbteﬁﬁﬁqﬁb%?ﬁem § eBEiBh! 3 iMagek hRsy 7 additions,

6 rmul tiplications I vi st on. and square 15 root per pixe Thi s

oper at i orreflectwaagh barndsratipolygencaundariesodue:tu digcontinubus iritensity because it
i ncl udes the square root corrput ation. For further information on Phong

Shadi ng, %Q%ng, B, T. "illumination for Conputer Generated I|rages", PhD
Di ssefg at Il on, Dept. of Comput er. Sci ence, University of Utah, Salt Lake
City, Gov. Odering No. AD A0008-786. 20 The Phong ‘Shadi ng- cal cul ati on was

Sinplified by Tom Pt Phong Stedirgreshni ﬁeﬁﬁﬁﬁi&tbytﬂ@dﬁ -?&fb% gs of ¢
Pol yhedral Objects on Rhggtger Di gglgaysq (err), Vol. 8 eédg;) 270- 275

(1979). Deduces Ilivplmaq:lbmudsan@cb mmengraup smdmmmgnme prodmeppbw i on and
o1 et Yniggite ol ivad rabhlinke bistoms pgpause oih argh andunt ot )

computation time and expense required for the generation of the image. .In this

10 technique, the intensity of each point is determined using_' an abprbximate surface
normal that is linearly interpolated from the true surface hefihal'specfﬁed- at the
vertices. Phong shading utilized the equation N(x,y) = Ax+ By +Cwhere A, B, C
are the chosen vertices fo interpolate the normal across the f-'pbl'yg'en.- The Phong
Shading equation requires 7 additions, 6 multiplications, 1 .divisiOn- and 1 stare

15  root per pixel. This operation is very expensive and time cén's'umihg', particularly
because it includes the square root computation.- For fuﬁheﬁ-ihforma'tioh on
Phong Shading, see Phong, B, T. "illuminatien for Computer Generated Images™,
PhD Dissertation, Dept. of Computer Science, Umversity of Utah Salt Lake City,
Gov. Ordering No. AD-AQ00S-786. | '

20 | | | 7

' The Phong Shading calculation was simplified by Tom Duff as
described in "Smoothly Shaded Renderings of P—ol‘y_hedral: Ob]ecte on Raster
_ ics, Vol. 13, No. 2, pb—. 270-275 (1979). Duff
simplified Phong shading by combining the interpolation‘eﬁd reﬂecﬁbn equations:

Displays”, AC

25 ) ] ? . |
Idiﬂuse (x|Y) = L ) L AX.Q.BV_!_G |
> L| |LeAx +|_-By + L‘C' -

= . ax+by +4¢
sart (dx2 + exy + fy2 + gx + ny + 2)

. 6= -
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(err) .10 . (err) (err) (err) (err) (err) Thus.
this |nplenentat|on can be eval uated for successive val ues of x and y wth
only 3 additions, 1 division.and 1 square root per pixel. Although this is
an i nprovenent over Phong's formul ation, the division and squar e root
conmputations 20 ‘still rendﬁéﬁ%pe te§h ue too tine consum ng and
expensive for real tinme inp htati Ef?n still another inplenentation of
Phong' s shadi ng, an approxi mati on of tHe refl ection equation is: conputed,
thereby saying the tine and 25 expeEQEJieqU|red to compute the reflection
equation exactly. In Winer, "Fast P g Shadi ng”, Conputer G aphics, Vo
20, No. 4, (1986), pp. 103- 105 a second order Tayl or series approxrnatron
is used to conpute the reflection. Te=gigmplify the approximtion, the-
polygon is shifted so that the (0,0) cqydinate |lies at the center of the
pol ygon. Using this technique,.the Intensity at a pixel can be 30
evaluateduhsrng only two addi ti ons deAﬁﬁxel However, in all the above

t echni ques, the sanme functions are usgﬂAﬁg det erm ne the reflection of al
pol ygons eof an Image. If the refl ect B3A™M®r sone of the pol ygons of the

i mge can-only be determined at the ggnpred level of quality 35 using a
conpl ex, tinme consum ng process, all polygons-are processed using the .7-
same process. Thus, to render a qual gA¥@mge, a conplex time consum ng
process is enployed to get desired quall for the image, even though the
refl ection for a significant nunber BF d¥ygons coul d. have. been det er m ned

usi r@\gja s{érpl er faster process. j=C+C

Thus this Implemehtalion can be svaluated for successive values of x and y wlih
'_ only 3 additions, 1 division and 1 square root per pixel. Although this is an
|mprovemenl over Phong's formulation, the division and square rool compulatlons
20 still render the technique too time consuming and expensive for real time

impiementation.

In still another implementation of Phong's shading, an _

- approxlmation of the reflection equation is computed, thereby saving the l!me and

25 expense required to compule the reflection equation exactly. In Welmer, "Fast
Phong Shading", Compuler Graphics, Vol. 20, No. 4, (1986), pp. 103-105, a
second order Taylor series apbroxlmatlon is used to compute the reﬂecn_on. To
simplify the approximation, the polygon is shilted so that the (0,0) coordinate lies

. atthe center of the polygon. Using this technique, the intenslty at a pixel can be

30 evalualed using only two additions per pixel.'

_ However, in all the above techniques, the same functions are used
{o determine the reflection of all polygons of an image. {f the reflection for some of
the po|ygons of the Image can only be determined at the desired level of quallly

- 35  using a complex, time consuming process, all polygons-ate processed using the
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SUMVARY OF THE INVENTION It is an object of the present invention to
provide a real tinme technique for the generation of shaded inmages. 5°1t Is
an object of the present invention to provide an adaptive nethod for the
shadi ng of Images In which the technique to shade the inmage Is determned °
according to the curvature of the surface, the variation of the |ight
vector across the surface, and the variation of the eye vector across.the

adapt 1 ve Sihelftebe. THA” Ao SRR, hagh, sctoteiit porshidoa [n roal (i me

The colphecdBs ié Bpluyed Yo gét ddsiréll qIANTY Wrdfl Rhadielef induBf g L1 ces of the

pol ygon. A series of tests are then perforned etermn he order
equat i on reftection Jort asigaificantdumbet of polpgensocduld havdbedrndstermined RiskgSi t Y

acr oss the'50k¥90n bet ween the vertices. Using this technique, polygons

havi ng a 8HMBIEF TatenoeesSyat ure and an Infinite Iight source (thus being
the sinplest formof shading), wll use an extrenely fast, |ow order )
.equation to Interpolate across the pol ygon. Polygons, having a high degree
of curvature and/or positional |ight source will utilize, as necessary, a
hi gher order 20 equation which requires additional conputation time but
produces desirable shading results. -9- BRI EF DESCRI PTI ON OF THE

DRAW NGS The obj ects features.and advantages of the present Invention will
be apparent In the foll ow ng description of the invention In which 5 FI GURE

la and 1b Illustrate the nonenclature and variables used in prior art \a

shadi ng techniques. FIGURE 2 illustrates-the geonetries used in the B

specul ar shading 1 0 conputations. A
-’/



FIGURE 3.is an Illustrative conputer system enployed In the systemof the
present invention. 15 FI GURES 4a, 4b and 4c illustrate the

Il l,um nation of surfaces which require higher order equations to generate
qual ity shaded Images. FIGURE 5 is a flowhart which illustrates a
preferred enbodi nent of the present invention. 20 FI GURES 6a and 6b are
flowcharts which illustrate other preferred enbodi nents of the present

i nvention. FI W e the nonencl ature and vari abl es 25
enployed in a"prererred e | of the present .invention. FIGURES 8a,
8b, 8c further illustrate the nomenclature and variables enployed in a
preferred enbodi nent of the present invention. -10- FIGURE 9 is a table
whi ch conpares the qualltisyangbiectefthe present invention tocpravidg atreaktime syst em of
t he present | e} epera accor ding to the Phong Shadi ng
met hod. - Pecﬁnfque%rtﬂege&@gﬁf?ﬁﬁ éﬂ‘ﬂ' ®Fi | ustrate the nonmenclature
and vari abg es enpl oyed-when utilizing second and third order equations In
the system of the present invention. FIGJRES 1la, 11b, 11c and 11d illustrate
the nomencl ature 10 andtislan obnot@bttﬁsprewhmmwmmmwblawampnifamthod

equations in the systemof the present invention. errzb NOTATI ON AND
NOVENCLATURE frfdheghading.ef iaw@mlfpwm@héhmqbnimsm shadg thedmageig ed | argel y

0 terms of - algRnhiBiToBlingBRb bihRS GPR8!sOHaGE nLafkiBh Y b ipr" d2t 2

bits Wltihln

vector across the suriace, and the variation of the eye vector across the surface.
LT o
. In the method and apparatus of the present invention én adébtive
shading method is utilized to generate shaded images in real time . The color or
intensity is first computed at each of the vertices of the polygon. A series of tests
are then performed to determine the order equation that is to be used 1o
15 interpolate the color or intensity across the polygon between the verlices. Using
, this technique, polygons having a slight or no curvature and an infinite light
.source (thus being the simplest form of shading), will use an extremely fast, low
order equation to interpolate across the polygon. Pelygons, having a high degree
of curvature and/or positional light source will utilize, as neéessary. a higher order
g_‘/ 20 equation which requires additional computation time but produces desirable

shading results.



5 a conmputer nmenory. These algorithm c descriptions and representations
are the neans used by those skilled in the data processing arts to nostr
effectively convey the substance of their work to others skilled in the
art. An algorithmis here, and generally, conceived to be a self- 10

consi stent sequence of steps leading to a desired result. These steps are
t hose requiring physical manipul ati ons of physical quantities. Usually,

t hough not necessarilyg < A i S @rmof electrical or
magneti c signals capable [ red, - transterred, conbi ned, conpared,
and ot herw se mani pul ated:. It proves convenient at tinmes, principally for
reasons of common 15 wusage, to refer to these signals as bits, val ues,

el enents, synbol s, Thehabjaetsdeaturesandadvantages of the-pregent|invantionwitheul d be

borne in mn oyeve th L, of .t.hese d.sim.lar terns are to be
associ at @apﬁf%?q fg ‘%??ﬁ%‘ﬂﬁﬂh@gﬁv@fﬁ@ﬂtipﬂﬁ@ and are nerely

convegi ent |abels applied.to these quantities. 20 .. Furt her, the
mani pul ati ons perforned are often referred to in ternms, such. as adding or
conmparing, whi ch aFiGURErfanand 1b diustratecthevnarhemciatues ang variablesusedr f or ned
by a human ogerat or. No such capability of a human operator |s necessary,
or desi r #PHOY At spading techniques. 5y of the operations described herein which
formpart of the present invention; the operations are 25 machi ne
operations. Useful machines for -performng the operations of the present

i nvention | nclude BRIVRE!2 Nustpates tid gedraétrie® UBed v theOspeellae 'shading! ar
devices. In all cases there should be borne in mnd the distinction betvxﬁtén
t he i hcompdationsons in operating a conputer and the method of conputati™n
itself. The present Invention rel.ates to nethod steps for operating a
conputer In 30 processing electrical or other (e.g., mec¢hanical, chem cal)
physi calsi gnal's_t piigREPsSarPifiéifatle Sohfpidt By siehPbppidyed!ifi e 12-  The
present invention also relates to apparatus for performng these .

oper at i onsystehhbfthepesent iiventign.be special ly constructed for the required
purposes or it may conprise a general purpose conmputer as selectively )
activated 5 or reconfigured by a conputer programstored In the conputer.

The allégor I this FIGURES 4a, 4b and 4c illustrate the illumination of surfaces

which require higher order equations to generate quality shaded images. - \-J
FIGURE 5 is a flowchart which illustrates a preferred embodiment

of the present invention.

FIGURES 6a and 6b are flowcharts which illustrate other preferred

embodiments of the present invention.

FIGURES 7a - 7d illustrate the nomenclature and variables

25 employed in a preferred embodiment of the present invention.

FIGURES 8a, 8b, 8¢ further illustrate the nomenclature and - - -

~ variables employed in a preferred embodiment of the present invention.

-10-



presenteg herein-are not.inherently related to-a particular conputer or

ot her apparatus. |In particular, various general purpose nmachi nes may be
used with prograns witten in accordance with the teachings herein, or it
may prove nore convenient to construct nore specialized apparatus to
performthe required 10 nethod steps. The required structure for a variety
of these machines will appear froomthe description, given below -13- -
DETAI LED DESCRI PTI ON Opicné M@]i&}l‘,m% %ﬁ,@g “gw kion 5
Figure 3 shows a typical conputer-based systemtor apt’i ve |rrage shadi ng
of polygons gyeneratedmctordirigelojthe spstemi of tiepiesent iGhentionitd émagesgenaratudut er
101 which conprises three major conponents. The first of these is the

i nput / out put W[ﬂ“&ﬁ?%?h‘l@sm'%m%h%ed to communicate Information In
appropriately structured formto and fromthe other parts of the conputer
101. 10 Also shown as a part of conputer. 101 is the central processing
unit (GPUg 103 and menpiGuRES 10412 30e iistale IN® nohfviRialWwecdrd VAAaSIes
typically found in nost general purpose conputers and al nost all speci al
pur pose co rrpmmployedwhbaaumzlnm secondaand thisll ordertesjuationsdin el systemi of thenput er
101 are intended t presentative of this broad category of data

pr ocessors. F‘HPF?’&'&P&?“{%(‘arrpl es of 15 suitable data processors to fill the
rol e of computer 101 include machi nes manufactured by Sun M crosystens,

Inc., Muntain View, Californi.a. OQther conputers having like capabilities

may of-€ourse be adapt r far rfor
functions descri ewﬁa ﬂbglﬂ ]g%{mgg%wt % ug Efa;tugn
i npit devi®e apgcthe, @6’@% 1"§sP e §PE At be
under st ood,. F¥RETEP PEEFE AN 31%"/1 ce may actual Iy, be a card reader, -
magneti c or paper tape reader, or other well-known input device (including,
of course, another conputer). A mass nmenory device 106 |s coupled to the
1/O circuit 102 and provides additi onal 25 storage capability for the
conputer 101. The mass nenory may include other prograns and the |ike and
may take the formof a magnetic or paper tape reader

-11~



or other well known device. It will be appreciated that the data retajned
within mass nenory 106, nmay, in appropriate cases, be incorporated in 7 ’
standard fashion into conputer 101 as part of menory 104. 30 - 14- In
addition, a display nonitor 107 is illustrated which is used-to display
messages or ot her conmunications to the user as well as graphic inmages,
e.g., the shaded i mages rendered according to the process of the present

i nvention. The display | | Bk Lot of di splay el enents, 5
referred to-as pixels, TH- ) - Bn In a specific pattern
at predeterm-ned intensities. to provide a graphic- inmage on the display. If
the display Is a color nonitor, for each basic color elenent, e.g., red,
green and bl ue el efbatdetailetslescriptionswhicietollowaile presentaddaidelyinpattern at a
predetermned Lnfensity. The viewer of the displayed i mage vjsually

conbi nes ¥ SPLH{Q"B&\%%?""RY‘"WH represeniptions of p&f*@&iﬁ“ﬁ?@l%m‘?ﬁ”ﬂ@rcei ve a
col or , , LSP | =1 | Hf asever al

el | - Ehou compHiy ey isSBbchBimERpiiond B rtrRthayAY 418 F U1 Gy ¢
the franmemethd ased Bypthosd ekilédimthe dlatd pibegssingdas td Most eMedtively BoRRsydat a from
the frame buffer 108 and enabl es the correspondi ng pi xels on the display

moni t or 1@ substanee phihairiwatk toethers: skifledty thesart.speci fi ed by t he graphic
i mage data. A cursor control 109 is used to select conmand nodes and edit
‘the Input data, and in general provides a nore convenient means to | nput

nfor mati on 1 nt0 t h dycritifis R &RA geRBftly idnBivedid B hkByDr esent

I nvention, the steps t0 determ ne the anount of shading across a pol ygon

surfat® | consisientasquendehs stapsveading tmé desieechrasylioThesd stepoad fhose of the
| ight source with respeect to the surface of fhe E’oly on, and the position

of "the oyEaoulig physisal manipuigtions,of physicabauaniiies, Ususlly, thoughcgsr wi ¢ h

b0l yoon, - feeseangsd bakifigfs s g ontEor yockiGalSF FRIGBRIC AGnEHL 2l ooer *the
eyepoi Nt g&pable b GeiRg stoded) trahBRrred, combined, compared, and otherwise

manipulated. It proves convenient at times, principally for reasons of common

i,

15 usage, to refer to these signals as bits, values, elements, symbols, chéraclers.
terms, numbers, or the like. It should be borne in mind, however, that all of these
and similar terms are to be associated with the appropriate physical quantities

. and are merely convenient labels applied to these quantities.

20 "~ Further, the manipuiations performed are often referred to in terms, u
such as adding or comparing, which are commonly a-ssociated with mental
operations performed by a human operator. No such capability of a human
operator is necessary, or desirable in most cases, in any of the operations
described herein which form part of the present invention; the operations are

25 machine operations. Useful machines for performing the operations of the
present invention include general purpose digital computers or other similar
devices. In all cases there should be borne in mind the distinction between the
method operations in operating a computer and the method of computation Rtseif. .
The present invention relates to method steps for operating a computer in

30 prpcessing electrical or other (e.g., mechanical, chemical) physical signals to

generate other desired physical signals.
— o L12- -
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greater .the variation of reflection across the polygon surface and the nore o

steps are required to accurately determ ne the anount of shadi ng across the
pol ygon surface. 30 -15- This observation is used to provide a quality

| mage-rendering process without the conputational overhead and expense
required to generate quality Inmages by consistently using high order
shadi ng equations. A series of tests are perforned to determ ne the anount
of curvature, the position of the |light 5 source; :and the position at the
eyepoint with respect to the polygon. If the anmount of curvature is

m ni mal , and the di st arfhe giresartdnvention alsouelatesctadppamtus for pedoiming thesa

sinple, fast.zero, order equation |Is used to conpute the-reflection across
the pol ygon. qpgrations. pBﬁ%?BP%’%’QH%QeiSPGQ'ﬁW?F{;&FFHP'BQQ%'E?P’WT%i on Is

small, Indic i r chnrﬁit r Lation
and. eye vecf@#ﬁgﬁg\/gﬁ# gqa?t)gr?f %egé]ng%(ﬁat%unt o#f ?ﬂ;%?'%‘gﬁkgnac\\ﬁ%dpabe
constant agr ogFrechbRfiguréd B & coniputérprugrantétord i fthé bemputet NThe higofifinect | on
Is small, for exanple, If the reflection varies less than 1 part In 256,

t he vari at i onpresealedtherein ave notinhatently related te-a\pagiipiar cdmputer arietharef | ect.i on
varies less than 1 part in, 64, the variation is SticUg subtle. Thyus,it is
possible to afPRARUSaIR p?ﬂl?“!%i Yﬁ"%pﬁa?'ﬁl)n“mm%"? ﬁ§t’%ﬂ¥tb%5?%¢wwél ue. 15
When t he anpufi, i J ' r

i gher or der - Brogrifie WAleR i aofbridceSihutie odoriing IANIKOGNL W IBREROIE, | on.
Thi s 'geher at egorvenient teconstiticEmotp spantaized apparafusrtefpeeciotm dite véguiredcannot be

acrkia?ved using a zero order equation. As the anpunt of curvature becones 20
greater ah@l/ f orethed staps.pbhe reaviredmstruglurg fop atvadely af thassrpachings will appeat 1

t hat -the direglianal r-fr vertices of the polygon to the |ight--
source’ vari es%?‘gﬁ?\%ﬁﬁﬁt"tg‘\'/ﬂ@%@ﬁ a higher order equation Is used. ‘A

hi gher order equation, although conputation Intensive, nust be used in
order to render a quality inmage because the anount of reflection varies
across the surface of the polygon 25 significantly to be perceptible to.
the viewer and therefore, the anount of shading :

-13-



across the polygon is not constant. - Flgures 4A, 4b and 4c )
Illustrate three situations where the zeroth order and first order P
expression to determne reflection are not adequate. - 30 Referring to
Figure 4a, the surface curvature across the triangle is assuned to
be-l arge. Therefore, the vertex normal vector N varies and the diffuse
reflection, (err) . which Is the prOJectlon of the vertex normal vector
onto the vertex. |ight vector J .S deS|rabIe to select an
]
equati on order which peserve ' F varratton. In this exanple,
the first order equatlon mould not be- adequate 'and the system woul d sel ect
t he next @Qeflfd ' urgfiegl i on to 6 sinmulate the reflection. It
shoul d be noteo t at -Phong equatlon is not, strictly speaking, a second
order equation. -The technique |nvolves nornallzatlon which requires a
square root and a g VISIOn at ﬁﬂﬁh pi xel .. The I|terature however, notes

that Second order cal.computarbased system for adapliverer . ' Fast

g ﬁﬂqﬁaﬁcuss?@% Bﬂb&ﬁ' g Y31 frosbht Aydrd R0 St s ' o) Tn®
as a secomdompdﬁr1onmdmmdsesmeémjacbdntpvnahise Thd MepbfRhbsd st rated In -

Fi gure 4b has no curvature, that is the vertex normal vectors are

| dent i cal theipputiortput llémc'wﬂ|102Mhi¢fsiswedjtmg@mmoipatq informationdp e surf ace.
Therefore,_ the rt ctar, varhes and .t he fuse re ction, which
o bty Rl St o 35 S YA S B b Bt hel coSbE I " gy
vari I | hen be f
sel e?’foedpn'gg%%&h% @ﬁ&}?&f %@ﬁﬁ%@ﬂ?éﬁ%?@&f&e@ﬂ&%&ﬁb dg'ﬂass ur@gbt hat t he
triangl e éebmemaory 104t These latter Mueelemeptslala thossitypicallyl found bt mabove t he
triangle surface. Thus, the vertex { gﬁl’nt vector varies, the specul ar -
reflecti wpwammmtewqﬁﬂmé albspesial pypose CORMPUIATE N faghct or ont o

et 4 o e SeFRAL Sl Phniéen Byl mafat B8 Ble HIFPGRRGRSA, ' el "
pr eser vesrephésenttitive o tHi$ bivad catdgoly of[data pracessei s Paidularai@niplés éf t he

advant ages of fast | ow cost
15  suitable data processors to fill the role _of computer 101 include machines

manufactured by Sun Microsystems, Inc., Mountain View, California. Other _
computers having like capabilities may of course be adapted in a ' v/

straightforward manner to perform the functions described below.

20 Also shown in Figure 3 is an input device 105, shdwn in typical -
embodiment as a keyboard. It should be understood, however, that the input
device may aclually'be a ca}d- reader, magnetic or paper tape reader, or other
well-known input device (including, of course, another computer)-._ A mass
memory deviee 106 is coupled to the I/O circuit 102 and provides additional

25 storage capability for the computer 101. The mass memory may include other
programs and the like and may take tha— form of a magnetic or paper tape reader
or other well known device. It will be appreciated that the data retai'ned within
mass memory 106, may, in appropriate cases, be Incorporated in standard _

* fashion into computer 101 as part of memory 104.

30
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conput ations with |lower -quality. I mages and slow, higher cost conputations
with higher quality inmages. Fast, |ow cost conputations are preferably used
to,30 determ ne the anmount of reflection on a polygon; however, if the
curvature of the polygon, the:position of the |light source, or the position
of the eyepoint indicate a significant reflection variation across the
surface, a higher order equation |Is used to render a quality | nmage. Thus,

the sl ower, SOt | nt erishgaibhol BlspllyIfbnice T8y O sod WhidlPRBaTs on! ¥

when necessary. The pol ygons havin ittle curvature, Targe distances to

the |ight sourdisplaymésssiesor ditier compiunicativhetethenusents well a3 graphicckl y and
| nexpensi vely conputed using | ower equations. It has been found that a

substanti al pdnages, eg., theshpded imagesrndared aceording tadhe pracess of thender ed
using a zero order_ or fjrst_order,_equation. | es_rendered. using the,
ndapti ve. shad PrEpeny Bivenidy THRSiat BanpE ampited < etk sishiaie 9thenls;
‘faster thag i & FREN] \ ' ' htdel € or no
.percepti bl g 1gaﬁ§§grt§§gﬁ’§%' W°F%a’§§ﬂgﬂg?ief§sﬁ?‘ﬁgﬁehgpg?'g?F’E‘é&g%odi ment ,
t hree types ofpredptetmined intensities toprovidet  graphizimageon thewlisplayof if thelf | ect i on
across the polygon: zero order, first order and second order. The zero

order equat i ofiSRiMbi§@-eoler raeniter, Jok eack hasic eplok ¢lament, oG, red. graemand,

conput o5 e, Y atbaiePl, e 4 el 8 pbffe B By Bpradep IR .

nor.mah-t 0 t he idhéiRC eTi dewer & the Bizplay8s isge VisBaljoimbindSeheltd Sgrégn, ex
norxz.ngl or a normal "at any point along the surface. Preferably, the nornal
I's

t hd Oav eanddrlue elementsoét edch pixel taopemeive® colorimiages tSushdedisplayiat i on i s
preferably conputed accordi to, t he Gout aud adi n echni The- .
Gour aud t echni °§§P?é’r’t§'f%§‘° g"‘?ﬂ'aﬂygfseé{ﬂ@gﬂ’&ﬁ'g“ﬂ‘ﬂﬁl%ﬂt@'%%e variation
of reflection - A £ ' ho | r ed t hat
when the vari e{:ﬁﬁg 6f%§@@@¥%%%§s:&tok§egg? §/gon' Aé%rbpg%ﬂefng ﬂﬁ?l?f i cant,
i ndi cati ng t heiregie 402 Peeiidithe graphidinge datalfrometha Manenbufided 0Bramdenabledi ng

£ g? 2?;232 ![ 3 u“s‘ee gbrrzgr?on%irncg)cp?fesls 8:\ tgehgisglras Sr"fgaanntitolr %/76 QE {h%nkxi-:ajtslia(ilueasn(i:lriintbe(igit)\fmi th
15 specified by the graphic image data. A cursor control 109 is used to select
command modes and edit the input data, and in general provides a more
convenient means to input information into the system.
&w« 20
' in thie"present invention, the steps to determine the amount of _
shading across a polygon surface is adapted 1o the curvature of the polygon, the
position of the light source with respect to the surtace of the polygon, and the
position of the eyepoint, that is, the position of the eye of the viewer with respect to
25 the surface of the polyggn. The greater the curvature of the polygon, the closer
the_ light source is to the polygon and the closer the eyepoint is to the polygon, the
greater the variation of reflection across the polygon surtace and the more steps
are required to accurately determine the amount of shading across the polygon
surface. '
30 ] . E



.30 Flgures 5, 6n and 6b.. Figure 5 Illustrate the fl ow of the process with
respect to a first embodi nent of the present

6b il l ust
enmbodi nen
descri bed
however,

Inventlon
t echni que

rate (err) the flow of the process with respect to other
The preferred enbodi ments will be

ts of the present |nvention.

as wil | bors okReaRe 5 45ocapiay

prodUss Sathont }Mdfnﬁdiaﬁdhﬁl 89&“95# %ﬁg?gg?ﬁﬂte?étﬁﬁlrwi gé feo other 5

S, such as plane equati ons,

nvention and Figures 6a’and *

usi an |ine techniques;
dg q"%g@jm geyepdatings ot

e co the

pol ygon vemalttydmages by iconsistentiiasing bighdordepstadigy equatiohs: Acdeytgs of Using a
technlque the di splay el enents the poly?on Intersects for each

scan fine

scan | i ne 'e§i8 apg.periommeddo datermirie the agrount pf eurvaturs,

el erren S
usi ng no

boundary

he pasitiorpof the fghtay

o, S AT LR e 3 ™

equat i ons o eafvaiuie s Al and lﬂd‘&lﬁfdﬁ%% %d it !%rb@hn&oteyébﬂﬂi ISSIargGr ot her

condi tions) .across the displ

ay €

l'ements the p

ygon I nt ér sects,

di-f f er enc ea simple; fast zeto-erddeequation dsiusedhte d:niﬁule trecmilectionadvress thpeci f vy how
to Increnent the vertex attribytes nor.nal color) al ong the

pol ygon e °§n(}%‘iﬂs&°§s* eb%"@!i?PH “é &é’@ﬁwﬁéﬂi ion tleamal, | n nost cases
I

At Girile MUY R 16 ot vEBEE

i ndi caige tvamatiorhare sradll, theeametntBI deNuction VilVBe: b@llistdﬂrdcﬁ%s thé polygbh.cifenCcew/
vari abl es for the sanme woul d be det erni ned,

nor rral * di fthe veratipnofthe; smountof deliastion tsasma&rtqr emm.titthauettes:tMm d al so t}e’

~and as ||
and posit

. Interpol a
di fferenc
by the fo
dPx( 3) =Px

\veliap fosk Bt 1 GaRin 286, na Vangh

| ariM {1 refiecdh Vadds: ? fﬂarPr ?3& In 64 Clt?? QQBI?E%(@HZIPW% Jh"f

(1)-Px 3) dPy (1) =Py(2
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bR A3 25 20

Scri bed herein

the sane manner as the

é&g?‘? ﬂ?%?{'}bﬂﬁf'er ni ned
=Py (1

) - Py(3) dnsm;sismce)apmmte thtmm wma(tta)t mm(eponstamm)vam( 1 )-Pz(3)

15

20

25

30

"When the- amount the reflection varies across the polygon Increases,

a higher order equation is used to compute the reflection across the polygon.

This generates a more accurate representation of reflection which cannot be

achleved using a zero order equation. As the amount of curvature becomes

grealer and/or as the position of the light source becomes closer such that the

directional vector from the vetlices of the polygbn to the light source varies from

vertex to veriex, a higher order equation is used. A htgherfotd'er‘- equetton.

although computation intensive, must be used in order o _rgnder.a quality image

‘because the amount of reflection varles across the surtace of the polygon

significantly to be perceptible fo the viewer and therefore, the amount of shadlhg

across the polyg_on-ls not constant.

Figures 4a, 4b and 4c llustrate three stluatlt__ms where the zeroth

order and first order expression to determine reflection are not adequate. -
Referring to Figure 4a, the surface curvature across the triangle is assumed to
‘be-large. Therefors, the vettex notmal vactor N varies and the diffuse reflection,

-48-
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dNb( 1) Nx( 2) - Nx(l) d;Nix(Z)él\lx(S)-‘I'\'b:(:(-Z) _'dl\b<.(3).=l\lx(1)-l\lx(3) dNy (1

) Ny (29 -"NX( 1) dNy(2)-Ny(3)-Ny(2)  dNy(3)=Ny(1)-Ny(3) dNz(l )=Nz(2)-Nz(1)
dNz(2) =Nz(3) - Nz(2)  dNz(3)=Nz(1 )-Nz(3) dCr(1)=Cr(2)-Cr(1)

oot 2) b2y a2} o5 el a9 el o) Stk

dCh( 2) - Ch( 3) wetiitels:the projaiiiom)ofthe veriehparmal vectasant '\91159(1 "ahly\(ﬂf}of Lpz( 1)

Vert ox and oaEDRg: Jr.Ale deBliEs g Kiecreh il ofdif vifdrpEhiEE e 17, 1!
di fference Vg&ﬂ@@i@%ﬁﬂﬁoﬁ 5, (ARCERPIYARS fifsh Brder Bqulionadukk nor e t hi r d

“vertex; dPx(3) (3), dPz(3) represent the position difference vari abl es
for the edge detuate;ahdthd bysteinmtﬂdsahnﬂhellle)dfhluw orderi(Phong)equation 40| es

e 1 o eSS o o ey
Nz (2 d
Tortax and E@e?%ﬁ#@é@i%ﬁ%qﬁﬁﬁé@% 1qeftiabo B Rofmalzalibf, FER"
di fference v £4a shdare! 106t RS Aivision, dtleach pixell TherMeratrachdwever, vert ex.

The vari abl es (1), dCg(1), dCb(1l) represent the 20 . col ence
vari abl e al on!ptes.ﬂmasageombombenqvﬂ!;ommomeé'aleaﬁ@“% eg@ %as tdcg( 2)

fhe second Lnéﬁr?'?qeéha@ . gl GBERER Vot P Eo0e 68903 2308y esemtt“ﬁin

col ON i {57 eifauQisbid Vil €lbr Ukchiowiéid holdd, Whe FHiong squatiornasialsecond
From e 'of

vertex. 2 e magnltu position difference variables (dPx
versus dPy) t GRjef@iqoatieXi s can be deternined. The major axis Indicates the
direction In which to render ‘the edges of -the polygon. In the present
illustration, the major axis is the y axié for the first edge, the y axis

for the sec_ond edge an s f@sSi tion
di fference variable for {%ésswrtﬁgi(ﬁl;e ‘ﬁg“%? 9“%‘ Jggw'zﬁmﬁgjboé&am S
di ff er ence: vag)A/atute ! thafigthe feré)enbrmizl v8ei0fs dro Identical butdhe Bighitposifioa s - 20-
' 15 just above the friangle surface. Therefore, the vertex light vector varies and the -
diffuse reflection, which is the projection of the veriex normal vector onto the

veriex light vecior, varies. An equation order which preserves this variation would

then be selected.

20 Referring to Figure 4c, it Is assumed that the triangle has no |
o .- curvature, but the eyepoint position is just above the triangle surface. Thus, the
veriex eyepolnt vector varies, the specular reflection which involves the projection
of the vertex normal vector onto the vertex eyepoint véctor‘ varies. The system of
" the present invention would detect this situation and select the équatlon order

25  which presetves the reflection variation.

Thus, the system balances out the advantages of fast low cost
computations with lower quality images and slow, higher cost computations with
__higher quality images. Fast, low cost computations are.preferably usedto
30 datermilne the amount of reflection on a polybon; howevet, if the curvature of the
- polygon, the position of the light source, or the position of the eyepoint indicate a
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one unit increnments are used to traverse the trlangle edges accordlng to

scan line tendering techniques. The vertices are then sorted to deternime a
| eft edge and right edge of each scan line. 5 According to the
|l ogic of the scan line technique, the variables used In the scan line 7

juat i t b bet { tiali to b
he.vert ox Sonipaoplecidn yanian.Aanes (daurare. @ taichsder suBion s b5H e once
var | b1 oo ffrohln G BHgRCTRIE YRR con Mo, Yhr i o1Ce

vari abl es, after d| e or axis; yle I'T'zed position

| ncrenent s, od:ﬂputhuensmm memmﬁm.s Thefpolygods havinglittiyy t he
maj or axis, yield the normalized normal | ncrerrents and the col or

di fference Géivature,.dargedistancesitoithe light spuncacandiptge. disinaces todhe eyapolnt,

nor el | 40 68 QlickyGhd Fkpondialy apu@g%g, .&qa%a}.m e Bl ) 4PV (D)
aP(3) <y U G LU ! ot e oM yRER P s RIS PHER ) ()

. =dPz( 3) / dPrendpretiysidg h: 2iiy Gfdet dPﬁl(Bliﬂdﬂf\M@ﬁDﬂd Nﬁéﬂéd réndetd using the

L i o v i i
15 1 i ) o 4 o .3 i

dCb(3) : tuiChliegredBtierBin tagbhqudlincr enent  val ues are then utilized to -
Interpolate the vertex attributes along the triangl e edges using edge \J
I nterpol ation |ogic: Px(l ) =Px(1)+dPx(1) Px(2):=Px(2)+dPx(2)

Px(3):=Px(3)+ 30 Py( =Px (1 _
Py(3)  =Py(3) +dPy(3) RIS "%‘fiﬂ?ﬁ?‘.’t‘f“‘ w@'ﬁ%é%"ﬁ“i’d‘m% be used
-PZ(3): =Pz( e‘&ﬁ’éﬁ@lhe 3ilnount oh%flé&lion Wlﬁ/ n: ze%< bﬁier :IhBl( &héﬂm 2)
NX(3) : =Nx( 3) +dNx{( 3) . +dNy( 1) (2) (err)
Ny ( 3) : =Ny (.3 peckund G}dev The zero order equatlon computes a co_n_;t_gnl value for the entire
15 polygon surface. Preferably th_e zero order equation fbll.@igs Lambert's Law and
computes the ditiuse reflection weight according fo: = - s |
cos(a)=N+L, o B -

where N is the hormal to the surface and L Is light vec\or The normal may be a ~/
- vertex normal or a normal at any point along the suﬂace_ Pre!erably. the normat is

20 the average normal of the verlex normals..

A first order equation is pr__é_letab!'y computet_i_ff__;agcgtdlng to the
Gouraud shading technique. The Gouraud technique g;eng‘jfa’_tes,an image of
adequate quality when the variation of telléc_llon across lha-? polygon surlace is
25 small. it is preferred that when the variation of téfleclion across the polygon
surface is significant, indicating the need to employ a seoond order equation, the
Phong shading technique Is used.
The process of the present invention Is described with reference to
30 Figures 5, 6a and 6b. Figure § llustrales the flow of the process with respect
" 1o a first embodiment of the present invention and Figures ;_'éa and 6b lllustrate
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Nz(L1 ):=Nz(1 )+dNz(1) ‘Nz(2).: -Nz(2) (err) _Nz(3):¥Nz(3)+sz(3) 5
Cr(1): 20 (1) +ddCr (1) Cr(2):=Cr(2)+dCr(2)- O (3):wor(3)(err) Cg(1

):=Cg(1 )(err)  Cg(2):=Cg(2)4dCg(2)  Cg(3):=Cg(3)+dCg(3) Cb(1):=Cb(1)
dcp( 1) Cb(2).: Cb(2) +dCb(2) ~ Cb(3):=Ch(3)+dCh(3) 10 To traverse the

POl Y900, 1 B i i RIS AP R BL Gt S Bl el
line, the diffqherpreferedishiiodiménts wille 86subbd WRhespédct l&lméb%t findeAfigs The .
difference variables for the scah |ine of Figure 7d are:

dPx(y) : =Px(xr ) using:gcan line techpiques; hawever, as-wilt be Ie)lldenthrque) skﬂlat(ln the art( x| )

GP2(y): ZPe(xn) "msasfm mvenuoaw aril o 3R b oo el )
The vari abI (ﬂgg ‘fi‘ﬁ
dPx(y), nor I ze t var i ggﬁ?ﬁ?ﬂgﬁmﬁe u%??ﬂoért%fﬁbf}g?r%

vari abl es for wbalcos@nothwboam eomjmonstaematmb pb ou,nl formincrenents of
the raster): dPx(y):=1 dNx(y): —de(y)/dPx )

o B e Ll i b
= X v4 = X
dCb(g) -dCb(g)/dPx(g) 5\’ m@?#‘f‘ﬁi‘ﬁ%‘f"& % R!%H'é&!‘eai\lz{’% q’é%"
i nterpol ated a%t@ﬁs“edd‘l%r bidﬁHiHanﬁré hbtarrﬁlhﬁd tahd Wﬂr fo?@ach ?i hesa

F’><(><y)\/F’><(><y)+1 Nx( Xy) Nx(xy) +dNx(y) G (X, y):-C (xy)+dCr
Py ( xy)s< cofbt ardisplay elesnents)is dmmml@qyenez@mmesmm position and normal )

e o L o e i o r bl toe s, 814 v SPoaid i ouitons
rendering pr OCefSpn Wé@eh'ﬁnﬁfarﬁﬁs(}hfﬂm ﬂ{?ﬁufetsgﬁ &lhE? ﬁg sol ution

el i m nat és the nee erm ne erence equati ons nor nmal
vectors. | nst eapndiibAs)adrbesthe driplaCelementsthe polyg mlm&eeagrdmemcél 2,3)

AL et e ned ablos ard determined, ¥ ”a.*;%ey,é..uméémé Spectly ho CSHer)
. pecify how to increment the
15 - vertex attributes {depth, normal, color) along the polygon edges and across the
scan fine beiween polygon edges. In most cases and as iliustrated below, the
normal difference variable {as well as color and position) is determined.
However, i the test criteria described herein Indicate that the light vector and/ot
- @ye vector vaties, the difference Qaﬂabtes for the same would be determined, in
20 the sémg manner as the normal difference variable Is determined, and the

~ attributes would also be interpolated across the polygon.

‘Relerring to Flgufe 7a and 7b, the dilference variables for position,
normal, and color are first determined by the following:
25 | |
| dPx(1)=Px(2)-Px(1) dPx(2)=Px(3) Px(2) dPx(3)=Px{1)-Px(3)
dPY(1)=_P¥(2)'P¥(1) dP¥(2)=P¥(3) Py(z) dPY(3)=PY(1)_'PY(3)
dPz(1)=Pz(2)-P2(1) sz(2.)=Pz(3)-_Pz(2) dP2(3)=Pz(1)-Pz(3)



cos(err) The diffuse weights are then absorbed into each of the vertex
color attributes. C (1 )=(Cerr) Cg(1)=(err) 15 ' Cb(1 )=(err)-
Cr(2)=(err) Cg(2)=(err) Cb(2)=(err) 20 Cr(3)=(err) Cg(3)=(err) *

Cb(3)=(err) 25 It should be noted that the expressions above ‘
descri be the dlffuse reflectlon for one light source. If there are multiple

| i ght sources, dnNu X(2)-15(1 fums HNﬁ(ﬂLﬁft(@'ﬂxﬂﬂf el Ctdm9)=m(f'ﬁﬁxfd[)| on

contributions are addl tive. rrst. order 'sol ution,. the pos

di fference var |dﬂ)1(13b=Ny|(12) ?dx(libr - BGNU(Z)éNy%(MaH atﬂl'he(3)a=vNy(ﬂ)eNy:(3h ned as
expl ai ned above need the n I fference

vari abl es. The MW (?)/al ueghﬂ?gﬁ&?@m&) 8"£§h£’d”’~ﬁ@é wei ght
val uesg However, a probl em whi ch arises with this® soI ution is that the :
di ffuse wei ght can be understated. A second order 'solution corrects this by

utilizing the rusmﬂlgcmj.mﬁqnce vdcuqh)@(a)ﬂe;(z;escr|dm(t;)ammq,cy($)e nor mal

.vectors at the vertices are: ntergol at ed_al ong t'he pol ygon edge and

then are 5 nord&a(i h&ﬂ(ﬁ)’gﬂﬁ)espeéf-:ﬂ@’ 063)rRafA) t uddCa@)= (3ector is
t hen i ncrenent can o] eft and
ri ght pol ygon 3’3‘5@3‘ Q‘%ﬁz gsﬁ r mal F?ggl?) {;b@;}e?ﬁg }s/gl Wtﬁ%‘ Q’?‘&l”s nor mal
vector is then used to calculate the diffuse wei'ght -at each display 10

el enent : (err) and the diffuse weight is Incorporated Into the color
val uest0 where dPx(i) dPy(1), dPz(1) represenl the position dmerence variables for the

edge between the first veriex and second verlex. dPx(Z). dPy(2) sz(2)
tepresents the poslﬂon dmerence vaﬁables for the edge belween the second
‘veriex and third veitex; dPx(3), dPy(a)_. sz(a) tepresen_l_ t_h__e position difference
 variables for the edge between the third vertex and the first veriex. The variables
15 - de(i). dNy(1), dNz(} ) réptesent the normal difietencé"venibles for the normals
at the ﬁrst vertex and lhe second vertex. de(?.). dNy(2) sz(2) are the normal

-
u

ditference variables for lhe normals at the second vertex and the third vertex; and
dNx(3), dNy(3). sz(3) are the normal difference varlables for the normals at the
third vertex and first venex The varlables dCr(i). ng(1) dCb(1) represent the
20 colot ditference vanable elcng the edge beiween the ﬁrst and second vertex;
dCr(2). ng(2) and dCb(Z) tepresent the color dlffetence verlables along the -~
edge between the second and third vedex. and dCt(3). ng(S) and dCb(3) _ o
tepresenl the color dlflerence variables elong lhe edge belween the third and first -
vertex. - '
25

From the magnitude of lhe position dmerence vatlab|es (dPx versus
— dPy) the major axis can be dete:mlned “The ma]or axls lndlcates the direction in
which to render the edges__ of the polygon. in the present lllustra_@lon, the major
axis Is the y axis for the first edge, the y axis for the seccn.d edge'-;and the x axls for
30 - the third edge: The posttion difference variable for the minor axisf is divided by the
major axls difference variable to detive the increment for the minor axis. Then



15 & (x,y):=(err) Cg(xy) :;( err) Cb(x,y):=(err) 20 The formul ati on above -
assunes the l'ight vector, L(X,y), does not vary across the polygon. If the
| i ght vector in fact does vary, the light vector as well as the nornal
vector nust be Interpolated and nornalized. The additional interpolations

and normal i zat f ons L e ' i ye em of the
present 1 nvent P OuFinSrerbofis SR 68 ioBBfes g BiigleCoocbs SRt tilo SobiiBe, s
First, the sysigomhg fb‘éhnfqbﬁsxp’l’ﬁﬁ QBitichs MANThe Sortt) 1/ dBlérRingaden bﬂgiﬂﬂﬁ& y the
zeroth order, first: order and second order solutions, such that e :
expensi ve hi ghﬂdnmbesﬁbachem Bnee only used when the normal vector
variation, light vector variation, or eyepoint vector variation actually
require it Second the system of the present invention nmay -optionally

det ect whi ecific 30
whi ch veclt or Ssgl glnl :‘ [ cﬁq’&“"‘f‘“ﬁ@ Wlhgs%%f %a?%kgﬁéﬂ@ﬁ@ggﬁ&@égb |d1ng
the tine COHSUmlﬂdsb&ihié)Gh@éﬂoﬁé 16 deédiibolthe edgestsitneery the vaiticdsdreudi ng

t hose which do not -24- require interpolation. In addition, the system
of the present initialized tode theyw mnnbuﬂagagd!rmmmteladablaamved fromtbece
equations to Interpolate the color v Iue avoi t

expensi ve cl as&#‘g @GP ahles, are-yised.io Faﬁ@fsg} gp Ppﬁ'g f’ﬂ@'ﬁ'ﬁ*ee

vect or v 5 Ref %ﬁdbl{?&é?ﬂef Blgiéfo?‘th% th}ﬁ br i, k?J né li?éd’ Eliloﬁ Pisé?élﬁévﬁﬁ Wil |

be ex alned curv ture ross e su ace

det er ed{0 Thits normabdierence dadables,difteg divisiani tsy themm;busa:as yleldithef t he
verivces of the pol'égon and the anpbunt of curvature determ ned fromtrlly
I ces

nor gal s, and cBewmakzed norealinerements; B“Gﬁh%'éﬂ"&'aﬁ‘lﬁ'én'b?l’mﬁnﬁ@' divisiop

I I
breferably « he MBS AR LN Hhbndisd ol Intfierty'| O5F ' 2 SEVET S
cos(err)

dPx(1)-dPx(1 ydPy(1) dPx(2):=dPx(2)/dPy(2) dPx(3):=1

15 dPy(1)=t  dPy()=t dPy(3):=dPy(3)/dPx(3)
dP2(1):=dPz(1)0Px(1) OP2(2):=dPZ(2)dPx(2)  dP2(3):=dP2(3)idPx(3)

dNx(1):=dNx(1)/dPy(1) de(Z)::de(Z)ldPy(Z) dNx(3) :=sz(3-)ldPx(3)
dNy(1):=dNy(1)/dPy(1) dNy(2):=dNy(2)/dPy(2) dNy(3):=dPy(3)/dPx(3)
20 dNz(1):=dNz(1)/dPy(1) dN2z(2):=dNz(2)/dPy(2) dN;(S) =dP2(3)/dPx(3)

dCr(1):=dCr(1)/dPy(1)  dCr(2):=dCr(2)/dPy(2) dC[(3):=dCr(3)ldPx(3)
dCg(1):=dCg(1)/dPy(1) dCg(2):=dCg(2)/dPy(2) dCg(3):=dCy(3)/dPx(3)
dCb(i):=dCb(1)lde(1) .dcb(2):=dCb('2)ldPy(2) dCb(3):=dCb(3)/dPx(3)
25 _ |
The Increment values are then utilized to interpolate the veriex attributes along
the triangle edges using edge Interi:olatlon logic:

Px(1):=Px(1)+dPx(1) Px(2):=Px(2)+dPx(2) Px(@) =Px(3)+1 _
30 Py(1):=Px(1)+1 Py(2):=Py(2)+1 Py(3):=Py(3)+dPy(3)
Pz(1);=Pz(1)+sz(1) Pz(2):=Pz{2)+dP2(2) P2(3):=Pz(3)+dP2(3)
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15 where cos(err) cos(err) cos(err) The cos(err) vaI ue rreasures the .
maxi num vari ati on between the vertex normal 20 vectors. This predicts t»he
maxi mum curvature on the polygon. If, at block 205, the cos (err) val ue _
| ndi cates severe curvature, a second order shading equation Is Inplemented °
at block 210, ‘otherwi se the cos (err) value is saved to be used

subsequent |py x(mpgﬂgﬁgpamqgal u%&(ﬁ) =Nx(2 +dNx(2)" - prﬁgﬁe @eshol d val ue

. 1s used to determ t he cosS err whi ¢ di ¢ es ere

cur vat ure. Ny{(e):Ky i1y al udiya) mﬂfa)amym enpNy(3)aNy(@)dghiggay ned. The
C

threshold v Iue cor.responds to m ni mum curvat ure for whi a quality
| mage can” dYA(}) szt b q usNﬂ@-%Nd@B@M#@)or hNZR=NzEN4dN2@yuat i on. The
criterig of qual [ ty is application dependent. For 30 exanple, |If cos(err)
i s about one, indicating.that L and N are parallel, and if the criteria

were to prf(ag)mmpumuyf pr@(g)r,gmg)mcﬂﬂe colgf(3) SCHP) +dd}met hean

t hr eshol d values to select the zeroth order, first o

second ord &g(éHaGU(HMdCQMI d 1Rg(2):eCg(2)+dCa(2kr ot 60(3)14@9(3)+ng(3)

000 e ) b=l iaBhrT o GRBRGbiou PP S BL SRR, | cacr

application used and each inmage generated. Typically; if cosine (err) Is 10
approximately a value of one, the curvature across the poI ygon i s mni nmal

and t-hdopr dmekavdr*sometmlygmum vertdx ativibutag @re lrlerpblatmbmme ealuesatvere and
i ndicates that a fast, |ow order shading equation would not provide thee/

desi Ir ed ﬂuaﬂ‘Pt‘%ﬂ side@nd right sldo of thiysean ing dsea-Fige 7e)- tT‘Prﬂ“ thersaanilng. thed \85
oL 't HGHHES IRRIY fhr e B0 arl 7 dsg'ﬂﬁ\%car 2 AfiekR e “qual i1y,

the thres hwaiiambuer the'sd2m lﬁetortmgerd Pdvare:

15 - dPx(y):=Px(xr)-Px(xl) dNx(y):=Nx(xr}-Nx(x}  dCr(y):=Cr{xr)-Cr(xl)
dPy(y):=0 - dNy(y)=Ny(xr)-Ny(xl)  dCg(y):=Cg(xr)-Cg(xl)
dPz(y):=Pz(xr)-Pz(xl) sz(y):=N-z(xr)-Nz(xl) - dCb{y):=Cb(xr)-Cb{xl) _
The variables are then divided by the width of the scan line, that is dPx(y), to

20 normalize the variables and produce uniform lnctetheni' variables for th.e' scan line
(preferably to match the uniform increments of the raster): |

| | v

dPx(y):==1 - ’ de(y):ngx(y)/dPx(y_) ' '.ng(y):=dCr(y)ldPx(y) |
dPx(y):=0 dNy(y):=dNy(yMdPxly)  dCg(y):=dCaly)/dPx(y)

25  dPaly):=dPz(y)/dPx(y) dNz(y):=dNz(y)dPx(y) dCbly):=dCbly)/dPx(y)

> With this iniormalloh. the vertex attributes are'_lnta'rpoléle'd- across the triangle to fill -
the triangle: ' '



val,ue In order to generate a.greater percentage of fhe polygons of the
i mage using a zero order equation. For exanple, If the criteria were to
preserve 4 bits of precision.for the color ternms, the threshold values to
sel ect the zeroth order, first order, and second order equations would be;

3:8(2952?:?03&?@35%@;& :rjhzglrcsi Fﬂ’q?ﬂ?‘f i’g{fwﬁu@ﬁ&wﬁ@%@'ﬂ? eci se: y.
of “one Lo cauddOEYRLERBIALC 10 RGN GERININ] CplECREERRRLIC, 101 ¢
hi gher - or der FapeyyeP#R )gurg(y.) ! Nz(m:mzmﬂqgme(;gg ©Cbfx,y) 2:0b{x,y)+dCbly)ock

220, the variation of t ocation of the source with respect to
the vertices is determ ned. -26- The light direction relative to a

vertex will v re,the.closer, the |jght source js.to ihe | ygon. For an
Infinite | ghmc’ﬂ'&c@fie‘im an °Mﬁqﬁsﬁ‘ﬁkmsﬁ'?ﬂ F”ml{"h"%f"&'sﬁ@%ﬂ'&my; the .
| i ght source gy ﬁg&i ' SRISFE . j frind |4

source, one i#‘;' ic’h(t'lﬁgik ?(')‘yg? red a ﬁ“ﬁf‘?’?’ mdéfﬁg‘rlg{gagagﬁ'&ggnﬂﬁssttpgﬁgd5

by Figure 8b, to determinetthe differench @guatians fontheatcrmal vealorg. thstead; thé difiuse s z
det er m ned: cos.iaerr) wher e c\?‘s(err cos(err) cos(err)

where Lx, Ly, reflectionweigits at ﬁéfeﬁ@)gsﬁﬁaﬁ)&re f’ﬁ'@"ﬂ\“@ﬁi source with respect
variai on betneen PREGIEFHCINAIERARRFOMATNIEN © 8 oo el O e
I nfinkte Hgght SoupeSu2):REX@PNxE)iLy(2)+Ny(2)+L2(2)*Nz(2) |
ot © cos(o3)=Lx(3)*Nx(3)+Ly(3)*Ny(3)+Lz(3)*Nz(3)
| The diffuse welghts are then absorbed into each of the veriex color 'attrlb_ules.
Cr{1)=(Kar+Kdy*cos(a1))*Cr(1)
: Cg(1)=(Kag+Kdg*cos(a1))*Cg(1)
15 Cb(1)=(Kap+Kdp*cos(a1))*Cb(1)

Cr(2)=(Kar+Kdr"cus(a2))‘Cr(2)
Cg(2)=(Kag+Kdg"cos(c:2))*'Cg(2)
Cb(2)=(Kap+Kdp*cos(a2))*Cb(2)
20
\s Cr(3)=(Kar+Kdr*cos(c:3))*Cr(3)
' Cg(3)=(Kag+Kdg'cos(x3))*Cg(3)
.Cb(3)=(Kap+Kdp*cos(a3))*Ch(3)

25 It should be noted that the expressions above describe the diffuse
reflection for one light source; It there are multiple light sources, the solution sums
the diffuse refeictions, since the contributions are additive.

_ In the first order solution, the position difierence variables and color-

30 difference variables are determined as explained above. There is no need to

defermine the normal difference variables. The vertex color values account for

R . N
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value is, by definition, a value of one. If the variation, at block 225, is
found to-be severe, the second ordet shadi ng equation is |nplenented (bPocR
230). 20 . If the reflection equations Include specul ar .
reflection, (block 240), the vertex eyepoint vectors (see Figure 8c), that

bl ock 250, B8 sl WeKghL s Hlanewer 3 eiobledt which stipes Wit Bis sofan o -

Lo ( - afe hi : _ ' gt
SPceT oA o b, MBS L.,

t he surf acepy dtlizing thendrhéiiifieronde veriables. As destribed aboves; tiss hornealt he | i ght
source at the surface, If the reflection equations are not to include

specul ar sHaglaig at the variicas ara dirstinlerpolaied along the polygan edgesand then@reat i ng
there i no [ Lat] iy i e r L The I mum

i nt ensi ?'y \f#ﬁ'&l’%ﬁ& h*é%%@ﬁ%’ﬂ‘ggx 3&'815\"56? -’.’fgt?,' I8 theq '?‘ﬁﬁ@fp@? of the
nor mal . vect gyoaith Hoaf fing bi e pafftfohietivaén fie 16 and Aght dilyddtFediistind eCt of
variation. The function bel ow,” for exanple, selects the mninumval ue of
the three desormalinedrateach displaymglementect i ng tzhe nmaxi mum angl e variation: 10
cos(err) The weights a(err) reflect how the three cosines values affect
the conplete reflection equation. A small change In the cos (q) value, for

exanpl e, : | e Ik ! i ity which
Feaches ¢ holtlp hofjalYekich f theh Yol oG e ifiss W B5cH BBy | ¥ "0,
t hat anjgaccelement:det ermi nati on of the naxi num variation can be nade. Ab-/‘
bl ock 270 and; 280, tests are perforned to determ ne whether a first ordeb

or a second order shading equation should be used to conpute the 20 ,
shadi'ng of the I b arl \§ l ,ty-variance to-
t hreshol d val ué?SW?'PPS%’X%é'Qgﬁ&pﬁpm%%%{ﬁﬂ%wbe' enpirically
det er m ned or ' _
. and the diffuse weight Is incorporated into the color values:
15
Cr(x,y):=(Kar+Kdr*cos(u(x.y)))* Cr(x.y)
Cglx.y):=(Kag+Kdg'cos(a(x.yN)"Calxy} . o
Cb(x.y):=(Kap+Kdp*cos(u(x,y)))"Cbixy) - o

20 The formulation above assumes the light vector, L(x,y), does not vary across the
polygon. If the light vector in fact does vary, the light vector as well as the normal
veclof must be Inlerpblaled and normalized.. The additional Interpotations and
normalizations are ime-consuming and expensive. The system of the present
inventlon simplifies the reflection calculation in three respects. First, the system of

25 the present invention d_etermlnes when to apply the zeroth order, first order, and
second order solutions, such that the expensive high .orgér solutions are only
used when ;he normal vedor variation, light vector varialion, ot eyepoint vectbr
variation actually require it. Second, the system of the present invention may
optionally detect which specific vector values_ tequire interpolation by determining

30 which vectors significantly vary across the polygon ai_u_i thereby avoiding the time
consuming In_lerpolatloh of the three vector values; including those which do not

—— .24



adj.usteq by the user for each application according to the quality of the
| mge “desired and the anobunt of tinme to generate the inmage. Preferably the
first threshold value is In the range of 0.996 to 0.938 and the second
threshold value 25 Is In the:tange of 0.992 to 0.879. For exanpl e, for a

los oo oder - Tegire biitboigtor i Adchiofy, ine 3farh bl e, ESKHH inleppan may oT0) o
to the first tdpuansiny ghusadmeoﬂ!maﬁ Blftem:dévéqmms RlIRROIANe RS Icaldr%ms

greater than the first threshold value, a zero order equation |Is used
(bl ock 310). 1vhis optiorcavaids the merel mnsilwanlassicmyhﬂlbnt\rdﬂo:mhndrpolaiest andkshol d
val ue, at bl ock 28 mexi mum variation Is 5 conpared to the second

t hreshol d val J©OrBal zqsf‘ﬁﬂ%mﬂﬁ?ﬂ?[ﬁn intensity variation I's-less than the

second thrgshold value, the shading Is generated using a second order
equation. f It Is not, at block 290, shading is perfornmed using a first

order equation. Once thaewm; tdtlgwosrm‘elmeossrblwptesam inveitorLiwilicbe S
determ ned; the color values are determ ned al ong the edgés of the oI ygon

and the pol ygdxplainerh Atblock:200; thescuryaturs agrpss tersudaes is emnevénab I8 he

Chrock 326, X e&rgﬁ SinsRing 3 thedfotels sl of i WAoo e befieBf bl
reference to 5 ?m P ﬁﬂqa@t‘b dﬁ Fgﬁ,rggﬁggp@,gq{ohhgg and nggﬁ,gaama mm,m 15

I ncl udes the ct1on. escri bes an enbodi nent which

al so ‘“Hcl udes cloamgiare betweer pairsof vbitices o deleening it the canatuteraerassdbecr i bed

bellow with respect to Figure 6a gy e conbi ned wi.th the enbodi

destr i bed wi t HPQlygansuriacg issgyare. ?’B'Qh'b'\hed@“%’("'&)Hﬁ\‘%‘mé@é’sgg‘jfe&mm| ch

utilizes when @pﬁhg‘g % t he .speed of t-he enbodi ment described with

respect to Figure and the high precision of the enbodi nent descri bed

wWth respect to Figure S. Simlarly, the enbodi nent described wth respect

to Figure 6a may be conbined with the enbodi nent of Fi gure 5.
cos(p)=min{cos(1)), cos($(2)), cos(d(3))) .

15 where _ .
cos($(1))=Nx(1)*Nx(2) + Ny(1)*Ny(2) + Nz2(1)*Nz(2)
cos(6(2))=Nx(2)*Nx(3) + Ny(2)*'Ny(3) + N2(2)*Nz(3)
cos($(3))=Nx(3)*Nx(1) + Ny(3)*Ny(1) + Nz(3)*Nz(1)

The cos($) value measures the maximum variation between the vertex normal
20 - veclors. This prediets the maximum curvature on the polygon. ff, at block 205, the
\ cos (¢} value indicates severe éurvalure, a second order shading equation is
implemented at block 210, otherwise th_a cos (¢) value is saved to be used
subsequently in the process.

25 A predetermined threshold value Is used to determine the value of
cos ($) which indicates severe curvature. The t_l_nrashold value Is preferably
empirically deter:nlned. _The threshold value ooiresponds to the minimum
curvature for which a quality image can only be generated using a second (or
_hlg_har) order equation. The crileria of quality Is application _dependen!. For

30 example, if cos(a) Is about 6né. l}ndlcallng that L and N are parallel, and if the

_ criteria were fo preserve 8 bits of precision for the-color terms, then the threshold

—— = -25. -



Referring to Figure 6a, at, bl ock 420, the-location of the |ight source 25
with respect to each of the vertices Is determined. If the light source?*is
a position light source, that Is, a light source which is a finite distance,
fromthe vertices of the pol ygon, the location of the |ight source with

respect to each ,of verti es Wi t he t soyrce |s an
infinite |i 935'8159 "Pn’ee'? arget, h’s& 4%9"?‘{ W"gcﬂ.'ﬂ?,’eeq’d pngwolide sane at -
each .of theygertices. 30 -2g- =~ At block 430, the dot product of the |ight
vector and surface normal at each vertek Is determined, and, at block 440,
the difference In value between each of the dot products at the vertices is
conputed. At bl ock 450, the naxi num val ue, cosdi ff(a) Is determned to be

t he maxi num di f 5($)0,96, usgrzerth ordafuct s: mex(err) This value is used

f
to deten ne what order, second 10 order or higher
order eduation ﬁdﬁ%&cg%@&f% g’%é‘#ﬂ&f‘g&the shadi ng for the polygon. A
first threshol do(ggzr(},o%@éos@gb tsdcowd Bfdér ne whet her: a zero order shadi-ng
equati on shoul d be use By using zero order--shadl ng equation, tinme and -

expgnsedcan be saved mhlle still- generatlng the - deS|aed qgallty of &Ee ] .

I .
L aecond 1519 srasly U SieanoRLYAIS Ismodheldio 57 b8 et 1o Tustomip the pocken ¢ ( eﬂ)
and, err) "By ol SRR b aR) bhdtiniaoriorafbidd, Fyplobfy it RN TRD, | °2 ! O

shadi nd0 t rupprwumatnlydewamlﬂl onbmmwwemmelmlmmemﬁaemd thede .
reflection equations. Therefore, the threshold value ( shoul d be set L9
a val ue whiRACess floveeoniouesto blapbazq yif e wma'ur%gﬂ spyets) @ﬁé‘ﬂdbalﬁist‘hmra t he

pol ygon to ende rde e reshol d
val ue (err ) EP "@Eg’#@ %HB% ?f‘@gé‘ﬁgpﬂ’f ‘{?s@%‘? F‘)’aﬂ’& Q\eso be set’
to a |l ow ValHéﬂeSH Forb (pRécidd) ‘buF hﬂn@ d%ﬁst%lnﬁlﬁﬁd &fstl{r hﬂglﬁ)el'd@%ﬂﬁdlﬁﬁ the | mage
wi || be performed using second order "equations. Alternatively, if the
user desir eprocessrieuded. Of bowse; Iépheamnmultoa aoﬂmage to be generated quickly
16  and does not care about the qualily, the threshold valug,f_._:an be set to a lower

value in oider to generate a greater percentage of thefpélyg_ons of the image |

using a zero order equation. Fo example, if the criteria were to preserve 4 biis of

precision for the color terms, the threshold values to seleet the zeroth order, first

order, and second order equations would be:

20
| w
1.000<cos($)<0.938 use zeroth order
0.938<cos($)<0.879 use first order
0.879<cos($)<0 use second order
25

Similarly, if the user requires a precisely shaded Iniage. the threshold
value can be set to a value closer to the value of one to '-'c:'éuse a larger percentage
of the polygons to be rendered using a higher-order shéé’!ﬁg equation. M the
curvature is not severe, at block 220, the variation of the l&catlon- of the light

30 source with respect to the vertices Is determined. - - ¥

Jr



an ,l mage and is not concerned with the quality of the shading, the
threshold values (err) would be set to generate that effect. :In particular,
the threshold value (err) would be set to a high value and a threshold
value (err) would be set to:a high value In order that nost tests perfornmed
woul d indicate that the 30. zero order equation Is to be used. (ERR

Preferably, the threshorise light diectlivhaeltive icoa vehecaIWarg inore s elesérthe need
for a quality Image and the need to render the Inmage as quickly as

possi bl e. Al sdightaoures isdo thepaiygan: sFerasUintinitedight seurce, thale onei logated en

f I's, t i s, the beam wi f th | flection.. Wen th
boamw dth' i o iR HegRe dvay, lhe aht Soutos ursBlonle e tdme Tera sy b Thi s
i el ds | ' t i th
yrelds |nmages p%h&@_%ﬁ%%réd pﬁb ﬂ?g@&}?@@sﬁ?yf&ﬁﬁ{d mgﬁﬁéé W’H' gs id&@yﬁéﬂ w |

t he renderi ng spee angi ng from aster an rendering

entire | mages byFigard dis, thb dight ssunct leatior varlayon.amomohe weliticosdept abl e
quality were al so ﬂener.at ed when the beam wi dth was narrow, although
di sconti nui t__ydPHgt s hadi ng occurred along certain 10 polygons In which

one pol ygon was shaded b0 . s ? i and an adj acent

pol ygon was shaded usi n‘g’gﬁ‘r}’g’éhﬁﬁ@%@@?% ﬁ'&%’?’gﬁg‘%ﬁs probl em however,
can be avoi degyHayreusi ng smal | er pol ygons. Typically, in practice,-the zero
order equation Is not frequently used because of the need to generate

hi gher quality | nmages. cas¢p@pos bx(1)'ha(2) g holy(2) allatd)tie(?) | s preferably.
set td-a yalue-of 15 approxi.nafely,.0,1 such, wPalygons will be
render ed ﬁgi ng the hi gff%‘\ﬁébe?L%H‘ér‘f‘s‘-"ﬁ&n&ﬁtfr@%&tﬂ%m of the
predént Invention Is d @?g ' ahear [ The process
flowls simlar to that g& |b%@?%&@i)gu%?ghﬂ%g,&g?}ezgp specul ar -
refl ection is whete Uy, L reprdsérits the position dof ithd light soarfceawith espedtito tine
process Is to Include specular reflection, at block 610. the eyepoint
vector for ead@@®rtex |s calculated. The cal cul ati on normalizes each

eyepoi nt vector by its magni tude. At block 620, the projection of the
reflection vector onto eyepoint vector at each vertex |Is determned (R V).

This. val ugscos (err), prikgless(y) valae Ba naeordniint bbficoiralion bétwddnobe 630,
the difference between cos(err) val ues at each , ' _
veriex light vectors. If the light soutce type is an infinite light source, the cos(y)
\J value Is, by definition, a value of one. If the variation, at block 225, Is found to.be
 severe, the second order shading equation is implemented (block 230).

20 If the reflection equations include specular reﬂectioh, (block 240),
Nt the vertex ayepblnt- vectors (see Figure 8c¢), that is, the eyepoint position relative
to-the vertex position, is calculated at block 250: - '

cos(n)=min(cos(n(1), cos(n(2), cos(n(3)))
25 where
' coS(n(t))=Vx(1 )*Vx(2) + Vy(1)'Vy(2) + Vz(1)'V2(2) - -
cos(n(2))=Vx(2)*Vx(3) + Vy(2)*Vy(3) + Vz(2)*V2(3)
cos(n(3))=Vx(3)*Vx(1) + Vy(3)*'Vy(1) + Vz(3)*'Vz(1) | )

30 Specular shading Includes the amount of highlight on a surface. The highlight ~
directly cotresponds to the location of the light source with respect to the surface

————, .—_

7. - -



.vertex Is conputed, |.e., abs(err) - abs(cos(81))). At block 640, the. _
maxi mum di fference is determned. If the maximumdifference, (err) Is’less’
than or equal to the first order threshold, at block 650, zeroth order
shading Is selected. If the maxi numdifference, (err) 30 1Is greater than
or equal to the second order threshol d, at bl ock 670, second order shading
.is select eamddtmlncmlempfthewe Mdespmmmwmﬂhﬁmaues lithed. - 31.

Figure 9 is abl e lCh i s the adva es of t he techni que
descri bed Iﬂ%‘?%t"ﬂ" °ﬂH€ iong Are "Qﬁfﬁ\é'a]tf‘ﬁ@ spacylar R%Sﬂ%('l)bj ect -
using the dindikatise (Hokd! W . or.der 5

equati on, F{gaggu%rﬁguh te&ﬁ% que%v%m!] oys apﬂ rst order equation, and
t he adaptive shading techni que of the present invention. The specul ar power
is the - value which_is indicative of the reflective capability of the

surfaced As the specliimaxigium intersily vatgtionis then detauninedratbinck260: asec

I ncr eases. t ken_ tp.render .the i mage
using this q@@g{l' i“"‘%}ﬂé@%%@&ﬂ@%‘ﬂ §°(°H§°’ﬁ?§‘f’ﬂa?'? %eﬂ?"gqua[e
error bet wgggtor Vari@iore! THehaio beldw Ior Bxarhple édﬁﬂ@ttﬁ%ﬁhﬁﬁrﬁ%ﬁié déthe

. adaptive shading nethod and the -second order Phong Shading nethod. This is
cal cul at ed the lhrgetcbslneqmmmmereb,y sélecting the m)a)(mum)angbrvaﬂaﬁhe:r e 20 Pr(l):
red conponent of 1'th pixel of Irrage generated via Phongs nethod Pg(l):

- green conponent of i'th pixel of inage generated via-Phong's method Pb(1):
bl ue cqgponent )n "ﬁ«' W’ hong s met hod Ar (o) :
red corrponent o?’sf@w p@!( !)‘%Bs{? ntleqﬁggﬁﬂﬁhgﬁg ted via Adaptive
Shading - 25 Ag(l): green conponent of (err) pi er of v

ddentical .1 mage lgener ated via Adaptive Shading
The weights a($), a(y), a(n) reflect how the three cosines values affect the

. complete teflection equation. A small changa in the cos (n) value, for example,
may translate to a large change in the reflection intensity which reaches the eye.
15  Thus the weights are used to "even out” the values such that an accurate’
determination of the maximum \:raﬂation‘-can be made.
At block 270 and 280-. tests are performed I§ detefmlne whether a ~
first order or a second order shading equation should be used lo compute the
20 shading of the polygon By’ comparing tlie_. maximum lnlehél:y variance to threshold
values. A first and second threshold value may be emplricaily determined or : u
adjusted by the user for each application according fo the quality of the image
desired and the amount of time to generate the image. Preferably the first
threshold value is in the' tange. of 0.996 10 0.938 and the second threshold value
25 lsin the range of 0.992 to 0.879. For example, for a méxlmum variation,
cos(éy,n): : o =
1 < cos (ém) <e1. use zeroth order
el<cos{¢m)<e2 use first order
30 g2<cos{¢y)<0  use 2nd order



Ab(i) bl we component of (err) .pixel of identical image generated via
Adapti ve Shadi ng 30 The snmal |l er the NVSE val ue, the higher the
quality of. the image. Thus, the lower the.threshold value (err), the better
the quality of the Inmage generated and the slower the renderi ng tine.

Conversely, the higher tMbid&k@?b%dxiﬁﬁi#ﬁieﬁsiifvﬁ%ﬁiéaﬁnﬁei%b'iélhﬁilrsihe

| mage generated. and the faster the -32- rendering:tinme regardl ess of the
specul ar power thrasholdvalusmebs If the mdmmmsnynammdag:eatetdhm st an

r§p§ égré?gf'te&%r%iaﬁivaﬁ%ﬁ § ouler el Wsméo%é«laioi’“iﬂm.v e-i'nstué’ss:n
0. 0001 and O. o%gﬁ%ﬁgsgﬁlggﬂ@jg% e sh{% %I SCOI’]?I nul t?’e“%%@aﬁr‘t&%ﬁs

havi ng NVSE §al eompdred tethe sbcond Bireshiukd 9a106@2. Wake nikimtim tntonsityoviriation is es
which are apparent. |nmages havi ng NVBE val ues above 0.0005 are noticeably

flawed to a vi dpes than li\qeecwui;ihresjold value, the shadirlmls qmewqd usiwénsevzm\d s

Chedi ny of & povSaraduetioh, IEE!nol. ot gk 208, ot t'??ig? recf G418 B frstiigon,
the descriptiong Lf‘ﬂibna@hc%bé]om‘ﬂ?ih%%ﬂe ﬁeﬁ?err i Ul tlﬁﬂeiﬁﬁf’néﬁ iﬁb n

the scope of the venti on; however OW Nng

equati ons be useslot Vdlesrarcdeiérnined dohg nlwemwf(ﬂie pbiygemahddle polygon ¥ i ons
15 executed to determne the order of the equation to use thus saving tine -

I n exechti ntP t heensietad waing foyward difigrencing le gander tha pjxe! (display;elerpents) ophe

P oF o g e PR BTV, oo F bofble BOKRR9 2 0™ ol e

extends to arbitrary polygons and paranetric surfaces. The normal vector.s
at speC|f|c points or vertices are determined fromthe . - paranetric
function whi ch defines timsecnnﬂaembodkeent afshe Bl@enﬂﬂmm‘?ﬂ ipdescripedwith

0y on 90" relbtsngTn ik s BoSHE) b b Sakdheb 4 SR80 WA,
Manuf act ur eq§€r jrojudes the diffuse reflection. Figure 6b describes an embodlmeni which also
includes specular reflection. Alternatively, the embodiment described below with
. respect to Figure 6a may be combi'ned_: with the embodiment described with
- - respect io Figure 5 to provide a com_prehe_nsiVe system which utilizes when
applicable, the speed of the embodlmeni described with respect to Figure 6a
20 and the high precision of the embodiment described with respect to Figure 5.
\ Similarly, the embodiment deseribed with respect to Figure 6a may be |

combined with the embodiment of Figure 5.

- Relerring to Figure 6a, at block 420, the location of ihe light source
25 with respect to each of the vertices is deiermined If the iighi source is a posiiion
fight source, that is, a fight source which (s a finite distance from ihe vertices of the
polygon. the location of the lighi source with respect to each ot the vertices will
vary. ff the light source is an infinite fight source, the location of the light source
_ will be the same at each of the vertices.
30



The first order solution calculates the total reflection at the triangle
vertices. If the reflection consists of- just anbient reflection plus 7 ¢

diffuse reflection, the expressions are: C(1)= (err) C(2)= (err) C(3)=
(err) where Ka is the coefficient of anbient reflection, Kd Is the
coefficient of 5 - diffuse reflection and, cos(err) cos(a2)— (err)

~cos(err) 10 it sho%'cb'%ﬁﬂﬁﬁhbdﬂ&ﬂ@olmpllighwmmf p?]nomlyaltdne

' d t ions for each col or
;.. eSSt daitied, > akbek 40 Bie @hersnas 11 vave Debvas o share
th f I t he -
expr essi on°ﬁ‘§?;8‘n‘l‘§““8‘°““°“:' ‘"ﬂ%’#’?"‘c’?%}’a’"?’é‘?% FpAsg] el iy, 1T
Ilght sour valugoeasdjif(ed is telmined)ut be theanaximinsgitierehee betwidenadgton, 20  and

mdogfs8l)- 2' cos(err) cos(82)= (err) (err) where 25

(err) ('\iyrr?

cos(err) and 30 cos(err)
< max(abs(cbé(aﬂ - obs(dz)). ab9(cos(a2) - cos(a3)), a_bs(cbs(ua) - cos(ac1)))

This value Is used {o determine whether a zero ordé_r. first order, second |
10 order or higher order equatldn is to be used to cbnipute the shading for the o/
polygon. A first threshold Tp4, ls used to determine whelher a zero order shading o/
equallon should be used. By uslng 2610 order: shadlng equation. time and

_expense can be saved while stilt generating the deslred_q_uality of the rendered
image. A second threshold value Tp2 is used to délerml_i__\'e whether a second

15  order shading equation should be utilized.

The threshold valués Tpy and Tp2 may be de-_termined emplrically or
on an apblit:atlon b_y application basis. For example, it a user wishes to render an
‘Image with precise shading, then it is desirable to compute shading using second
20 order reflection equations. Therefors, the threshold value Tpz should be set to a
value which will cause the majoﬂty of the display elements within the polygon to u
be renderéﬂ using the second order equalion.-.Thé- thresﬁold‘ value Tpy may be
set to a low value and threshold Tpz may also be set oa low value such that the
shading of most of the polygons of the image will be pefféfihed using second
25 order equatlons Altarnallvely it the user desires to tender a fast representation of
- an image and is not concerned with the quality of the shadlng. the threshold
values Tp1 and Tpz would be set to generate that effect. In_ particular, the
threshold value Tp¢ would be set to a high value and a ih_‘te_'shbl'd valus Tp2 would
be set 1o a high value In order that most tests performed would indicate ttiat the
30 zero order equation is to be used. '

b



cos(err) -34-. To minimze the difference between the color values. .
bet ween contiguous triangles when utilizing a zeroth order solution, the-
color values at the three vertices are averaged. (This average matches the
col or value which the -first order solution realizes at the center of the

' le): ) : fi luti der,i h I
Val oS 5% shown above. PRBIerabl, ing ivapho vallfoR e RSt iya@a ot FReet i '

equations des ﬁébdprﬁsj QGBI H%&hmg%dtte réritor 15 mfs{gnde?ésﬁ@ﬂclgg hg ?b@éﬁﬂe‘?‘r e

used. The first order 10 ° sol'ution does not average vert

but | nter pol aiso thedhreshald vaties shodldacdeunt forhowshihg the sirtaceiisdbatds the
process using a scan One al gorithm (see the Background of the Invention)

with respect beamawidihofihe speculgrdefiestion. Vhemihekiagm wisith is broad, the| or val ue
is first lpte I d al ong.each,triangl e e [ each.scan |ine
of the t 1S ERnsS ssfocts's a6 Bfer aqlierh T6 Sipids bR wiich BRGE 425" 1.
triangle vert BECdpLALIE 16' Aoy erfstt 1o HRSEyeCWiiP the\1dhdding Sve8T8AGInG WonPoundar y
conditions for each triangl’e edge, that-is, the color values at the two end
poi nts of eac@5% loc50%% dasterthan Sandering!the eatirerithages asingdheFhong Shading
definition, requires three boundar -condi tjons, the, sol ut i% for

20 -
ambi ent r ef | ed@ohplgue: Jmages PEQQQP@%?‘%SFF'MWB p gepetaled when dhe,heaprci or

and |ight vec ' ' G j Sslfet ween
triangle vert%g@gmﬁig%%%@éﬂg@%&vsgé@@%g%%‘*’@ggﬁ%ﬁe%@ie Céﬁlt er of
the sdge apd iolygbas Pwhichiohepalygoinkas stiddorssingthe\ivstdrdereduatioh and dmwt h

the normal vector and the light vector vary -across the triangle. Therefore,

25~the third iadjacant polygariwas shaded using @ secand pedes egualinn. ckispreblene hal f
the distance RELETSN ohh b diieti i uding Siiier folydons.” ThBickiy. §¥ pRube/thg o
zero order equation Is not frequently used because of the need to generate higher
.. 'quamy images. Therelore, the th'reshold value Tp1 Is preferably set to a value of
15 approximately 0.1 such that most polygods wliil be rendered using the higher
order equations.

Another embodiment of the present invention is described with
‘relerence to Figure 6b. The process flow Is similar to that described in Figure
20 Ba, except specular reflection is included In addition to the diffuse reflection. It the
W, pr_ocesé Is to include specular reflection, at block 610, the eyepoint vector for each
vertex Is calculated. The calculation normalizes each eyepoint vector by its
magnitude. At block 620, the projection of the reflection vector onto eyepoint
vector at each vertex is determined (R*V). This value cos (5(f)), predicts the
25 specular reflection. At block 636, the difference between cos(5(l)) values at each
vertex Is computed, 1.e., abs(cos(51) - cos(52)), abs(cos(52) - cos(83)), abs(cos&&)
- abs(cos(81))). At block 640, the maximum difference is determined. If the
- maximum difference, cosgjsi(5), is less than or equal to the -nrst order threshold, at .
~ block 850, zeroth order shading Is selected. if the maximum ditference, cosj(5)
30 s greater than or equal to the second order threshold,at block 670, second order
shading is selecled. Otherwisa, first order shading, at block 690, is used.

-31. -
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(err). (err) -(err) 5 and Nx(4), Ny(4), Nz(4) are the normal coordinates for
the selected point between the first vertex and second vertex, Nx(5). Ny¢h) ~
and Nz(5) are the normal coordinates for the sel ected point between the
second vertex and third vertex and Nx(6), Ny(6) and Nz(6) are the nornal
coordi nates for the sel ected point 10 between the third vertex and first

‘vertex. Furthernore: Figerd)9 fs & tdblé Which iiéiRités thLSadvan(apﬁée bgs teaflﬁ g thd-x(4) ,

Ly(4) and Lz(4) are the.light vector coordinates . fram ected point
bet ween t hetechnigue destribed:hetelne Jtwdablershews the resulia otsheding thetsameect or
coordi nates from the sel ectedh 0i nt between. the se¢ond.vertex and 20

third verte@]ﬁﬁd’i”ﬂﬁ)"’ piqug, wh e"\"ﬂ'@ﬂaﬁwﬂ'o’ésbrdl nat es

mmgn  ud #ﬁfﬂﬁt@%@%‘t@@gﬁt R bty GGt Bt By BGodaere g - T
Preferably, ad?tﬁe\eﬁadﬁ\gqmﬁtﬁteﬂﬁe Eté&n@ﬁﬁeﬁtldiﬁnﬂie spetflaf pswer RthBy t he
magni-tude is deferred until  after the cal.cul ation' aof the dlffuse wei ght s:

25 cos(err)vdlge whlatds @n.dlc@tlve:wthe retleetbqemapebility Qmm surface. Asdhe )sr!ecular
“power increases, the shlntness of the sutface Increases The. render time Is the
amount of tlme taken fo render the image using this technlque *NMSE"

10 represents the normaltzed mean square error between the pixel representatlon of V

the tmage generated by the adaptive shading method and the second order u

Phong Shadtng method Thisis calculated ustng the equatlon
X ((Pr(i) - Ar())2 + (Pg(i) - Ag())2 + (Pb(l) Ab('))a)
15 - all phxels |
"~ NMSE =

Y (Pri)2 + Pg(i2 + Pb(i12)
alt ptxele I

where
20 Pr(i) : red component of I'th pixef of image generated vte_Phong’s method o/
- Pg(i) : green component of i'th pixel of image generatetit}vla Phong's method
Pb(i) : blue component of 'th pixel of image generated via Phong’s method
Ar(i) : red compoenent of I'th pixel of identical image generated via Adaptlve
Shadtng _ o
25 Agll) : green cemponent of I'th pixel of ldentlcat image genetated via Adaptlve
Shading

Ab{j) : blue component of i'th plxel of identical tmage generated via Adaptlve
S_hadlng. _

30 : “The smalter'the NMSE value, the higher the quality of the Image.
Thue. the lower the threshold value Tp1, the better the quatity of the Image
' generated and the slower the rendering ttme Conversety. the higher the
threshold value, the lower the quality of the image gene_t_eted .and the faster the



- L(6) := (err) 5 and- N(4): (err) N(5): (err) (err) 10
Thé conposite reflection for the center |locations, to be used as the third
boundary condition, are determined: (err) (err) 15

C(6)-.(err) In the. present exarrple the worst case i's assumed wherein the

vertex col or i t gehderimy time régurdiess bl the! speaulat paw&fus%d i hﬁldéﬁh%lhd)ﬁnéd%ﬁ In

I nternmedi ate points al ong the pol ygon edge are: .20 (err) If the conposite
reflection is tdQengi the NMSEafan adaptive shasing 9mretpd;imnge is/less thaneﬁ 0001

worst case. t nathen SBhBaRLEth RRotGupaemiod Megern et tafihe mhge “e< o).
Ezglr E:LI g?recrj) ':I),'ﬁe ﬁ%é;%)g{lmgtx eiggﬁgﬁey ?0%@‘?‘.@“@ i ef eréq%%t'&gﬁ‘ﬁl gn g; t he
magni t ude un6i | vafuesrbetiveern 81000H Zrid 00625 Iiuvesmlw babtievehiadirigsdiscontineitios
(err) while images having NMSE values between 0.00025 and 0.0005 have shading
discontinuities which are apparent. images having NMSE valu;s above 0.0005

are noticeably flawed to a viewer of the image.

L 10 The present invention Is cleatly not imited to any specilic types of
‘»,,« ' equations to compute the shading of a polygon. 1t is clear to one skitled in the art
from reading the description that any well known shading techniques may be
used within the scope of the invention; however, it Is preferred that the following
| equations be used. These equations utitize mény of the earlier computations
15 executed to determine the order of the equation to use thus saving time in
executing the shading algotithms. The ealculal'ions'.descnbed use the scan line

technique described earller for all order equations.

The following examples utilize a triangle primitive, but the
20 technlquo extends to arbitrary polygons and parametric surfaces. The
normal veclors at specific points or vertices are determined from the
parametric function which defines the sutface. See, Bartels, Beatty, Barsky.
An Inlroduction fo Spiines for Use in Compuler Graphics (Margan

Kauimann 1987), pp 293 - 299; Faux, Prait, Computational Geomelry for
25 Design and Manulacture (Wiley 1979), pp 110 - 113,

The first order solution calculates the total reflection at the triangle

vettices. i the reflection consists of just ambient reflection plus diffuse
‘teflection, the expressions are:

.33-



(err) where 10 10 (err) (err) (err) 15 and cos(err) cos(err) cos(err) 20
where V(4):= sgrt(err) V(5):= (err) 25 V(6): = yerr) The &+ =
addi tion of the specular reflection changes-the conposite reflection to:
C(4):=(err) 30. C(5):=(err) C(6):=(err). The additional col or val ues
C(4), C(5), C(6) provwdy=(Ke+Kdficos{odPoO@yry condition. As stated above, a
second order solution_requires three boundary 5 conditions (see Figure 10b)
to derive the-coeffi ¢@h (KeHd'e0s(e2))°G)t he second order equation--C(err)

10 T I f th - E L G i mul t aneous equations for three
bounda(r)ysgo\rllgi tiO:‘)ns g?@%&%%%g(m»%(@ggﬁda?y c‘lcj)?\di ?:'Jonls chorre: 1
) =nO(1) C( 4vhefd Ra stthe Dobiicien] 6ambleRi rbllectin, kéisha Eoeficient i) +M2( 1)

2 = 2
«2) m:)(5) - diffuse reflection and, -

cos(et)= . Lx(1)"Nx(1)+Ly(1)"Ny(1)+L2(1)*Nz(1),
cos(o2)=  Lx(2)°Nx(2)+Ly(2)'Ny(2)}+L2(2)Nz(2),
| cos(o3)=  Lx(3)"Nx(3)+Ly(3)" Ny(3)+L2(3)'N2(3)
| 10 N should be noted that to simplify the description, the _eqtj.allons above

- consolidate the separate_'iexp_resswns for each color édmb_openl. if the \J
- color space is additive, the separate components share the same form. :
~ {f the reflection is to '|n§lude_-speoular reflection, the ex_p_reésion becomes:
15 _ S
C(1)= (Ka-erd'cos(a'f ))‘-0(1)+Ks‘(eos(*61_))9fcl,
C(2)= (Ka+Kd*cos(x2))*C(2)+Ks*(cos(52))P*Cl,
C(3)= (Ka+Kd*cos(a3))*C(3)+Ks*(cos(83))P*Cl -
where Cl is the light sourde color, Ks Is the coefficient ot specular reflection,
20 and o |
-cos(81)= - 2'cos(ut)‘cos(pf)-cos(xl) G
cos(52)=  2*cos(a2)*cos(p2)-cos(x2) o ~
-cos(83)= - 2*cos(a3)*cos(p3)-cos(x3)
where _ | S - _
25 . cos(Pl)=- Nx(1)*Vx(1)+Ny(1)*Vy(1)+Nz(1)*Vz(1),

cos(B2)=  Nx(2)*Vx(2)+Ny(2)*Vy(2)+Nz(2)*Vz(2),
- cos(B3)=  Nx(3)*Vx(3)+Ny(3)*Vy(3)+Nz(3)*Vz(3), |

and - .
cosfrile  Vx(1)Lx(1)+VY()Ly(1)Vz(I)RL2(1), ;Zf O,,/Z:;”
30 cos(x2)=  Vx(2)'Lx(2+Vy(2)'Ly(2)V2(2)4L2(2),  /in 75;7%
cos(x3)=  Vx(3)'Lx(3)+Vy(3)*Ly(3)Vz(3)4L2(3) ﬁ "=

.m’



C(3) =mX3) C(5)=m2)+0.5nml (2)y+0.25n2(2) 20 C(3)=nmO(3) C(6)=n0(3)+0.5nl
(3)+0; 25n2(3) C(1 )=nO(3)+nml (3)4nR2(3) 25 The paranetric variable is:
(err) where 30.(err) Once:.the coefficients are determ ned, the second
ordér-equati on can.-be reduced to forward difference equations to conpute
the col or al ong Thairielzethe glitlerence between theocalos vaives betwiaen contigudussi de t he

triangle, the s nd order splution is emloyed and the val ues, ar

i nt erpol ated al §ﬂ’8"€ﬂﬁse“’ 8@3@?21%5%%%@8\?8?{&?&6‘8998&' i"§ﬁ'°§ I?g"!Pe %
val ues at each sj f e (B ¢

I nt.er pol at ed tosieﬂgegearﬁ g?e%l?&?. hg@%gﬂe.r_aignérl“ nghte_gawgé'rug V?B(té'?mtahe
vectors at a poifinst drdereechdiontrealizes atthisccentdr dffthe Biamgle)s det’er mi ned: 10 .
Nx(xc):(err) Ny(xc)::(err_é Nzlga)ép :=(err) 15 fromwhich the cosine term
for the refl 8ction equatiGrs0B3 EEHHEHADICEN: r) where 20 cos(err) cos(err)
cos(err) 25 and '

-

The first order solution derives the color values as shown
above. 'For a first order solution, the same .rgﬂection equatlons described
above (with respect 1o the zeroth order solution) are used. The first order
10 solution does not average the vertex color values but interpolates the color
\\( o value. .The desctription here desc'rlpes one process using a scan line
algotithm (see the Background of the Invention) with respect to vertex color.
According to the edge logic, the color value is first interpolated afong each
_ triangle edge, then across each scan line of the triangte.
15 _
| For a second order equation, the color values at the triangle vertices
are determined. These color values represent two boundary conditions for each
g\(,- . ' -iﬂangle edge, that is, the color values at the two end points of each triangle edge.
Since the second order equation, by definition, requires three boundary
20 conditions, the solution for ambient reflection plus diffuse reflection Interpolates
the normal vector and light vector to some Intermediate location on the Wriangle
edge between triangle vertices. The example below assumes this location is the
* center of the edge and lurlhetmora.. this example assumes the worst case, where
both the normal vector and the light vector vary abross the triangle. Therefore,
25 the third boundary condition which Is, in the present example, oné half the
distance between vet_tlces-(see Flgu}e 10a) is determined as follows:



-

-

L(xc)(err) N(xc):(err) V(xcy:(err) 30 The color at the span center is
therefore: -40- (err) which provides the third color value to conplete
t he boundary conditions (see -Figure 10c): 5 C(xl)(err) (err) (err) 10
Forward di fference equations are then utilized to Interpolate across the
triangle to realize the conplete reflection equation. This technique can
“al so be ext enbie(d:= G5 Na(1)+8x@) d dix(SheUSHNX(ENX(3 0 (N (6L e D.BINXBMNaIY f or each edge

fhird order SOrOmERRstogan; -eo e’ Bt EBrdewmt nd coror
condi 1 ons. ol MR ERaMNER0 2o RBIMRER (. MBS MBNANTIEEY 01
(err) 25 & (err) (err) (err) -41-
and Nx(4), Ny(4), Nz(4) —are the normal coordinates for the selected point
between the first vertex and second vertex, Nx(5), Nygs) and Nz(5) are the normal
coordl_naléé for thé_ selected p@int be_tweqn th-é Secohd vertex and third vertex
| and Nx(6), Ny(6) and Nz(é) are the normal co_ordlhlat.és for the selected point

10  between the third vertex _and_'ﬂrst vertex.

Futthermore: . - o . u
-Lx(é):-_ 0.5(Lx(1)+Lx(2))  Lx(5):= 0.5°(Lx(2)+Lx(3)) Lx(_é):_-_ 0.5'(Lx(3)+Lx(1))
© Lyldi= 05\ (Ly(1)ely(2))  Ly(S)= 05'(Ly(2:Ly(3)  Ly(8)=0.5'(Lyi3)eLy(t))
15 Lz(4)e=05(Lz(1)sl2(2))  Lz(5):m= 0.5°(L2(2)+12(3)) | Lz(é):- ;o.5°(Lz(s)+Lzm)

where Lx(4), Ly(4) and I:z(4) are the light vector c_o_drdlnates from the selected
- .polbt betwsen the first vertex and second vertex, Lx(5), Ly(5) and Lz(5) are the
light vector coordinates from the selected point between the second vertex and o
20 third vertex and Lx(6), Ly(6) and Lz(6) are the light vector coordinates from the
- selected point between the third vertex and the first veriex. The magnitude of the
veclors are calculated to normalize the vectors. ‘Preferably, to save on
computation time and expense, the division by the magnitude Is deferred until
 after the calculation of the diffuse weights: -
25 |
© cos{od)= Lufd)Nxid)rLy(4) Ny(d)+Lz(4) N2()LIAI'N(4))
cos(ab):=  Lx(5)"Nx(5)+Ly(5)*Ny(5)}+L2(5)*N2{5)/(L(5)*N(5))
cos(u):=  Lx(8)*Nx(6)+Ly(6)"Ny(8)+L2(8)*Nz(6))/(L(6)*N(6))



C(3)=m(3) (err) (err) (err) The fouf boundary conditions across the raster
scan are then determ ned. The boundary conditions for the scan logic (see
Figure 10e) becone: C(xl)=nmO(4) 10 (err) (err) (err) The scan line
technique |Is one nethod to Interpol arg—the vertex 15 attributes (color)
across the tri amfieg® The advant age of -using the scan line technique.is that

it extends to polyg _of arbitrar hapes because the paolygon is always
reduced to sinple si@i’e’hts béﬂ!@@ﬁ&é‘jﬂé@"hﬂg) E-Yl‘é)‘&éd])éﬁﬁ”tri'but es are
computed for each s nt . Ho, L 3edli _ QNS conputed A

I ncl ude the divisi O?\.Q%El cul at%@?sﬁ'ﬂ@gg‘g"g%ﬁ@&q‘@ﬁ‘ﬁ@ c_on__su_m' ng ]
process 20 Al-terndfepel y, i eqr(ur(e)nxie)PDREPLy@®)iLZ(6)CH()primtive, plane
equations can be used. The three boundary conditions are the vertex state
at the thre® triangle vertices. and the difference equations are conputed

for the entire pri,mtive. Thus, difference equations apply to the entire
triangle. Altho%&ﬁ pl ane equations are easily applied to a triangle

pol ygon, pl ane equatN(Qﬂg nayeﬁ@(mggtgvaﬁgﬁ(@gkgggwaﬁ)."z%yi ng nore than

three vertices because the v ce anar . determ ne

shadi ng usi ng the pIN{BE=equat sart(dix(8)Mex(SPINY(5ANyGheN2(B)y'Ne(S)prtices is first
cal cul ated. The boundary conditions are then calculated To conpute the
boundary conditions,” BkE vect sAY @r’Mﬁ)*NM(%NY@Wﬂ?EB&(Q? 30 vectors)
at the triapgle center are determned (see Figure 1la). The vectors are
-42- “/Incorporated into the color value using the reflection equations

desgfj bed above.The composite reflection for the center locations, to be used as the third
boundary condition, are determined: -
C(4):=(Ka+Kd"cos{a4))*C(4)
C(5):=(Ka+Kd*cos(05))*C(5)
15 ' C(6):=(Ka+Kd"cos(x6))*C(6)

-in the present example, the worst case I§ assumed wherein the vertex color itself
w - . varies acrosé the trlangl_e. Thus, the color of the intermediate points along the
polygon edge are: |
20 |
C(4)=0.5'(C(1)+C(2))  C(5)=0.5*(C(2)+C(3))  C(8)=0.5°(C(3)+C(1))

If the composile reflection is to include specular reflection, the eyepoint vector at
" the center locallons is determined as well. The example again assumes the
25  worst case, thal is, the eyepoint vector varles actoss the triangle:
~ Vx(d):- 0.5°(Vx(1)+Vx(2)) V{5):= 0.5'(Vx(2)+Vx{3)) - Vx(8):= 0.5*(Vx{3)+Vx(1))
Vy(d)= 0.5°(Vy(1)+Vy(2))  Vy(5):= 0.5°(Vy(2)+Vy(3)) Vy(6):= 0.5°(Vy(3)+Vy(1))
Vz(4):= 0.5'(Vz{1)4V2(2)) V2(5):= 0.5‘(Vz_(2)+\'z(3)) V2(6):= 0.5'(V2(3)+V2{1))
30 '

-37-



These four color values are then substituted Into the bilinear expression:

(err) 5 (err) (err) and the (érq)
parametric_variables are: '10 u:(err) v:(err) The boundary conditions for

the first order solution are: 15 (err) &(2)(er) C(3)(err) C(4)(err) 20 and
thus C(err) The nagnitGdélo nofimalide the vegtofideredhen ealedlgtadl ¥t lsastut i ons f or
the (err)coefficients. The billnear expression for the color is converted

| at-o forwar demWB’PéﬁE@"EﬂﬂMPi‘%ﬁgfefﬂw d“-"ﬁhﬂ&! the sagnitude yntilafter tha at e
o der - equat | SHEORGR of e eppoyidf RehflrS |07 Lyyy £t e M e to second
(err) (err). where (err) L
5  cos(d4):= 2*cos(ud)'cos(B4)-cos(x4)
cos(85):= 2*cos{ub)*cos(p5)-cos(x5)
cos(6):=  2*cos(B)*cos(B6)-cos(x6)

where
10 ,
" cos(Bd)=  (Nx(4)*Vx(4}Ny(4) Vy(4)eN2(4) VZ(AIVNE4)'V(4)
cos(@5):=  (Nx(5)'Vx(5)+Ny(5)*Vy(5)+Nz(5)*V2(S)/IN(S)*V(5)
cos(f6):= (NX(G)‘Vx(6)+NY(6)’W(G)+Nz.-(.6)‘VZ(6.)){(N(G)'V(G))

i5 and

cos(xd)i=  (VX(4)'Lx(4)+Vy(4) Ly(4)+V2{4) L2(4)(V(4)'L(4))
- cos(x6):= (VX(5)"Lx(5)+Vy(5)'Ly(5)+V2(5)"L2ASHAV(S)'L(S)) .- ~/
cos(xB):=  (Vx(6)‘Lx(6}+Vy(6)'Ly(6)+V2(6)"L2(6))/(V(8)*L(8))
20

- .. where

V()= -sqn(v_x(4)'Vx(4)+Vy(4).*Vy(4)+v_z(4)°Vz(4))
V(5):= sqri(Vx(5)*Vx(5)+Vy(5)*Vy(5)+Vz(5)*Vz(5))
25 V()= sqrt(Vx(6)Vx(6)+Vy(8)'Vy(B)+Vz(6)'V2(8))

-

The addition of tho'specular reflection changes the comp_osue reflection to:

Cl4):=(Ka+Kd"cos(e4))'C{4)+Ks*(cos(34)P) CI
30  C(5):=(Ka+Kd"cos(a5))*C(5)+Ks*(cos(85)P)'CI
C(6):=(Ka+Kd*cos(eB))*C(8)+Ks*(cos(36)P)'Cl



Since a _‘second order solution requires nine boundary conditions, the"
vectors at nine locations (shown in Figure 11c) nust be determ ned. The
reflection 10 equations (described earlier) are used to cal culate the

col or value at the.nine |locations. The boundary equations for the (nES—
rnO, nR2) coefficients are then solved. Therefore, the boundary conditions
are (referring .t oThe @ddionalpolorvalues Cf4), C(R) &(8) provide thethird hoyundary eondjtion.
(err) where (err) 20 ~(ert) where (err) (err) where (err) (err) 25 where
(err) (err) where (err) (err) where (err) 30 (err) where (err) -44-

and thus C(err) 5 (err) Aé efatdd &lSdve) a(seeénd’order solution requires three boundary:
5 conditions (see Figure 10b) to derive the coefficients (m0,m1,m2) of the second
order equation: "

Clu()=mog)+mi () ull+m2()ul)®  where O<=u()<=1

10 To solve for the costficients, the simultaneous equations for three boundary

g o conditions are determined. The boundary conditions becom_e:

C(1)=mo(1)
. C(4)=m0(1)+0.5m1(1)+0.256m2(1) .
15 C(2)=m0(1)+m1{1)+m2(}) '

C(2)=mo(2)
C(3)=m0(3)
C(5)=m0{2)+0.5m1(2)+0.25m2(2)
20 |
~ C(3)=m0()
U - C(6)=m0(3)+0.5m1(3)+0.25m2(3)
C(1)=m0(3)+m1(3)+m2(3)

25  The parametiic variable Is:
u(1):éu(i)+du(1) ' u(2):=u(2)+d‘u(2); u(3):=u(3)+du(3)

where
30
du(1):=1/(Py(2)-Py(1)) du(_z):sil(Py(a)-Py(Z)) du(3):=1/(Px(1)-Px(3))



- - e T N

(err) 10 (err) (err) (err) The biquadratic expression for the col or

then I's converted Into forward difference 15 equati ons which are used to,
| nt erpolate across the triangle. - There are three exceptions to the secbnd
order solution. ‘The first situation relates to the functlon whi ch assures

the weights remain, posit di ffuse |ght T
is round to bgar?fgaﬁ Iclgﬁg ﬁ'%éaﬁ"alﬁ'e&}n"ﬁﬁcﬁé req \%@Eﬂ%‘ cAnde.r qq"n'& Yal ue
beconmes zero ‘&fomaﬂdm A i nt,
tessellating the tri angf}g cl:enta-@fatfoﬁb?@%@ghﬁ tﬂ?&@??lﬁﬁétﬁ*%@g@he tr| angl e

- count. depends on whet her one, two, or three edges are found to have clanped
val ues. The -second situation occurs e surface curvature |s severe. -- -

The metri ® cos(err) reV@galsulalg g‘eﬁﬂ'ﬂfﬂﬂﬁéﬁ 'h@‘ﬂﬂﬁetlﬁ@ sepondioigieriselutiepiat i on

s 201 angt e EOR@rbd find e O o nfoioli ing 66 G008 e o Kicpl 50

situati on occiy estabish thé fedtbOVEIuE Al dehi sfd&énﬁe rdsferigpan frha%&er vdilgs Bt ric
cos(y) reveals this condition. Since the third order equation nay _

under st at e t hara/thendotetpolatéd tcthel ceptar of dbe epamcﬂetesrlmw Figurnifa; the he
trlanglelstes eII tedI to tiple tri | es 6Thefo||ovmng di scussi on
is Illustrati \‘/3 M%@Qﬁ?ﬁ@%ﬂ‘gcﬁenbefﬁﬂlg@eﬁnaaﬂs gefermingdent i nvention.
Thi's exang e incl udes only the diffuse illum nation case and does not

consi der specular illum nation. Because specul ar i | l'umi nation is not

consi der ed i s Nx(ic)2OGINZE)YNKRNF aLLHEpLe. stmlﬁlﬂm)) Wx(X@HU;E(Vx(xJ)QVx(Em st
e

| mage conprlses a triangle network consi'sting of "six vertices which

four triangl edly(xc)=9. %Nnﬂﬂf@w{%u%cl +2 50 LV@@)) (x9); =Q9§(V¥€K*)I+VV@¢B ex ($
Nz(xc):=0.5(Nz(x!)+Nz(xr)) Lz(xc).=0.5(Lz(xI)+Lz(xr)) Vz(x_.c) =0.5(Vz(xt)+Vz(xr))

15  from which the cdslne term for the reflection equati_en_s Is computed:
cos{dxc):= é‘cos(axc)‘.cos(Bxc)—-cos(xxc)

where : V
20

cos{axc):=  (Lx(xc)*Nx(xc)+Ly(xc)*Ny(xc)+Lz(xc)*Nz{xc)))/(L(xc)*N(xc))

.oos(ﬁxe):-. (Nx(xc)*Vx(xc)+Ny(xc)* Vy(xc)+Nz(xc)* Vz{xc)/(N(xc)' V(xc))

cos(yxc):= -(Vx(xc)‘Lx(xc)+Vy(xc)‘Ly(xc)+Vz(xc)‘Lz_(xc))l(V(xc)’L(xc))

-

25 and

L(xc):= ._ sqn(Lx(xc)‘Lx(xc)+L‘y(xc)‘Ly(xc)-rLz(xc)sz(ic))

N(xc):= sqri(Nx(xc)*Nx{xc)+Ny(xc)*Ny(xc)+Nz(xc)*‘Nz(xc))

V(xc):= sqri(Vx(xc)*Vx(xc)+Vy(xc)*Vy{xc)+Vz(xc)*Vz(xc))
30 |

The color at the span center s thersfore:

-40-



congtant, and the light vector,” L(l), at each vertex is constant, but the
nor mal ’Vector N(l'), at each vertex varies. The values for the nornal

vegtors are: 15 N(err) Ncerr) (err) (err) (err) 20 N(err) The
exan‘pJe assunes the light vector is: (err) The first step Is to calcul ate

the diffuse wei gB{x)a(Kasiid'edsfme))iGixejaiatdosiBxel6(err) 25 The val ues for
this exanple are: cos(err) cos(err) cos(err) 30 cos(err) -cos(err)
cos(err) The intensity variation is then determ ned. The -rraxi nrum difference

e oo var T it | oA bABSS e Soflf Eé’t'é 1 Siietd fife b} cangions e

val ues for the nEKgure™@ey:i ation are: -(err) (err) (err)
5 -
Cxl)=m0(4)
C(xc)=m0(4)+0.5'm1(4)+0.25°m2(4)
C(xr)=m0(4)+m1(4)+m2(4)

U 10  Forward difference equations are then utllized to Interpolate across the triangle to
U ‘ realize the complate teflection equation. ' '

This technique can also be extended to third order equations. Four
| color values for each edge are calculated to specify the four boundary conditions
15  required for a third order solution. lh addition to the two vertex colors, the color
| values at {1/3) and (2/3) the edge length are determined. Thus, the boundary
conditions for the edge loglc {see Figure 10d) become:

C(1)=mo0(1) |
20  C(4)=m0(1)+0.33m1(1)+0.1 1m2(1)+0.04m3(1)

C(5)=mo(1 )40.67m1(1)+0.44m2(1)+0:30m3(1)

C(2)=m0(1)+mi(1)}+m2(1)+m3(1)

C(2)=m0(2)
25  C(6)=m0(2)+0.33m1(2)+0.11m2(2)+0.04m3(2)
. C(7)=m0(2)+0.67m1(2)+0.44m2(2)+0.30m3(2)
C(3)=m0(2)+m1{2)+m2(2)+m3(2)

-4-

nd



(err) The maxi numvariation-is then conpared with the first (el) and second
(e2) 15 threshold values. In this exanple the thresholds are” (err) = . » -
0. 0025 where el separates zero order fromfirst order E2 = 0.0050 !
where e2 separates first order fromsecond order Wth respect to the first «
triangle. 20 G¢@)=mo¢8)zero order equation is therefore used. To conpensate

for any differences anong the diffuse weights at the three vertices, th

val ues are 25C(8)= Q@t@agm“\'ﬂt@éﬂm)?(mhe-oémaﬁ)ant Golor is then determ red:

(er o) | 35 Fir I?)s @Sv'ﬁﬁ@iaﬁﬁiﬁqE#:g*’%f'@?@é@%Bﬁ@Q3: i Lﬂ,ht &LZRQLEE‘G &:I L) a
scan line a g?{‘? m‘%ﬁq?& or‘%ﬁﬁ‘ gﬂ or value along the triangle edges be- -

i nt er pol at ed at the left edge versus right edge
across thg triangle is then Interpolated. For exanple, wth respect to the
second triangle:, -47- Clerr) C(err) Clerr) 5, The scan line logic Is

t hen used togThﬂ@PbBP%ﬂ@'! gendifions;aciess the fasierscan amthandeiwgpleeded %8 then

across the try anabfy téHdiidne for the scan logic (see Flgure 109) become:

C(xl)=m0(4)

10 C(xm)=m0(4)+0.33m1(4)+0.11m2(4)+0.04m3(4)

" C(xn)=m0(4)+0.67m1(4)+0.44m2(4)+0.30m3(4) < -
C(xr)=mO(4)+m1 (4)+m2(4)+m3(4) -

The scan line technique is one method to interpolate the vertex
15  atiributes (color) across the triangle. The-advantageibf. using the scan line
technique Is that it extends to polygons of arbitrary shapes because the polygon
Is always reduced lo simple segments between édgé_s and the vertex atiributes
are computed for each segment. However, the ditference equations computed U
include the division calculations for each segment, 'a_-tlma consuming process
20  Allernatively, in the instance of a iriangle primitive, plane equations can be used.
The three boundary conditions are the veriex slate _ai-‘the three triangle vertices, =~
and the difference equations are computed for the e__ntlie primitive. Thus, NS
difference equations apply to the entire triangle. AIth_bugh plane equations are
easlily applied {o a triangle polygon, plane equations may not apply to a polygon -
25  having more than three vettices because the vetlices 'ma,y not be coplanar.
To determine shading using the plarie equations, the color at the
three vertices Is first calculated. The boundary conditions are then calculated.
- To compute the bdundary conditions, the vectors (ﬁ_ormal. light and eyepoint
30 veclors) at the triangle cenler are determined (see Figure 11a). The' vectors are
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The maxi mum variant of the fourth triangle is: 10 dcos(err) Thus, a second
ardér sefuati on (Phong shading) is selected for this triangle. Wile the
t'gchr]i gue can exploit the fact that the diffuse weight is already avall able
15~ at the vertices, the normal conponents on the trirangle edges nust be

pr opagat ed. wintoeparateddnttrthe color valtle usimpther eflostiontdduatiohs déstribed BBbve.
conponrents -across the triangle interior are then propagated and t he nor mal

conmponent s “at ed®@s®four|color valugs @@ thasasubsliwled intq;the bikegnexpressierh pi xef
is then determ ned: 20 ‘ (err) (err) where L(xy) Is, by assunption,
constant. 25 VWil e the present invention has been described in
conjunction.with thegpieferred enhqadi mghts, it isn@y MR (49at numerous
alternatives, nodifi cg{i'?)n, vari g?i ons and |uses 'vsvtl‘ﬂ/ 'gg !;'\Fl)pgre'nt to those
skilled in #he art In |light -of the foregoi ng dedeni®tmth| fiud Jparticul ar,
the present- inventi on can be enconpassed shadi ng equati ons beyond those
described. Threshold val ues can be added to 30 |Increase the nunber of
tests perforned Lhe gL _pf ordered equations that can be utilized.
Al ternatively, taﬂg%s%/'gtséir}\%%%g configured to utlize only zero order and
first order shading equations or first order and second order equations.

- 48- - 49 - (err) CLAIM 1. An apparatus for generating
shaded i mages ofand the {pv) parameatiic vagiebldissaseay on a graphics di splay devi ce,
sai d graphigs display device conprising a matrix of pixels, said graphic

i mage, shaded according to a light source, said shaded i mage generated being

of .a qual.ity. speelifd b J ratus corprising a central
. . %%CJP#Lfﬂ Mﬁrélaﬁ.féuﬁygﬁngﬁp? _

pr océssi ng unit menory, er connect ed
vi=vidv  where dv=1/{Px{2)-Px(3))

.- The boundary cenditions for the first order solution are:

15
C(1)=m00 + m01‘u + m10*v + mif*u*v where u=0, v=0.
C(2)=m00 + m01‘u + m10*v + mii‘u'v where u=1, v=1
L,,, | - C(3)=m00 + m01*u + mi0*v + mif‘u'v- where u=1, v=0
- C(4)=m00 + m01‘u + mi0*v + mi{‘u'v where u=2/3, v=1/2
20 g ;
- . andthus
C(1) = m00 -

C(2) =m0 + O + m10 +mi1
25  C(3) = m0O + o1
C(4) = m00 + 0.67°m01 + 0.5°m10 4 0,33‘m11

- There are algsbralc solutions for the (c00, c01, c10, ci1) coefficlents. The
bilinear expression for the color is converted into forward difference equations,
30 whichare used lo interpolate across the trangle. |



to the graphics display device, said shaded i mage defined by a plurality of
pi xel data, said pixel data being stored in the franme buffer, each pikgl- *
data conprising a pixel |ocation on t he graphics display device and a
pi»el color, said shaded i mage being displayed on the graphics display
devi ce accor fe , said E
appar at us fuﬂ%‘a@gﬁdﬂﬁ'@b)ﬁ{e%ﬂga% g’eiﬁo\?gdg’ﬁ& In rreans-hgéoupl ed tqsthe
CPU and t he - flformeatiari fveuld beni d adaptlve shadlng means conprising; 1)
i nput nmeans coupled to said CPU to receive a plurality of polygons from
said CPU which define the graphic i mge, each of said polygons having a

plurality of ces, eac |d ertjces a ‘each’ of
sai d pol ygonsdg‘éivl’lg dét i neg1 he Igcat JW@BH%FI'@% } S?ve'rtlces and a
normal vegtor at each vertex, sal d nor nal veqt,ﬁmampqwfmv rgex being a
normal vector to a surface of the pol ygon at the vertex; f sel ection
means for selecting an ordered reflection eqan2®m2t mﬁZal l;eu of|] at | east
-t hree” order ed reflectl equations; said ordered reflection equation to be
enpl oyed to d’é‘f%’?rﬂ‘ﬁé’ ﬁq’ﬁﬁ tion across each polygon, wherein an ordered
ref ection ety Abebbnd'oftief 86iloR Fdtfired Y Ptitiah/ CoridRidrE¢ e Vectirs t

e polygon, - sal sel €c

hi ghest quality across tion nmeans conpri sing;

i) vari aiihefocitions ts'hninngn Figure Tiz) rﬂlslbardeiemgnadl The (reftaction 50 -
anount of variation of pr edet er m ned dgra phic criteri
10 equatlons (descrlbed earlier) are used to caiculate the color value at the nine w

locations: The boundary equations fof the '(m00:.---m0-1 , m22) coefficlents are then V

solved. Therelore, the boundaty oondi_uohs af'g'(r_eferring to Flgute. 11d):

cy )-moo+m01‘u+m02‘uz+mio;v+m1 1*u'vemi2°u2vam20*v2im21°u*v2im22*y2ev2

16  where u=0, v=0 . | ,
C(zf-mooimo1 ‘u’+m02'u2+m1:0‘v+ni1 1*u'vami2'u2vam20*v2smias ‘u'vZim22°y2+yv2

.where u=1, v=1 -

0(3)-moo+moru+mz'u2+m1o'v+m11'u'v+m1a°u2v+n:20fv2_+mzt°u°v2;maz-u2'v2 )
where u=1, v=0 o '

20  C(4)=m00+m01°u+mo2°u2+m10°v+mi 1‘u‘v+m12‘uzv+m2¢‘v2+m21 ‘u'v24m22°y2yv2
whete u=1/2, v=1/2 | _ |
C(5)=m00+m01*u+m02'u2+mi0*v4m11*u'vami2*u2vam20*v2:m21 ‘u‘vzifmaz't_na'.v2
where u=1, v=1/2 o .
c(B)-mDmmormmoruzmiib‘wmi1'u‘v+li|i2‘u2v4mzo°v?+'m21.-‘u‘v2+m22‘u2.‘v2

25 where u=1/2, v=0 , .

: cm-mommoi‘u+m2‘uz+mio‘v+~mﬂ‘u'v+mi2‘u"’v+m20‘.v"’+m21‘u‘v2+m22'ua"v2

- Where u=2/3, v=2/3 ' -
C(8)=m00+m01*u+m02*u2+m10*v4mi 1 *u'vami2'uv4m20*v2im21 ‘v v2sm22'u2sy2
where u=2/3, v=1/3 |

30 c(9)-muo+moi‘u+m02‘ue+m1o‘v+m11‘u‘v4m12‘u2v+meo‘v2+m21'u'v2+m22‘u2‘v2
where u=1/3, v=1/3
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I n said pol ygons and ||) ~conparison neans for conparing the
déterﬁn ned amount of variation to a graphic criteria threshold value
ndicative of a |arge amount of variation, if the anount of variation
e ceeds the threshol d-vatte, a control neans selects a predeterm ned high
order reflection equation; 3) reflection determ nation neans for
deternmining a andibés$ection across the polygon, said reflection
det erm nati on neans receiving.the ordered reflection equation determ ned
by, the selection neans and enploying the ordered reflection equation to
determ ned t he ‘F I ction across the polygon and generate a
plurality of m &t er’l data representative of a shaded pol ygon |mage
4) T outpl MRS 06‘%&%6'6943 Bb*rh02E1.do AR 0P M 4 £60°h 24 1.0042BH loo m2119.00°m22
plurality of nodified pixel data representative of the shaded pol ygon
to the franme bufcias;oomoaktod'mots+ioomizspl ay ~ control neans connected to the
frame buffer and the graphics dlspla device to read th'gpl uralit

f
modi fied pixel @ilil-0QTEPIFEmpl+p: FFe"‘qaf“a-'??é‘“Bt?Ff B 4RI E2A 025 @d?’ﬂ@%‘ﬁéﬁ’g‘?ﬁg
pixel s on the g(r]‘g{ml 2noBu 1 DB V1. %”u@&asﬁﬂ?ﬁbg i b 36+ h2d o 134k ?lzk p Of

nodi fied pixel 0.generate ygon 1 mage on the play;

wher eby the appag(él o nivbio@6mdi+b. E@m&ﬁﬂ@l‘mt@io sh*ﬂﬁtmei IneZi4 bodreopuBoak2i @@shae each
pol ygon of the graphic inmage according to graphic criteria variation and a

use of costiQ, tG(et wmogwﬂgimwmm' BT mie0.44 %11 48 8¢° r"(')?f"wa%’t'%?n%z'f%“'“"""’

m ni ed and her uat i ons n e
rreaszqr'%arrent s i nd?‘@&l‘@"f °V3‘§? 3?%‘95% 'P*O%é h‘ﬁ%’é"%‘g Ja'}é"’roﬁ(ys} l"rbm’ﬁsygon i s
gréat enough to &ﬁ!’.f &‘]ﬁoolbsﬁ'nﬁfwfh o021 .84 m 153 Vm 1 £8188¥(m1 218.11°m2040.04'm2140.01m22

- The blquadraﬂc‘expresslon for the color then Is converted into forward difference

15  equations which are used to interpolate across the triangle.

There are three exceptions to the second order solution. The first situation
relates to the Iunqllon which assures the weights rem_aln positive:
20 cos (o(l)): = max(cos(a(l)) ,0)
cos (8(f)): = max(cos(6(1)),0)
I the difiuse welght I§ found to be negative, the location-on the triangle edge
" where the value becomes zero is determined. The triangle is divided at this point,

25 tessellating the triangle into two, three or four triangles. “The triangle count
depends on whether one, two, or three edges are found to have clamped values.

‘ _ " The second situation occurs when the surfao; curvalure Is severe.
The metric cos($) teveals thia condition. Since the third order equation may

30 understate the variation of the normal vector across the triangle, the triangle is
tessellated into multiple tiangles. ' ' |
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2. - The apparatus according to claim1l wherein said reflection _
determ nation neans determines the reflection across the polygon usitng: #:

-forward diffe-rencing f or rendering inmges. 3. The appar at us HJ
according to cl.aim2 wherei n—sal o=ef | ect i on-det ermi nati on means det ermi nes
the reflection across ot thO r_renderi

I mges. 4. The. appﬁz}ralzg?gs accordin ﬁhbgﬁ»g%’%::rl‘sgépghq ef |l ect}

det ermi nati otﬁamlms%nmlﬂ&sws(y)mmuls tti'ls)éonmmr r8ineeNthet thikd ofddlr le§Gatici) at
each vertex of the ﬁ at\égon accordi n to the reflection equation received;

neans... for °HW§M6 light veetpr across:theddanglethe ddangle isol ygon
verti ces, es conprising a normal "difference - -
vari abl e mﬁ?%%%%‘?.ké%ﬁﬁ?@ésence bet ween adj acent vertex normals, a
posi tion glifference vari able which conprises the difference between-

| ocati on of adjacent vertices, and a color difference variable which is the

di f f erence between thérhaoloﬂuwhigfdlswdslblylsllnstﬂmelofMddéﬂlvél@hédlﬁ@
vertices; maanqj for nt erpoLlatl ng thé reflection deternm ned at each vertex

across the p8Y @'BrPfﬁ ?HG’SPH nyentios, Jhis-example includes enlydhe diffuse the

fl '
(el et on oo Gibfstlosiia chaBly' sy v, AN epiie, o
means ,det er muuamatlon is abl emfsidimdlll DA rigessapy m@dlcmalerlﬁa %yi&@me%wf'et i on

for render| n% The apparatus as set.forth inclaiml
~wherein 1 he lmage comprlses a triangle network consisting of gix vertices which create U'
. “four triangles. Thls example assumes the color value -C(l), at each vertex is ; U

constlant, and the Ilght vector, L(l). at each vertex Is constant but the normal

_vector, N(i), _at_ each veriex varies. _The values for th_e_ normal vectlors are:

15 " N(v0) = (0.000000, 0.000000, 1.000000)

N(v1) = (0.017450, -0.017452, 0.999695) -

N(v2) = {0.035188, -0.034590, 0.998782) .

N(v3) = (0.053199, -0.051396, 0.997260) |

N{v4) = (0.071468, -0.067857, 0.995132) | \r‘
20 N(v6) = (0.089973, -0.083957, 0.892399) | |

The example assumes the light vector is:
Liv)=(0,0,1) i |
The first step is to calculate the difiuse welghts aowtdlng to the equatlon u
OOS(G(V)) N(V)"-M
25 The values ior this example are:

cos(a(v0)) = 1.000000 ) _

: cos(a(v1)) = 0.099695 | - | -
cos(o(v2)) = 0.998762 o -
30 - cos(o(v3)) = 0.897260
- cos(o{v4)) = 0.995132
cos(a(v5)) = 0 992399

The intensity vaﬂallon Is then detetmined. The maxlmum dmorence between the

diffuse welghls Is the metric which predicts the maxlmum ‘vatiation:
- 36



said vyariation determning nmeans .conprises curvature det erm ni ng means
td dét érnine an anbunt of curvature variation. across the surface of

the polygon .and a (err) curvature variation between vertices - -
atcording to t he normal vectors -at the vertices of the-polygom and - -

sai d conpari son means conpri ses curvature conparison neans for
conparing the adseui) -oiaxﬁwcua&(m)eedta(vl)n.tms(&(m)mmvameabcesstu(\em&ot(@(vcam
curvature threshold val ue. - %‘gdl cati v

e
curvat ure vari S°FGH )'MW givope Wﬁ@’ﬁr’?&ﬁ?‘ff&@?’ ai{;gﬁl’ %@”P%fg“ﬁ“‘%t%%"%’& ween
vertices 5 géoe@ia)N- max{abetos(@lVt)) - E(l)), abstcosi(img) - edstuwawsts(eismvenmﬂdel ue,

the control neans sel ects the ghest or refleciio

The appar at us &‘?"gﬂ”TWW‘“P%““@P’aM“gz’»\ﬁﬁ?ﬂ?(ﬁ” {"85);1 @’gﬁ’i\"i"g)g sodtvo)

determning ﬁ‘ﬁ@%luesffb'”ha% R Vatigfion h?.‘t vect or determ ni ng, meahs to
g

determne a light vector at each vertex and |ight vector variation anong
vertices, said light vectors being a function of the normal vectgr at each
vertex andi@ | ocat i-cosdit(o(tA)) 4 0.8124bur c rel ative to the vertex; said

conmpari son means f ugbdifii(c ) 0.863740 | ght vector conparison neans for
conparing a light v&g%ﬁ#(\%@bfabbpg &at ween vertices to a |ight vector
|

t hreshol d val ue ind g?e anount of variation between |ight
vectors, if the am@PRdit3)gnP-00289hr variati on between vertices is

reans, sel oot s B MRy valfan 1€18en EBfhafed WhEPEdHS! datEpdkblaf Efﬁ'n

”e‘i:? Turther GRrERhGIBYAlues. In this example the thresholds are:

el = 0.0025 where e1 separates zero order from first order
€2 = 0.0050 where e2 separates first order from second order

With respect to the first triangle.
20
O<max(cosdiff(x(10)})) < el

— A zero order equation is therefore used. To compensate for any
differences among the diffuse weights at the three vertices, the values are
25 averaged:
oos(a(tO)) 0. 333"(cos(a(v0)) + cos(a(v1)) + oos(a(v2)))
‘The constant color is then determmed

C(t0) = (Ka + Kd'cos(a(tO))‘C(tO))
30
With respect 1o the second and third triangles
el < max(dcos(a(i1))) <e2 :
el < max(dcos(a(t2))) < e2 i
35

First order equations are used. The solution, when used with a scan line
algorithm, requires the color value along the triangle edges be interpolated first.
The color value at the left edge versus right edge across the triangle is then
interpolated. For example, with respect to the second triangle:
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-maxi mum vari ation determ ning. nmeans,tq determ ne a maxi mumvariation
anong the curvature variation between vertices and |ight vector vari ati*on
bet ween vertices, and nmaxi mum variation conparison neans for conparing the,
‘maxi mum variation to a plurality of threshold values which are-used To
determ ne the ord of the reflection equation to be used, each threshold
val ue del i neati ngsé'oyrﬁﬁkﬁﬂm_'\fﬂﬂ“éwmﬁm_llu-e at "which a reflection equation
of a predet er m ne@(v3) edKaekdche(ofe))'C{d)penerate a quality (err) - 53-

i mage, if said coo(\n?)l.,'(Kgagg-cag'@(mymgl)pct ed an ordered reflection
equation,. said control nmeans selecting a reflection equation of .a .
predetermned order if the maxi numvariation is less than or equal to the
threshol d vailThe sgap ine logici in thanuseddpiinigrnolale the coler valuefiist on the tianglet i on
equation of adgex]ithercadrosiNetrigvgle diteior ned order can be used to generate a

¢

quality image. 8. The apparatus of claim7, wherein at |east four
orders of reflection equations are utilized. 9. The apparatus of claim
7, wherein t °miﬂ%@§?‘ graetof the fourhitdangleisat i on to be used is a second-
order eqd@tion. 10. The apparatus of claim9, wherein the curvature
threshol d val ue c@édste@fydee-to the nmaxi mum curvature variation for ‘which a
quality inmage can be generated using a first order equation. 11. The
apparatus of claim 9, wherein the |I|ight vector threshold val ue:

corresponds tTHuS &8950RdArerpauatien {Rhong,shading) isselecled farthisiriangleal ity -
i mage  can Mhile the technique can exploit the fact that the diffuse weight is already avallable™ .
15 -at the vettices, the normal components on the triangle edges must be propagated. v/ -
" The components at each step are normalized. The normal components across
the triangle interior are then propagated and the normal components at each pixel _
are normalized. The diffuse weight at each pixel is then determined: :

20 cos(olny) = Lx(ey)Nx(xy) + Ly(xy)*Ny(xy) + Lz(xy)"Nz(xy)
. Cix,y) = (Ka+Kd*cos{a(x.y})))*C(t3) '

where L(x,y) is, by assumption, constant. -
25 ~ While the present invention has been described In conjunction with
the prefetred embodiments, It Is evident that numetous alternatives, modification,
variations and uses will be apparent to those skilled in the art in light of the
foregoing description. In particular, the present invention can be encompassed .
| ‘shading equations beyond those described. Threshold values can be added to L
30 Increase the number of lests performed and the number of ordered equations that
can be utilizéd. Alternatively, the system can be configured to utifize only zero
order and first order shading equations o first order and second order equations.
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-

geperated using a first order equation. 12. The apparatus of claim?9,
wher ei'n: sai d maxi mum variation conparison neans conpares the maximm .
variation to a first threshold value and a second threshold value, the
first threshol d- val ue bei ng the maxi num variation for

reflection equation can be used to generatesq quality s\é\gmu mmimw!ﬂfm
said second threshold value being the nmaxinum vari at4 onr

first order reflection equati-on can be uSed_to generate a quality shaded

i mage; and said control nears ‘sel ecting 9—%@1@ or der reflection equation to
be used -to conpute the reflection * * - 54-

across the pol ygon if e ar,

first thresﬁol gvaI ue, rnth é?ﬁép%@or et ??Lﬁﬁéq SE% tgﬂggeﬁs

conput e the r egraphiien mqgsfonedpgp}gm cm ahermhnmsmdpaspleay odevsce,
greater than tgﬁﬁi' r&i‘abﬂ&%%holﬂsﬁihye QEQ:LE:@SScBﬂﬁ?J.QEnSqUQl anth?OSSfond

t hreshol d val ue, a second orde | ection _equation fo be use

conput e t he rePI’%‘@g'?on %R:+‘Bs§rﬁﬁélﬁolmﬁ wRBAdede mﬂ‘?ﬁaﬂ‘ﬁ%aFPatq ohight -

greater then t beui-eeanhé:tu eshaliddvaimeye 1generatéle iy abgs aOf%ﬁémﬁy9
wherein zero, #) gzhfg %3% cond order _reflection.e uatlons. ar e us
2P 5

zero order equ S|ah %e’abtsﬁ?deEBP rEtN WTSPPE1§NG, 2 aﬁ%?gﬁﬁf
| i ght vector apttoNessimg Mg&mmemewwat érame dmfitee; convectedt

ordersqyat | ONLGORk %ir'&%h:'ﬁs: di¥gvay device, said shaded image defined
- by a plurality of pixel data, said pixel data being
stored in the frame buffer, each pixel data comprising a

s
pixel 1location on the graphics display device and a
pixel color, said shaded image being displayed on the
graphics display device according to the pixel .data
stored in the frame buffer, said apparatus further
comprising: '
a) adaptive shading means coupled to the CPU and the
frame buffer, said adaptive shading means comprising;
e’ 1) input means coupled to said CPU to receive
' '~ a plurality of polygons from said CPU which define the
graphic image, each of said polygons having a plurality
of vertices, each of sald vertices hav1ng a location,
each of said polygons be:.ng deflned by the ~location of
-the polygon's vertices and a normal vector at each
vertex, said normal vector at each vertex being a normal
vector to a surface of the polygon at the vertex;

2) . selection means for selecting an ordered

-

reflection equation from a set of at least three ordered .
refleétion equations, said ordered reflection equation’
to be employed to determine a reflection across each
polygon, wherein an ordered reflection equation of a
highest order generates the reflection of a highest
quality across the polygon, said selection means
comprising;

i) ~ variation determining means for determining an



where Cis
and cos (a)

second order equation conprising- C = (Ka + Kd*co

represents
nor mad i zed

reflection
retrieves t

the pixel color, Kais an anbient weight, Kd is a d|ff||':p wei ght

is equal to the dot product L-N, Cp is a polygon col or; saifd,

t he pi xel color, C s a p.dl ;/gon_ col_or, Ka is thjmﬂmmnm!mnr Kd is

the diffuse weight and cos(a(x,y)). i< egal to L. (% ). Nx'y)" and L(x,y)

‘a normalized light vector and N(x,y) - represents a

e Cis

normal vector to the surface. 14. - The apparatus according to
claim 13, vamownht bife varbabider of fa rpredetiermined graphdc aritteria

OLef4 N the nenory and said control neans
ﬁg se1}L ?035@ ?\ ecﬁadn equati on and out puts (err) 55 -

th

sel ected rki) ecti oROMPAFASOR Means; hEOr, «FPRRAY T dcthe mQ%EﬁuaF\iMns
15. Th@aﬂ&ﬁ)ﬁtabﬁsvﬁilﬁﬁldﬁ £o @-'@i’é‘{ﬂil@hﬁﬂ:éﬁ@&l‘fﬁéﬂﬂd PRk Si Ng:

t t to - t t t h
VerLox and RELEGERRFIOR, B TR, RRPREh BE( YEEASTIPhY CAL A CFRPURb nt

-vectors bei
| ocati on of

val ue indicative of 33 | ar grefdeatiaw varidetenmpna

i nt
ofy vafmath.bnn exiceadsoddte dhresholde wainie)yt a edcmtnml tm&ns .

ring the

eyepoi nt vec%:g% ié,%ﬁ %g |o§£§%wg1r?\é\e/gﬁﬁ Cg%rq@‘r an eyﬁgopﬁ}f&%c ‘n.reshol d

i f an ambundeérRIRRAGN! aVeCt YeIHHIOM N YL the polygon, said

reflection determination means receiving the ordered

reflection equation determined by the selection means and

employing the ordered reflection equation to determined
the reflection across :the polygon. and generate a
plurality of modified pixel data representative of a
shaded polygon image; _

4) - output means connected to the frame buffer

to. output the plurality of modified pixel data

representative of the shaded pélygon to the frame buffer;
and '

b) display control means connected to the frame
buffer and the graphics display. device to read the
plurality of modified pixel data stored in the frame
buffer and enable corresponding .pixels on the graphlcs
display at a color. specified by the plurality of modified
pixel data to generate the shaded polygon image on the
display;

wvhereby the apparatus selects the order of the reflection

equation for each polygon of the graphic image according

" .to graphic criteria variation and a use of costly, time

consuming higher order reflection equations 'is minimized
and higher order equations are ‘used only when
measurements indicate that a variation of measurements
across a polygon is great enough to warrant use of a

" higher order equation.

2. ° The apparatus a_ccdrdin’g to claim 1 wherein said

en ey%%hﬁt VE®X or s;

-~

-



vettices is greater than or equal to the eyepoint vector threshold val ue
the confrol neans sel ects reflection equation of a highesr“ﬁraéF””éﬁa_gara_

mgxi_mum variation determning means determ nes the
anong; the curvature variation between vertices, the ligh “Eu“u
between vertices and the eyepoint vgcg?r_ vari ati on betweentvertisces.
16. The apparatus of claim15, wherein the highest order reflection.
equation to be used is a second order equation and the eyepoint vecfor
t hreshol d vamgfIantrmmoddtermlaatanmnmaan&xﬂntﬁrmmnesrthannaﬂlncﬁxnn

which a qual i tyiJmge ¢aB b?f‘g%%fgt edsy 2.” fah Oaﬁffeégﬁé&hgna.&]r

The apparatus accordjng to ygon conprise
triangle haV|M$ﬂﬂqﬁ#QS imagesd and thlrd vertex - and wherein said
eyepoi nt - vector determ ning means determ nes a naxinun1éyepoint vect or

bos(arry wher G 1), RS 3pparestd) Aararaing vEg  SHHE chrpRERLE Fo e
eyepoi nt vect afefiiedthiioni determihatiovx mans/y\déberniniés &he teflectiom z
conmponent s of Jdiedy erRaidt £{8f§8£natuékﬂﬁgsegongc¥ﬁrt?in XQ—:%}\Jat%r?) o (3)

rendering images.

4. The apparatus according to claim 3 wherein said
reflection determination means comprises:
means for determining the reflection at each
vertex of the polygon according to the reflection
-equation received; _
means for determining difference variables
between adjacent polygon vertices, said difference
variables comprising a normal difference variable which
comprises the difference between adjacent vertex normals,
. a position difference variable K which comprises the
o - ‘difference between location of adjacent vertices, and a
color difference variable which is the difference between
the color defined by the pixel data at adjacent vertices;
) means for interpolating the reflection determined
Nt " at each vertex across the polygon using the difference:
variables to determine the reflection and modified pixel
data of pixels across the polygon.

8. The apparatus aécording to claim 2 wherein saiad
" reflection -determination means determines the reflection
across the polygon using a plane equation for rendering
images. ) - '

6. The apparatus as set forth in claim 1, wherein
. said wvariation determining means comprises curvature
_ determining means to determine an amount of curvature
variation. across the surface of the polygon .and a



are the x, y and z conponents of the eyepoint vector at the third vertex,
cos(err)) is indicative of the eyepoint vector variation bet e ftrest
vertex and second vertex, cos(9(2)) is indi catleector
‘af+ati on between the second vertex and third vertex, rr) IS
i ndi cative of the eyepoint vector vari agbon bet m ex and .
first vertex; and said eyepoint vector conpari so mpat i ng the

maxi num eyepoi nt vector variation to the eyepoint threshol d val ue.

The appar atoxarvecoreli gt attien mkiEtwesdrer wemtubespoaggondingprte estme
triangle hgy Sego r e rrumvarlatlon
i's de'?erm %iad cco‘fr’%ééar?oggcgfslferr wh%rge%?os P)%I]&gB?lr‘le%l mm
curvature vari ati onrsahd a(epmparisgncur fganse mepwrlse@(emrwastum

‘maxi fum | i qiumpfacieénva{éaa{é 0foen<éoa{pwﬂnq Sth&€ andit vsst Gurieitdite and

cos (err) is the maxipum eye vect or variation-an
eyepoi nt vé’(?c]ﬁra’r'rae‘?ﬁhPetweerSf'hQQ"er%lc?ﬁe t:?pp%lrﬁ?ﬁgath 1zémﬁ‘s%l‘?/\,her ein
- the Zfirst vdmesholihdidathive |oftha r abgegel Quidftt o 6f938:mdaftd1ﬁe second

threshol d foﬁn &HE r @ﬂg% 9 Qh%?’ mtoﬁng %%9 cu%Qrature U&%‘ a&_?t us
GRef h& 2 SR

according - R cOiprises attriangt aV|ng a

3

gl

first, secd?ﬁi'-mt hvcntheSex 1521 greatenne thamr aets eaqudddi rtg> t ke ai m 20

wherein;  SqhfvAttival bheesHBNEl Wy, "BRdIScoiRtf6TT HeAnsd SBECEE  the

curvature va,rlatlon cos(err)) . ,between vertlces R _
_ highest order reflection equation. o A\

7. The apparatus .-as' set forth in claim 6, wherein: ™~
said variation determining' means  further
comprises light vector determlnlng means to determine a
light vector at each vertex and llght vector variation
among vertices, said 1light vectors being a function of '
the normal vector at each vertex and a location of the
light source relative to the vertex;
said comparison means further comprises light
vector comparison means for compar:m_g a 1light vector ~/
variation between vertices to a 1ighi:' vector thresholad
value indicative of a large amount of variation between
. light vectors, if the amount of 1light vector variation

between vertides is "greater that or equal to the light \./

vector threshold value, the control means:seleets the
highest order reflection equation; and.
said selection means further_eomprises:
maximum variation. determining'means to determine
{ - a maximum variation: amcng the curvature var1at1on between
vertlces and light vector variation between vertlces, and
maximum variation comparlson means for comparlng
the maximum variation to a plurality of threshold values
which are used to determine the otder_of the reflection
equation to be used, each threshold value deiineating a
maximum variation value at which a feflection_equation'of
a predetermined'orderecan be used to'geherate a quality



acgcording to: cos(err-) = mn (coS(err) coe(err) cos(er*rj—\7\71f‘reﬁe—eres—ﬁevleﬁ—=
Nx(I)*Nx(Z) + Ny(l1)*Ny(2) + Nz(l)*Nz(2) cos(err) =

Ny(2)*Ny(3) + Nz(2)*Nz(3) cogferr) = Nx(3)* Nx(err) * Nyml |1|u)||||
Nz(3)*Nz(l) where Nx(1H), Ny(-ﬂ:) Nz(1) are the x, y, and t he
vertex normal at the. first vertex, Nx(2), Ny(2) Nz(2) are the X, and z
conponents of the vertex normal at the s'écé?ld"vertex Nx(3), Ny(3) Nz(3)
are the x, y and. z conmponents of the vertex normal at the third-vertex,

cos (err ( 1)) 11dg§secnfjf Cé&iﬁecoﬂftrot hGe % \f?éé’rr?oﬁ’aéé?EEegdb%v‘Ecﬁfhéf@d

first vertex an ond vertex, coOS e r I's I ndica
curvat ure var F&cﬁ](ﬁ?m%eﬁq‘ﬁﬁﬁlgéconﬁa&ﬂd canEyoder MeANs jfelasking)ja s

i ndi cative of ridrdutiion uréqu/aaﬁi&il @¥ bef Wenedeterntiindl V%ﬁd?é&- ange f i ¢red
vertex; and said curvaturgf ng n e s co arin t@ t v];iure
variation to CYETUR YRFL2HAP filﬁl eF5 qﬂ}()e?‘?'i ° raf'p%éﬁ
accordi ng to ofadiue 2&hiwdter deliswatds glltaxziemmr mmmm ngaimeanmch a
det er m nes a h VAEi rr

cos(err) = ?@O?;{E"r%rg s gir %(E)S ?dé\%‘géégcoﬁ err)i’@%‘%ﬁtﬂeﬁ +

Ly(l)*Ly(2) +°E‘ﬁ@l’-) ’q_az!( zbyec%%e@ 9 eenﬂreyem(gyallt-y( Apage.3) +
Lz(2)*Lz(3) cos(err) Lx(3)*Lx(I)+ Ly(3)*Ly(I) + Lz(3)*Lz(l) where

Lx(l), Ly (1), LZB( 1) arelthe )z(lbp atus Corrcpla m ; where:m at least four
\/ orders of reflection equations are utilized.
1\ T i
9. " The apparatus of claim 7, wherein the highest
order reflection equation to be used is a second order
equation. )
10. The apparatus of claim 9, wherein the curvature
threshold wvalue correspoﬁds “to the maximum curvature
variation for which a quality image can be ' generated
using a first order equation. | B

11. The apparatus of claim 9, wherein the light

‘vector threshold value corresponds to a maximum light
_ vector variation for which .a quality image can be.
S genereted using a first order equation.

- 12. The apparatus of claim 9, wherein: -
said maximum variation comparison means compares
‘the maximum variation to a first threshold value and a
: ' second threshold value , the first threshold value being
the”maximum_'variat_ion for which a zero order reflection
equation ean be used to generate a quality shaded image
and said second threshold value being the maximum
variation for which a first order reflection equation can
."be used to generate a quality shaded image; and

said control means selecting a zero  order
reflection equation to be used to compute the reflection



the light vector at the first vértex, Lx(2),Ly(2),Lz(2) are the x, y and z
conmponents of the light vector at the second vertex, Lx(3), Ly(3),Lz(3)" are’
the x, y and z conponents of the |ight vector a.t cos(q
(1)) is indicative of the +ight—vector variati ‘mnmﬂ“ “Iu m(st vertex.
and second vertex, cos (err)is indicative of the tight tve#tof variation

bet ween t he second vertex and third ®%®rtex, ‘and ‘cos(err) is
i ndi cative of the | i ght vector variation between the third vertex and first

vertex; and,g tg’H C S : .khe i ght
vector vari atlon St Lﬂ énvgﬂ)gglb E‘r eshol d va} ue. igﬁg g lg%%emﬁlar at us
of claim7, Q¥hee@palt fo hF ﬁesflﬁ‘élerthrreﬁﬁré&@ oiVad@gat i 8n Eirsle s a

second or dege@qeditiioh aﬁ%m nBgl used dd Bompute!t hEl #RF1HARIGH Ny
to: (err) where cos theicﬂa)t(: rrum curvature varratron and a: (err) S

a curvatureaﬁepﬁﬁt é SPQIIVP"PS g g yariatian is, gregte
variation athan(dhe ﬁis:'stretlhrghho!{dCVaﬂ.uuelaml .1éd¥s thanTbe sgualattiess of

cl aim 23 Lei V. e i 0. 938
and the secoﬁ ctés?‘n ahu&eiq ?{tﬁléj'r a%w §SE§§g ? Q-Q% %.5%1%%@1"% The
appar at us aquettlm tth) |1=P\e cused. to mmtre @Eﬁ dreflegtion across rihey

means corrprpsq gldrgmhaﬁctt% dRdel iR RArIR¥IoH 0ide g/ dHt: athéﬂhtth\@ﬁ or
at each ver n%u %(ﬁ*’l vect or, vari ation anong vertices, sal d i gh

vectors bei f§°R YRLYRy nal  vect or

o’
13. ' The aPParatus of claim 9 wheréin zero, first and. U
second order reflection equations are used;
said 2zero order eqguation comprising a dot
product, L-N where L is an average light vector and N is
an average hormal vector to the surface;
said first order equation comprising,
C = (Ka + Kd* r.:os(a))*'cp
~/
where C is the pixel color, Ka is an ambient weight, Kd
'is a diffuse weight and cos (a) is equal to the dot
product L'N, Cp is a polygo{n color; ' -
said second order equation comprising, v

= (Ka + Kd*cos(a(x,y)))*cp

'where C is the pixel color, cp 1s a polygon
color, Ka is the amblent we:r.ght Kd is the diffuse weight
"and cos(a(x,y)) is equal to L(x,y) ~N(x,y) an_d L(x,y)
_represents' a normalized 1light vector and N(x,y) i
represents a normalized normal vector to the surface.

14. The appa_re_tus ac_cording to claim 13, wherein the
zero order, | first order and second order refiection
equations are stored in the memory and sald control means
retrieves the selected reflectlon equation and outputs



aty each vertex and a location of the |light source relative to the

verteX; and said conmparison neans conprises light ve conpari son
nmeans for conparing a-light vector variation between verti

vector threshold val ue |nd|,cat| ve of a l|arge anount: of “V mmlmﬂ“m““l
light vectors, such that if“the anount of [ight vector va hOﬂL ween *
vertices is greater than or equal to the=l P§ht vector threshol d val ue, the
control neans” sel ects the highest™ order ref | ection equation. 26. The

apparatus as Sfle f ofbiebRell Alehe MY Nbqidt o ar £8! | PReUCLAIFTLNIG

nmeans to determ ne an ez poi nt” vector eter ning means_to determne an'
eyepoi nt vect slegreina ientBRaBRd an eyepoi nt vector variation between
vertices, said eyepoint vectors being a function of a |ocation of an

eyepoint relatjyve to ocation qf the_vertex; nd sal afison _neans’
conprises eyepol nt ve?ﬂé qi#% ﬂﬁar‘r'slaf’ﬂf' dg ﬂg"ééﬂﬁoi’?ﬁans

vector vari atlimrtlbetveemprysingces an eyep0| nt vector t hreshol d
val ue indicatfve of a %9&?818@98&8} &gib%hﬁﬂnpe @%@% UL G U
such, that if an anmpoun epol nt vector varra &t ween Vertlces 18

greater than cﬁymhmttorectqrera): 6Each t Nerspxpoand aact eyepainthorerter ue,
the control n%é@i@ﬁtﬁeﬁﬁééﬁCVEQElégﬂat bﬁﬂdoﬁﬁﬂlﬂ&e%&rdig bedhg a

The apparatus as se forth |n I, wherein: said.,v rlat determnln
rreanspgorrprlseél ne I?n of ioca ion of an eyepoin Elap_i g
NS 1ocation of the vertex;
\/ eyepoint vector compar'ison means for -comparing

the eyepoint vector variation between vertices to an
eyepoint vector threshold value indicative of a large
amount of variation between eyepoint vectors;

if an amount of eyepoint vector variation between
vertices is greater than or equal to the eyepoint vector
threshold value, the control means selects reflection
equation of a highest order; and ' '

said maximum  variation determining means
Y% - determines the maximun{ variation among; the curvature

variation between vertices, the 1light vector variation

between vertices and the eyepoint vector variation

between vertices.. | |

16. The apparatus of claim 15, wherein the highest -
order reflection egquation to be used is a second order
equation and  the eyepoint vector threshold value
corresponds to a maximum eyepoint vector variation for
which a _quality image can be generated using a first
order equation. ' i
17. The apparatus according to claim 15, wherein the
polygon comprises a triangle having a first, second and
_lthird' vertex, and wherein said eyepoint vector
'determlnlng means determlnes a max1mum eyepoint vector
variation (cos(-p)) accordlng t0° '



vector determning neans to determine a |ight vector at each vertex,
di ffuse reflection determ ning neans for determ
normal at each vertex and the.. |ight vector

a [ _
in val ue between the dot products at Wi rl!ﬁ Msal d
means -conpri ses di ffuse conparl aring the

di fference
conpari son

f

maxi mum di f f erence bet ween dot products &6 the vertices to at | east a

t hr eshol d” val ue and sécond t hreshol d val ug,

i ndi cative

of a variation of reflection across the surface of the-

pol ygon whi ch reqwé@g( P eeﬁggcugg qggtt ] gasqltﬂ@t) ,| ey ﬂjl nst

predeterm ned order to be used., and a second th

eshol d va ue |nd|cat|

and

t he

maxi mum

first

said first threshold -val ue

ve of

a variation of reflection across the surface of the pol ygon which requires

refl ection
than the
di f ference

equati on where | east a second predeterm ned “order  Hhigher
first predeterm ned.order to be used; such that if the maxi
bet ween dot products at the vertices is |ess than or equal

the first threshold value, the control neans selects the reflection:

equation of a pé@@i?z@im ngedvgqj;l?ivk g\tr.,.t bgqlt)hqyf(lzr)st,, R t,e\fzn@'ﬂed or der;
2

if the taxi mumdif

than the first TPFE2h81Y VaYﬁézbﬁﬁxK

rence betwe

B R3O FvEad & §463) St

mum
to

Ices |1 s greater

t hreshol d val uecog hy(sppt#ovxm;;mvwaeet vyl(B¢ *vgf(l19ctH anz yuata @y of t he

first predeterm ned order;

products at the vertices is greater than the second threshold val ue, t

control- means sel ect¥hene réx(kkiidy(l), Vz(1) are -the x,y and z

components of the eyepoint vector at the first vertex,
vx(2), Vy(2), Vz(2) are the x,y and 2z components of the
eyepoint vector at the second vertex, Vx(3), Vy(3), Vz(3)
are the %, y and z components of the eyepoint vector at
the third vertex, cos(p(;))-is indicative of the eyepoint
vector variation between the first vertex and second
vertex, cos ('7 (2)) is indicative of the eyepoint vector
variation between the second vertex and third vertex,

| and cos (9 (3)) 'is indicative of the eyepoint vector

variation between the third vertex and first vertex; and
said eyepoint vector comparison means comparing

and if the maxi num di fference between the dot.

IW B
"\

the maximum eyep01nt vector variation to the eyepo:.nt

threshold value.

1i8. The apparatus accordlng to claim 15, wherein the
polygon comprises a trlangle hav1ng a first, second and
third vertex, and the maximum var:.atlon is determined
according to: {

-
&

cos(¢¥9) = min(a(¢)*cos(s), a(p)*cos(P), a(7)*cos())

where cos(¢) is the maximum curvatura variation and a(¢)
is a curvature wéight, cos () is the maximum light vector
variation and a(w) is the 1ight vector weight, and cos
(#) is the maximum é&epdint vector variation and a(y) is
the eyepoint vector weight.

¢

3



(err) -61- equation of the second predeterm ned order. 28. - The .
apparttus of claim 27, wherein the highest order refleetiomeguation to be
used is a second order equati.on. 29. The appar at us ' rein
the second threshol d value is,.set to a value in the rﬂlﬁ”\@t@mmmrk

30. The apparatus of clFaim 28 wherei g_,t he firstBrAE -val ue is
set to a value approximately -equal .to 01.17°31. . The apparatus accordi ng
to claim 28, wherein the zero order, first order and second order -
reflection equations are shared in the nenory and said control neans
retrieves the 12t ect edThef | 2pPaBAtBgualf orckaimotdutvherein scthet first

refl ecz ion eqeagfégﬂ?mora;lﬁa %éefiheehjteoataﬁ@besifi 03 lgig®N ﬁa%msassﬁ?atnq i:n% he
apparatus according.to ¢ erein, pol ygon comrises ,.a triangle
having. a fir s*f?c%g@bﬁhrﬁghghﬁi ?’&%&r &8 .1n3§he r\ég’?ﬁe ﬁ&?&%st%c%ﬁﬁNQ
to claim27 wherein said reflection determ nati on neans determ nes the
reflection acrgss the y I e L ngs £ or war | ferenc) fs
rendering i mag%@f 34. 'BRL' %%%a%[ga%t%‘gég%%%{'@i%g %&CHC ntgi Jr}ﬁ’ 3%\%&1&’ ﬁt%eai d
reflection detpelygoni comprisesia etrnianglehbavinded | Bhrats oseaomd RNdgon

usi ng pl ane equgir@Nvefeex’ endering images. 35. The appar atus accor di ng
to claim34 wherein said

I 21. - The apparatus according to claim 20 wherein;
> o said curvature determining means determines a
N .maximum curvature wvariation (cos(¢)) between vertices

according to:
cos(¢) = min (cos(¢(1l)), cos(¢(2)), cos(¢(3))
where

... cos(#(1) = Nx(1)*Nx(2) + Ny(1)*Ny(2) + Nz(1)*Nz(2)
L, cos(¢(2) = Nx(2)*Nx(3) + Ny(2)*Ny(3) + Nz(2)*Nz(3)
cos(4(3) = Nx(3)*Nx(1) + Ny(3)*Ny(1l) + Nz(3)*Nz(1)

where Nx(1), Ny(l1), Nz(l1) are the %, y, and z compohents
of the vertex normal at the. first vertéx, Nx(2), Ny(2),
Nz (2) are the %, y and z components of the vertex normal
at the second vertex, Nx(3), Ny(3), Nz(3) are the x, y
and. z components of the vertex normal at the third
vertex, cos (¢(1)) is indicative of the curvature
variation between the first vertex and second vertex,
cos(¢(2)) is indicative of the - curvature varia:tion
between the second and third vertex, and cos(¢(3)) is
indicative of the curvature variation between the third
vertex and first vertex; and

_ said curvature comparison means comparing the
- ~maximum curvature variation to the cuz_'vature' threshold

- value, ’



(err) - 62 - reflection determ nati on neans conpri ses: -nean )
determ ning the reflection at each vertex of the*pﬁMg to the °
refl ection equation received; nmeans for determn ni \‘“varl abl e -
bet ween adj acent polygon- vertices, said di iﬁ“ﬂ%‘ m\m s conprising”
a normal difference variable which corrpri ses t erence “between

adj acent vertex normals, a position= §8fference variabl e which

- conprises the difference between | ocati 6ns of adjacent vertices, and a
color difference variable which is the, difference between the col or

_de;:ned by tdm p|xeugﬂatappaﬂaﬂuecsaéoraihgcee cma&mszborwh&&ehﬁpb%hcng the’
refl ection m_ned, at vertex across.,t on using t

011 orence Vg vechat SEFRrNERLRY BEER atPRrREakE Ao RRx e Tigbty o
of pixels ao:e:cslsolth'ealpmygon (G6s (V) a&herdppgrtbls as set forth inclaim
1, wherein: said variation determ ning means conprises: eyepoint vector
determ ning means to determ ne a eyepoint vector at each vertex; reflectlon
vect or determ rﬁ%(‘h}ea'nsm%mﬁ'éﬁé‘i’dhg teesf¢{2bivi 6ASEYEBI) - - at. each
vertex, said reflection vector being the vector the light reflects off

t he surface of the p‘gl?%]go and specul ar reflection determ ning means

for determning the roduct of the reflection vector at each vertex and
t he eyepoint vector at each vertex and a nmaxi num di fference in val ue -

bet ween t he dot at X3 C Iyl ans -
oy es © aoed QOLES P 2'LRPEPHERIEF*+ BPRLFRLY (2) SRR () Wz (2T o
. cos(p(2)) = Lx(2)*Lx(3) .+ Ly(2)*Ly(3) + Lz(2)*Lz(3) o

cos((3)) = Lx(3)*Lx (1) + Ly(3)*Ly(1) +_Lz(3)*Lz(_1_)

where Lx(1),Ly(1),Lz(1) are the x, y and z components of
the light vector at the first vertex, Lx(2),Ly(2),Lz(2)
are the x, y and z components of the light vector at the
second vertex, Lx(3), Ly(3),Lz(3) are the x, y and z
components of the light vector at the third vertex,
cos(\y (1)) is indicative of the light vector varietion
between the first vertex and second vertex, cos (y(2)) is \4’
indicative of the light vector variation between the
second vertex and third vertex, and cos{( \p' (3)) is
indicative of the 1light vector variation between the
thJ.rd vertex and first vertex, and

said light vector comparison means comparing the
maximum light vector variation to the 1light wvector

| threshold value. ' '

23.  fThe apparatus of claim 7, wherein the highest
“order reflection equation to be used is a second order

LY

equation and the maximum variation is determined
according to: '

cos (¢¥) = min(a(d)*cos(8), a(y)*cos(y))

 where cos (¢) is the maximum curvature variation and a
(¢) is a curvature weight, cos(y) is the maximum 1light



o e
e

cogparison means for conparing the difference between W&m ‘he
vertides to at least a first threshold value and a sec “u“m ue,
sajd first threshold value indicative of a variation of *refletti'bn "acr 0ss

t he. surface of the pol ygon, which requires a -~reflection (err) * C
L M S * - 63 - equation of it least a first predeternm ned order to
be used, and a second threshold value tn8Pcative of a variation of
reflection across the surface of the polygon which requires reflection -
equation of aty,dagnt e I Bed det ~Rs-0 she of i 1St
predeterm nedtvoét der _t?%%ﬁ%%ﬁﬁcﬁﬁ??atﬂgi Fﬁ%hgiﬁggi gug%tg;}??’gtrl ng'e' bet ween
dot products at the vertices is less than or equal to the first threshold

val ue, the condg,ol neansesaippdrratie ef | afldan eplahdidin a tiedeigigd ned
order lower than the first. predeterm ned order, 7jf e max| diff.erence
bet ween dot p:}g’tﬁ?ﬁq&"%‘# Yﬁégser’ﬁ cERe | rapde, {’haégt e fé‘p%:{gtﬁpgsﬁ&ed

val ue and | esseadond dcheegiadld ovaleesisohbet rangeobd 0ab38, tivh® .8F%.r ol
means sel ects the refiection equation of the first predetermnined order; and-
if the maximumdif erence between dot products at the vertices is greater
than the seco®® hr estithel apparatupcagonefoforthninseladms 1y h@hexeidst i on

equation of the secondsPi®dohpigtiofl Hed¥rmihing medh® 8BRMPprikes AfigHtai M
36, wherein the mo%heat order ,refl ection eqaal__l on,to be uselglj I S- - sec%nd
c e t r a

or der ve etermining means to ermine a lig vecto
\J each vertex and light vector variation among vertices,
A said light vectors being a function of the normal vector

- at each vertex and a 1location of the 1light source
relative to the vertex; and |
said comparison means comprises 1light vector
comparison means for comparing a light'vector variation
between vertices to a 1light vector threshold value
indicative of a large amount of variation between light
vectors, such that if the amount of 1light vector
\ _ variation between vertices is greater than or equal to
NP 'the light wvector threshold value, the control means
selects the highest order reflection equation.

, 26. - The apparatus as set forth in claim 1,- wherein:
M said variation determining means to determine an
eyepoint vector determining means to determine an
eyepoint vector at each vertex and an eyepoint vector
variation between vertices, said eyepoint vectors being a
function of a location of an eyepoint relative to a
location of the vertex; and
said c'omparison means comprises eyepoint vector
comparison means for comparing the eyepoint vector
variation between vertices to an eyepoint vector
threshold value indicative of a large amount of variation
between eyepoint vectors;
such, that if an amount of eyepoint vector
variation between vertices is greater than or equal to



equation. 38. . The apparatus according to claim 37, wherei zero
order, first order and second order reflectien—erm'tﬁﬁlr—g’:rgred in-
menory and said control neans retrieves a sel ecte ““ quation and
outputs the selected reflection equati on M\m‘ \‘ tion )
determ nati on neans. 39. The appar at us of I whefei’n the

refl ection equation of the, second pred®ermnmi ned order is a second order .
reflection equation, the reflection equation of the first predeterm ned -

order | askiel Sty @hdfe YAEl) OnrecnOfacYAON. +RY dbiftel| gEbbgr

equation o erm ne rder owner Y fIrst pre rmne
is a zero eeéeptﬁemeédﬁq#i@qmumomoof a highespperdeus of clai m 36,
further conprising threshold . setting neans sel ectabl e by the user such t hat

t he user céan set th%hr eshol ds accordi n‘rg t‘?}éa desir ed qualb¥ The
appar at us 6f *cl ai mr i, ag is¢% T thinplaiRolquibe] ?1F‘ender a
shaded i mage, sai ds‘a:rdstvamih'sﬁmndetbmihdhds nﬁaramesertoxwrSsed Lighthol d

Zero of 1 PSEtERadetEinR HE nBHRY, (00 adDE-RERI IRT Ll TYRERGE N0 O
cl ai m 36 weachi vexttexpolangbrdiffnse sweefbeetim@etemmgng feaps, foacond
and third yeitk®hinihg a abte SRRAIGE US£aQEY thdtmd? Bitdl dAcibvertay €i n
said reflection deterT nation neans determnes the reflection across the
pol ygon suPPdcet ght \ave@ctor at each vertex and a maximum
difference in value between the dot . products ‘at the \.f
vertices; and . : : , u
said comparison means comprises diffuse
comparison means for comparing the maximum difference
between dot products at the vertices to at least a first
threshold value and second threshold walue, said first
- threshold value indicative of a variation of reflection
across the surface of the pelygon which requires a
reflection equation of at least a first predetermined
order to be used, and a second threshold value indicative ,
of a variation of reflection across the surface of the \{
polygon which requires reflection equation of at least a '
second predetermined order higher than the first
predetermined order to be used; _
such that if the maximum difference between dot o
products at the vertices is less than or equal to the
first threshold value, the control means selects the
reflection equation of a predetermined order lower than
the first predetermined order;
if the maximum difference between dot products at
the vertices is greater than the first threshold value
and less than or equal to the second threshold value, the
control means selects the reflection equation of the
first predetermined order; and '
if the maximum difference between the dot
products at the vertices is greater than the second
threshold value, the control means selects the reflection



differepcing for rendering images. - 44. . The apparatus accordihg-te— —
cl ai m36, wherein said reflection determ nati on neans determ nes the

e O e artiebe L8 oet % B A st et o IR

det er i ni ng means conprises::iight vector deternining neans t'o det&rnine a
| i ght vector -at each vertex and |ight veCt8& Variation anpbng vertices, said
| ight vector being a function of the normal vector at each vertex and a

I ocation of aédttﬂﬂioﬁplﬁﬁetﬁg@éé&ﬁdtﬁrééﬁéeﬁ‘n’ihﬁﬁ o#@er. - 65 - diffuse
reflection determ.ning means for determning a_ dot _product of the
normal at- each vertex and the |ight vector at each vertex. and a

maxi mum di f f e@nce in T uapparates tEf dllaiml O2vct whairdite vRet iiRfhestai d

conmpari son nean onpy | L. diffuse . conparison ng . for aring the
maxi mum di ffgrrgﬁ%e@%tiﬁgﬁgnt [uRRACn p§8d3’ce[ sug§€ tne® v??%g? S - ]%&eaﬁ
_least a first egwadsitlsi.d val ue and second threshold value, said first

t hreshol d val ue i ndicative of a variation of refl ectdi on across the..
surface of the polygon which requires a reflection equation of at |east_a
first predetel®i-ned o8 PPRAFaINS ofhdcdaddcord t'&i%%ﬁb!‘d the usecond

i ndi cative. of thri¢dholld oralle! €6 8eti &b aCcasFud hﬁnSﬁﬁéaﬁangta ofe R wapn
whi ch requireﬁ %fflection equation of at |east a second predeterm ned order
hi gher than the T'irst predeterm ned order to be

—
L - 30. The apparatus of claim 28 wherein the “first
threshold value is set to a value approximately equal to
0.1. '
31. The apparatus according to claim 28, wherein the
zero order, first order and second order reflection
équations are shared in ‘the memory and said control means
retrieves the selected reflection equation and outputs
O the selected reflection equation' to the reflection
L

N " determination means.

32. The apparatus according to claim 27, wherein the
. ‘polygon comprises a triangle having a first, second and
S : third vertex.

33. The apparatus according to ciaim 27 wherein said
reflection determination means determines the reflection
across the polygon surface using forward differencing for

rendering images.

34. The apparatus according to claim. 33 wherein said
reflection determination means determines the reflection
across the polygon using plane equations for rendering
images.. '

35. .The apparatus according to claim 34 wherein said



.used; such that if the maxi num difference between dot prod_ucts at the _.
vertices is less than or equal to the first threshold val ue, a control * ¢

nmeans sel ects the reflection equation of a predet E flﬂger t han - ,
o .

the first predeterm ned orders and if the HBXIHU n dot
products at the vertices is greater than the first+t eaho and | ess
than or equal to the-second threshol d"v8Rug, the control neans selects the
refl éction equation of -the first predeternined order: said sel ection neans

further COMUFINGSE i St RindEsShhEAAY cBiipREsek? deternine an anmount
of curvature variation across the surface of gon, and a curvature

. pol
vari ati on between \?%ﬁﬁ’?%esf%cd?%?@%’bl%r e va&’ tiop hater9achs of

the pol ygorierdidwatef € tREPapolYyditacdsrdiatipatongthee a@fidction
on between.the vertices to a (err) curvature threshold

curvature varls .|° Is 4t
val ue indi &4 o1 = ‘f%ﬂ"ﬁ% dnount of curvature variation, if the
anount of curvat uneamrfarl deterniningvdiffevence gragataérle heetweerequal

to the curyaiyy m&oya' YertiBesconkash TBIRTeIBRA SV ABLLLS!

or der reflectlon equ | vectof conparison nmeans for conparing the
li ght vect GomRRisiRBnapdt veiffersnes  yarighle cvhircht IgmpoisLs al ue

i ndi cative tife a2 affgeraneent Bétwaen at aaaabahweenrérm vaoeraals, f 4 he
anount of | |°%h.t vectodl é@élj‘gg be‘;a\l/\ll_el.ea vert | G885 roer%le{séshan &eequal
to .

difference between locations of adjacent vertices, and a N~

color difference variable which is the difference between o

the color defined by the pixel data at adjacent vertices;

' means for interpolating the reflection determined

at each vertex across the polygon using the difference

variables. for determine_the;reflectioh-and modified pixel

data of pixels across the polygon. - '

36. The apparatus as set forth in claim 1, wherein:
' - said variation determining means comprises:
eyepoint vector determining meens to determine a ~/
eyepoint vector at each vertex ; '
reflection vector determining means to determine
the reflection vector -at each vertex, said. reflection
vector being the vector the 1light reflects off the ‘o
surface of the polygon; and ) _
. - . specular reflection determining means for
‘determining the dot product of the reflection vector at
each vertex and_ the eyepoint vector at | each vertex and a

LY

maximum difference in value between -the dot prdducts at
‘each vertex; and )
saia comparison means = comprises - specular
cemparison means for comparing the difference between dot
products at the vertices to at least 'a-'_' first threshold
value and a second threshold value, said first threshold

- value indicative of a variation of reflection across the.

‘surface of the  polygon which . requires. a reflection



the . l#ght vector threshold value, the control- t-he

hi ghe%t order reflection equat i on; maxi mum variation determ ning neans to
determne a nmaxi numvariation anong the curvature lmm‘eﬂm!u“mm
vertices and a light vector variation between vert

vari ation conparison neans fr  conparing t3§ naxi num Varitatfon’ to a
plurality.of threshold val ues which are us to determine the order. of the

refl ection equation, each threshold val ue delineating a maxi mum vari ation
val ue at whi che@uaeﬁbﬁctoﬁ)nétquehw of fﬁr@tedﬂfeﬂeﬁélﬁdl.ﬁdiebrdéﬁ' ltso upad -

to generate a |ty1 ge, Lf said contr has ted- can
ordered. refl e@#?éh eﬁﬁ 3n rRER™ a|§l %ﬁ?%&er?é%:h esef'lgéﬁgﬁ‘g&i re?Fec?l on
equation of a pariataom néd refiectiibn keross e \swifaderof sthespolyganor

equal to the t@ﬁféﬂolx%q@x@s P&ié@@iaﬂgegﬁaﬁ%mof/aata&ea@t % s&@bﬁ&
the reflection equatlon of ﬁthélerm n der carj be used enerate
t

a quality i magErﬁﬁﬁ QF@&PSFi ghegs e e e fdksth mcﬂeﬁmgned
maxi mum vari at bpdegt tohbehusad; adj acent = refl éction- equat ion of a

| ower predeterm ned order gga_gﬁqg ugeghsal%&ner at edgfggg h&éabw:éelrhv\ggagi n

an ordered reflectiofi*®
appar at us of cprpdue¢ss witer the ttexrtiiggmsisoless rehanciomwnegyadt iton thebe

used i s a secpndspr dehy 60HB1AOvatle, theMBORRRAIY! HEall ChB1ELAS the

wherei n the curvat ur
- reflect:l.on equation of a predetermined order lower than

the . first predetermined order;
.if the maximum difference between dot products at
the vertices is greater than the first threshold value
and less than or equal to the second threshold value, the

N

control means selects the reflection equation of the
first predetermined order; and . ,

if the maximum dlfference between dot products
at the vertices is greater than the second threshold
value, the control means selects the reflection equation
N - of the second predetermined order.

37. The apparatus of claim 36, wherein the highest
_ . .order reflection equation to be used is-a second order
N equation.

38. . The apparatus according to claim 37, wherein the
zero order, first order and second order reflection
equations are stored in memory and said control means
retrieves a selected reflection equation and outputs the
selected reflection equation to the reflection
determination means.

.39, The apparatus of claim 36, wherein the reflection
-equation of the second predetermined order is a second
order reflection equation, the reflection equation of the
first predetermined order is a first order reflection



t hreshol d val ue corresponds to the naxinuE;LEg;;g;ELgﬂyglLaL+on for mthh a_
quality inmage can be generated using a fi quotation 48. The ~
apparatus of claimd46, _. wherein the |ight vecto value '
corresponds to a ﬁBXiﬁUﬁ1|lght vector vari ﬁ“ﬁ“‘ quallty |nage
can be generated using a first order equat SThé appar at us of

claim45, said selection neans further é@npr|5|ng eyepoi nt vector
determ ning neans to determ ne an eyepoint vector at each vertex and

eyepoi nt VQ&%E% | NeRgt o eyep | ng a
fﬁngtion of Oggilg%ﬁ& tﬂﬁ ?E?ﬂeé?%%h %%%? dyfhg oca %&gfﬁﬁ%
"vertex; ey&psiaR %Q%?%rtbéﬁlEhﬁoﬁ1§§Pw9§¢dﬁ§QHm*§$4cP%@ﬁEyéEoﬁn@qngnor
threshold wadér|ﬁ§h;§&¢iahcgqﬁht1§ﬁge anount of variation between eyepoi nt
vectors; if the anobunt .of eyepoint vector variation between vertices
I's greater t han or equal to the eyepoi nt vector threshold value, the
control neats sel eclivet lappaafdtest | of eclaimors®f tfherthieyhecomprdayingnd

i d
varati on SBend B Sbtoing AELALTLANAGEAHTRANY dhETLAED SHOR IHICLT,
vari ation ttéxe/menemme%eianﬂhewmmﬁmms vegcgrdwgu &9 oa ldsisiaed

vertices. %fhality.The apparatus of claim.49, wherein the highest order
reflection equatlon to be used is a second order equation and . the

eyepoint vector ' threshold value (err) 68 : _ o
41, - The apparatus of claim 40, wherein if it is N\
desirable to quickly render a shaded image, said first -

and second thresholds are set by said threshold setting
means to be low values such that the polygon is, rendered
using a zero or first order reflection equation. °

42, The appératus according to claim 36 wherein the
polygon comprlses a triangle having a flrst second and
third vertex.

kY
43. The apparatus according to claim 36, wherein i}f
" said reflection determination means determines the
reflection across the polygon surface-'ﬁsing forward
differencing for rendering images.

44, The apparatus according to claim 36, wherein said
reflection determination.means determines the reflection
across the'polygon using plane equations for rendering
images. ' ' ' |

-

45, The apparatus as set forth in claim 1, wherein:
said variation determining means comprises:
light vector determinihg means to determine a
light vector at each vertex and light vector variation
among vertices, said light vector being a function of
the normal vector at each vertex and a location of a
light source relative to each vertex; and '



coxregpgnds to a maxi mum eyepoi nt vector vari athty

i mge ‘can be generated using- a first order equa The appar at us
as, set forth in ctaim1, wherein: said varlatlon Im

conprises: eyepoint vector determ ning neans to dete"rml-ne |nt vect or
at each vertex; reflection vector determ ning neans to determne a
reflection vector at each vector vert&® — said reflection vector bei ng
a vector the light reflects off said surfacé of said polygon; and specul ar -

reflection deternini §gerBENS rdfAedtSid N ”dé‘ﬂe@mi’ﬁin@r odyehnef NGy
reflection vector at, each vertex and the e ep0| nt vectqQr at each vertex and

a maxi mum dif {SSESERINING 58, APkt REQF?“FFFe the el 2 aeAche rfeBEe% 5 d
conpari son nMeadad Cotlpé i SEbGht peesdtor C@ﬂpaéaélon vertes dmd £ ompRtinigh

the differences, pgetween dof_products.at,  the v | flrst
t hreshol d val gﬁrﬁngﬁcoﬁ'a ¥ dt‘é?lolbtftﬂ)"aef% %h.?a §%tf |?J§§du$ﬁfesﬂ
val ue indicatverticés;a variation of reflection across ‘the surface of t he

pol ygon whi ch requiresg ﬁiﬁefzbﬁﬁB ] PR =T VEELR Ty Last a first —

predeterm ned order to a second. reshol ‘d val ue i ndi cati ve of
a variation of refl ectﬂéﬁfaéﬁosscqmﬁ,a%%ﬁ@&cemeéps t HOT - FORPaBEANgwhithe

requires ref Iﬁ&kiﬁameqaitrfaﬂeﬁaeat betdtler? THEONAJY ePicTuBHEed L daghe
hi gher than the f pr edet.e ned order to suc that t he

t f
maxi niim di ffer%ﬁ’&lég'%%?mé&n at ?ﬁ’ﬁt p?o&dﬁs’;‘ & ’#éug]eqt?ﬁ Be, ? e or
- equal o the fthseshbldswaldeyakadd fliestorhreshodshvadaledisliidative of

refy ection equat ol flefoR" P! YRR SHCadr AR HHAD bliEehbEStor the

term ned order;
polygon whlch requires a reflection equation of at least

a first predetermined order to be used, and a second
threshold value indicative of a variation of reflection
across the surface of the polygon which requires
reflection equation of at least a second predetermined
order higher than the first predetermined order to be
used; ' .
, ' such that if the maximum difference between dot
\y - products at the vertices is less than or equal to the
first threshold value, a control means selects the
- reflection equation of a predetermined order lower than
. the first predetermlned order; and . . :
N ' if the maximum difference between dot products at
the vertices is greater than the first threshold value
and less than or equal to the second threshold value, the
control means selects the reflection equation of the
first predetermined order;
said selection means further comprises: :
curvature determining means to  determine an
amount of curvature variation across the surface of the
polygon and a curvature variation between vertices
according to normal vectors at the vertices of the
polygon; .
- curvature comparison means for comparing the
amount of curvature variation between the vertices to a -



-

I f the maxi num di fference between dot products athrgaterw
than the first threshold val ue - 69 - and less or equal the ¥ °
second threshol d val ue, t-he control neans selects m “af[ ion of

ar '
the first predeternined.order; said selection mar\mﬁx&m“\\\ Si ng:
t

curvature deternining neans to deternine an amountiik nvafture vari ations
across-the surface of the polygon and- & -<urvature variation between
vertices according to the normal vectors at the vertices of the pol ygon;

Vari ation bELIVATER, YATeriaL, s Sa I HRe Ll SRORT' Badd THRONRE, L of
a | arge anoafit curyatuner &arikationmn, if tthe amneunbf efir veuxvatuxei ati on
bet ween ver {hedatiidr BétRbeh N¥or¥ictial st grteae_e&u "SR !Hq%%hﬁ' goval ue,
the control peans selects a higher order reflection equation; T1ght vector
conpari son FBEnSWHAR FhFGSROIAgKalYEet Shey SankE “lﬁﬁ%eﬂegﬁ?fﬁces to
a light vecthe higerist brtdriereflbcttidry ceqiattidmy ge anount of variation
vertices | o greater Tt oveREER UepERRA S SRR (BoY L N RN Y, P BE. ¢ he
control neaddghsl seaton lwariaticon hetieen coféxtices touatlight vectonm
variation deheemhiy VBRI iﬁf@éﬂm?%@%@%@&ﬁ@té@wmgeiwe
curvature variation between vertices and |1 ght Vvector variation between
vertices; aR@tW@EMuAigBti aYeekoESnpdh sShensapRurbr Qfonpashy vector -
“variation- between vertices is greater than or equal to ‘(
the 1light wvector thresl_iold value, the control- means "
selects the highest order reflection equation;
maximum variation determining means to determine
a maximum variation among the curvature variation between
vertices and a light vector variation between vertices;
and ' _
maximum wvariation comparison means for comparing
the maximum variation to a plurality of threshold values
which are used to determine the order of the reflection C
equation, each threshold value delineating a maximum \/
variation wvalue at which a reflection equation of a
predetermined order can be used to generate a quality
image, if said control means has not selected: an ordered.
reflection equation then said control means selecting a ‘-r
reflection egquation of a predetermined. order if the o
maximum variation is less than or equal to the threshold .
value delineating maximum variation at which the
reflection equation of the predetermined order can be
used to. generate a quality image and greater than the
threshold value which delineates maximum variation at
which an adjacent reflection equation of a - lower
predetermined order can be used to generate a quality
image; ' '
wherein ' an < ordered reflection equation is
selected. ' '



the maxi,mum variation to a plurality of, threshold val ues whi ch are used to
det errﬂ ne an order of reflection equatlon to be used, Em mﬂm’m” e
-de| i neating the maxinumvariation at which a reflection ﬂm
predet ermi ned order can be used to generate a quakity inmage, Cif-sdids +
control neans has not selected an ordered reflection equation then said

control neans selecting a reflection equa15| on..of a predeterm ned order
if the maximumvariatioh is | ess than or equal to the threshold - (err)

.70 - value dqebtneatlmaemaa&aﬁa&aa&?él Bl WnAtm WEGh HiErd £ | ekl qsltcﬁ%@é' on
can be- %ld t.0 enerate a quality ng and

of a first predetermne
greater than t%é?ﬁré' et?fv‘aﬂ'hee%?ﬁﬁ"ﬂe %e%?eESﬁQX|%n?v§ﬁ°&q%rP
whi ch a refl ecéeqoatignati on of a predeterm ned order |ower than the first

predet ermi ned order - can be used to generate a quality imge. 52. In a

graphi cs di splay systemconprising a CPU, nenory, a franme buffer, and a
graphi c di spl 847 devi ceThec apparadys: ©f telain aﬁé: bwhegeinorths s:pnmyaugre

graphi ¢ i magesghs@kHodaPhataedi é@éﬁasﬁsxage eamsnél Eh8 i®h ' | dutfaPhxé! s
sai d graphic inage de i ned by a plural I‘&#@(%}tﬁl xel data, sajd pixel data

bei ng stored i YRYHRELPANe BRI P’é‘rlcheaEh at‘&‘qﬂﬁrpf’?& ng®a gnerated

| ocation on t hesimgpai €irdtspirdgrdguotatdet.a pi xel col or said graphic

i mage being displayed on the graphics display device according to the pixel
data stored in the frame buffer, an adaptive process for generating a
shadelsL./graphl c48mage;  Thed @a@mtusnegé sfladand 46corvwheyetin athe 1light

N : vector threshold value corresponds to a maxlmum light
' vector variation for which a quality image - can be
generated using a first order equation.

49, The apparatus of claim 45, said selection means
further comprising: eyepoint vector determining means to
determine an eyepoint vector at each vertex and eyepoint
vector variation between vertices, said eyepoint vectors
X béing a function of a location of the eyepoint rélative
\M; . .to the location of the vertex; .
) eyepoint vector variation between vertices to an
eyepoint vector threshold value indicative of a large
o amount of variation between eyepoint vectors; - -
N : : if the amount of eyepoint vector .variation'
between vertices is greater than or equal to the eyepoint
-veétar threshold value, the control means selects the
reflection equation of the highest_order;_ahd_

_ said maximum = variation determining = means
determines the maximum variation among the curvature
variation between vertices, the 1light vector variation
between vertices and +the eyepoint vector..vafiation
between vertices.

50. . The apparatus of claim .49, wherein the highest
order reflection equation to be used is a second order
equation and . the eyepoint vector threshold value
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ce, said shaded i mage generated being ?i~irﬂ;?LL£X—§E§QLLLed by a

process conprising the steps of: receiving.a *
of pol ygons which define the graphic g“ said -
having” a plurality of vertices, each (ﬂ‘“ﬂj mlm& \1avi ng a
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ordered rebbaaﬁ(uhﬁﬁtﬁﬁhpn of a highest order generates. the (err)
of a highest quality across the pol ygon, said steps of selecting
the subjects of; 1) @ determning the anount of variation of a

refl ecti on
conprising-

predet er m sad - gnﬂﬂwmeoapparaausnasasdtpﬁbyghninandaﬁm 1, whexeiar: ng
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at
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t he

je anount of

ﬂBiHE”véEQ@f éﬁfESEEIGQrQQHQtIOH 3) q dfte[n1n|ng ?
e ordered refl ection equation
0 across reil:jfeg vec r >aer)ccgrmh:i.m.ng means determine .
a - reflection vector at . each vector vertex, said \)

said surface of said polygon; and

specular reflection = determining means for
determining a dot product of the reflection vector at
each vertex and the eyépoint-vectOr at each vertex and a
maximum difference in~va1ue between the dot products at

" 'each vertex;

said comparison means comprises:
specular comparisbn. means for = comparing. the
differences between dot products at the vertices to at

-least a first 'thresholdﬂ'valug and a second threshold

value, said first threshold value indicative of a

reflection vector being a'rector the light reflects offf

variation of reflection across the surface of the polygon -

which requires a reflection equation of at least a first

 predetermined order to be used,'and a second threshold

value indicative of a variation of reflection across the

- surface of the polygon which requires reflection

equatlon of at least a second predetermlned order higher
than the first- predetermlned order to be used;
- such that if the maximum difference between the

‘dot products at-the~vertice$ is less than or equal to the

first threshold value, the control means selects the

‘reflection equation of a predetermined order lower than
- the first predetermined order; and

- if the maximum'difference-between dot products at

the vertices- is greater than the first threshold value

R

4.



determipe the reflection across the perygon andegegeLgLLng
pluralfity of nodified pi xel data representativ a shaded

i npge; d) outputting the-plurality of nodified p
represent ati veeof~t he shaded: pol ygon to the frane buf f\m
(S

ﬁ\\ a

fﬂane buffer and

reading the plurality of nodified pixel dat stored.in
enabl i ng correspondi ng pi xels--on the gré%%

ics djsplay device at a

color specified by the plurality of nodified pixel -data to generate the
shaded pol ygonah@ajiessn thialhe oy @itjuals b YHe\selsond echwéshicely vaPue) deheof

the refl ect] oncgquabi ool SALAAL Y4oRePh oLUT ol BRRE {oIRGE IinachEELEd

according to t
hi gher order rere@eteyn1eqdannﬁmyurs m ni m zed and hrgher order- equations

are used when neasur e”%ﬁ&& gl i®r hidars Vﬁitﬂ{éf)rb&ﬁ prESE £
t he pol ygon is great enou

anoun atl on an a use O I e cons

to warrant use o her order” equation. 53.

The adaptive shading pFHEg?§“ﬁe(ﬂQQFﬁEEFnMH%reWﬁaH teastdehenRing @ns

refl ecti onameanet o@ncwrvatutte | vaeiations 73cross( the) suk:face dfiethe
adapti ve shadrnﬁégrocessngé claim52. . wherein_t.h 10 heet order refﬁﬁctron

of

equation to beP

q°Ps  §%ecdhd %Vﬁg?tgﬁﬁaty 1a

met hod- as set &oeondingc|to rrtEeZ,nqm]emectara aite pthet uertn.nesr af tthe

of

N

S

/

anount of varrﬁgigaoﬂf a predeterm ned graphic criteria conprises the step

curvature comparison means for comparing ‘the
amount of curvature variation between the vertices to a
curvature threshold value indicative of a large amount
of curvature variation, if the amount of curvature
variation between vertices is greater than or equal to
the curvature threshold value, the control means selects
a higher order reflection equation;

light vector comparison means for comparing a
light vector variation between vertices to a light vector

. threshold value indicative of a large amount of variation

between 1light vectors, if an amount of light vector
variation between vertices is greater than or equal to

. the light'-vector threshold value, the control means

selects the highest order reflection equation;
maximum variation deterhining means to determine
a maximum variation among the curvature variation between
vertices and light vector #ariation between vertices; and
maximum variation comparison means for comparing
the maximum variation to a plurallty of threshold values
which ‘are used to determine an order of reflection

.equation to be used, each threshold value dellneatlng the

maximum var:r.atlon at which a reflectlon equation of a
predetermined order can be used to generate a guality
image, if said control means has not selected an ordered
reflection equation then said control means selecting a
reflection equation of a predetermined order if the
maximum variation is less than or equal to the threshold

enents across



- determ ni ng an anmount of curvature variation across urface of t
pol ygon and a curvature variation between ver t+ es accor di ““ nor ma

the vertices of the pol ygon; and sa \ '
conprises the step of~eenparing the anount of rs ati on bet
the vertices to a curvature threshold val ue |n at°|v

vectors at

i ng

he
|

ween

*

¥

of a | arge anount of

‘curvature variation, if the amount of CLY at ure vari ati on between vertices

LX)

“is greater

than or equal to the curvature threshold val ue, - sel ecting

Pr ef'ﬁt erni P@Qlﬁgghﬂi\,\%ﬁﬁ@éﬂﬁé' Sﬁtatﬁrm@gugv?ematién at Th%ﬂi&{mogtﬁé
or in clai erein; .,said _step.,of dete ni n unt o
variation of egiﬁFEGQPePﬁPﬁg&°@' Sthit %ﬁﬁterﬂ’?{%f’p?\%s"é%‘? Preder cgaps be
determ ni ngusedl itht generateata eqalalidyt ejgnaqlel anghtgrveater Whamtthe anong

each

step
of conpari n‘gl'lb@hprc‘#sm@flﬂétm@p ssfuatsigmur |°rfg ﬂheprﬁgﬁtevmmﬂ vardem on

verti ces,
vert ex and

*Phflelhdlih '65106° MRAY AUIIIAN OhaliGuid” UBLALRSLH gk

I'on of source re e vertex:

-bet ween vefgyeps th‘&r@ ﬁwhhyget Predetarhdinbd dbrdet NdhRatHe udda ath
anount of variati etvveagé ht vectors such that if the anpunt of
vect or vari%ePeha Et g@‘?qes greater than or equal to the lig

vector threshold val ue - sel ectl ng t he pr edet er m ned hi gher

refl ection

memory, a frame buffer, and a graphlc ‘display device

connected to the. frame buffer for displaying graph:.c \'\i

images, said graphics display device comprising a matrix
of pixels, said graphic-. image defined by a plurality of
pixel data, ‘said pixel data being stored in the frame
buffer, each pixel data comprising a pixel location on
the graphics display device and a pixel color said
graphic image being: dieplayed on the graphics display
device according to the pixel data stored in the frame
buffer, an adaptive process for generating a shaded
graphic image, said graphic image shaded according to a
light ‘source, said shaded image generai:ed being of a

- quality specified by a user, said process comprising the

steps of: - :
a) _ receiving a plurality of polygons whlch define

t he
set

ar ge

l'i ght

ht

or der

Craim  (cr) - 73T b TRBPACR (RRIRY oAt haR veiE I RECI) BB ng

\

the graphic image, each of sa:u_i polygons having a -

location, -each of said polygons being defined by a
location of the polygon's vertices and a normal vector
at each vertex, said normal vector at each vertex being a

plurality of vertices, each of said vertices having a

normal vector to the surface of the polygox:x at the )

vertex; . _ :

b) selecting an ordered reflection equation from a
set of at least three ordered reflection equations, said
ordered reflection equation to be employed to determine
a  reflection across each poalygon,  wherein an ordered
reflection equation of a highest order generates  the

P



first, second and third vertex. 58. The adaptlve shadi ng process )
according to claim57, wherein the step of det er mi ni ng at
each vertex and light vector variation among. vertices Hml”ﬂﬁ&ll(mmm
determ ning a maxi num |ight vector variation—ftcos(err) atcorditn

cos(err) = mn(cos(err), cos(err), cos(err% where cos(err) = Lx(I)*Lx(2) +
Ly(l')*Ly(2) + Lz(l)*Lz(2) cos(err) = 41x(2) ExT3) + Ly(2)*Ly(3):

£z(2)*Lz(3) cos(err) = Lx(3)*Lx(l) + Ly(3)*LY(l) +:Lz(3)*Lz(l) vvhere Lx(1),
Ly(l), Lz(1) Yo L1 NQRia3 t e t rst
vertex, Lx(2) @:Qﬁ}zézﬁ)%ibn (Jezcg éltﬁﬁgg)"} y J'q‘fz J&Aégﬁ\g\?‘é ﬁb ggtnl [ r%{d
vector at the SHE85hPL S tl&$3?°m2§3§ ng the sp 3?ﬁ§sx°fy and z

Cﬁnp?)_neﬂt s of the I|i _ght) vect Odeﬁérﬁbﬁlhbl ltﬁeveanimmt(et‘r )va:siaﬂi:lmeabifv&a of
the Iight vec QLA n_t X3 rex,
cos(err) is ||t?§I &% h%'%ﬁf’ %&% %gﬂiﬂ gg}&%&%% e econd
vertex and third verte’&) and compieing i sth#dl caietﬁamjfne he amgnnt\/ecmf
vari ation bet%@]at&f\or; hi i vept eng"&ﬂﬁmibr Stcflﬂéﬁ(a Wrﬁﬁ%‘ ﬂfue

i ght vector varjation is conpared t ht vector ,thres

The adaptive dMEdiGHFIreded slayge anannt WﬁeYéFhthﬁnfl Buch fhadhdi ‘%ﬁ ue
s in the ranggount). ¥ t\ﬁhﬂl%ﬁoﬁlndekbéeégcoﬁﬂet htﬁ?aghdlual %l\fe) n é he

ggngahg: e|on938 t(i‘.rce):1879means segects a preée Oéjrmaignes 1g Q'-.rl nc?zl' er
' \, .. reflection equation;_

R - c) - determining a reflection across the ' polygon
employing the ordered reflection equation selected to
determine the ref lection across the polygon and
‘generating a ‘plurality of ‘modified pixel data
representative of a shaded polygon image; '

d) . outputting the plurality of modified pixel data
representative of the shaded polygon to the ‘frame buffer;

- and : _ -
\ , e) reading the plurality of modified pixel data
\\, stored in the frame buffer and enabling correspondlng
pixels on the graphlcs dlsplay device at a color
specified by the plurallty of modified pixel data ¢to
' generate the shaded polygon image on -the graphlcs dlsplay

(N device;

whereby the order of the reflection equation for -

each polygon of the graphic J.mage is selected according
to the amount of variation and a use of costly, time
consuming higher order reflec;tlon equat:.ons is minimized
and higher order equations ‘are used when measurements
indicate that a variation of measurements across the
polygon is great enough to warrant use of a higher order
equation. .' |

‘53, The adaptive shading'process of claim 52, wherein
.at least four orders - of reflection equations are
utilized.



said step
graphic cr
curvature
curvature
vertices o
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vari ation,
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of determning the amount of variation of a pred med
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vari ati on between vertices accordifg “mm; 'at t he
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t he
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mhstpmiqun»pﬂn#allty of

said step of comparlng comprlses the step of
comparlng the amount of curvature varlatlon between the
vertices to a curvature threshold value indicative of a
large amount of curvature varlation, 1f the amount of
curvature varlatlon between vertlces is greater than or
equal to the curvature.'threshold.'value, selectlng the
predetermlned hlgher order reflectlon equation.

's6. ‘The method as set forth in claim 52, wherein:

comparlng the llght vector varlatlon between vertices to .

_'said step of'determining the amount"of variation
of a predetermlned graphic crlterla comprlses the step of
determlnlng a’ 11ght vector at each vertex and light
vector varlatlon among vertlces, sald light vectors being

a functlon of the normal vector at each vertex and-'

1ocatlon of the Yight source relative to the vertex;
' saJ.d step of comparlng compris:.ng the step of

a 1lght vector ‘threshold value 1nd1cat1ve of a large
amount of varlatlon between llght vectors, such that if
the amount of llght vector varlatlon between vertices is
greater than or equal to the llght vector threshold
value, selecting the predetermlned higher order
refleCtion equatioh{ o .

57. The adaptive shading process according to claim

X
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tzhreshpl d val ues whi éh are used to- deter .fn'}_ne the order of the refleetion
equafion to be used, each threshold val ue - 76 - curvature var ation
ket ween vertices conprises the step-of determning ' n e
variation (cos (err) between vertices according tO:ﬂ“‘mm‘w Inﬂ““lmlw —
m n(cosp(l)), cos(err), cos(err) where cos(err) = Nx(d)*NxF2)"+ Ny(1)*Ny(2)
+ Nz(l)*Nz(2) cos(err) = Nx(2)*Nx(3) + Ny (3 *Ny(3) + Nz(2)*Nz(3) cos(err)
where Nx(err),Ny(err),Nz(1)"are the x, y and z components of the vertex
normal at thesgir sinerdi®X theNgdlygdh( D gas 24d ﬁﬁt& 1d %g,

h 15aty?he sgénc#r?'é{ T '?3 N?/l )1,;’%2?3)

vertex,

conponents of _t he_vertex nornal ) eCOl ( (3)
are the x, y Shsts §8f?ﬁ5'ﬁeﬁf'§ thirdhysrb@%ex nornal  at the third vertex,
cos(err) is indicative of the curvature variation between the first

vertex and seggnd ver , YA | s,.indicative of the cyrvature -
variation betﬁgén the&@écc?‘r%%%elr‘f%xséﬁglpﬁe W??%e??ﬁ??géﬂg 3&'(6‘?%}’}‘ i s
i ndi cative 0%7,twWheredn, dthe estepapfatdaterneinioe the Qhght wadtor cat
first vertex; r € anB X3 C\l’%%\?é r tahisal] O | ( : to”
t he curvatur ee%\ﬁ?eg{%.%é,\t}alagg@, jégb‘ﬁlz e_yadggf?%\%gléwadlgﬁah r oqgéegs)g{?gs
accordi ng to SPEPRI8eS Arhermining p& yBeRivenpdight aveetangle@antationa
first, second(eos(y))rdceertitngagd:wherein the step of . deft ermning an
eyepoi nt vector at each vertex and eyepoint vector variation between _
vertices determ nes a maxi num eyepoi nt vector variation (cos(err) according
to: cos(y) = min(cos(y(1)), cos(y(2)), cos(yp(3))

where

cos(Y (1)) = Lx(1)*Lx(2) + Ly(1)*Ly(2) + Lz(1)*Lz(2) )
cos(p(2)) = Lx(2)*Lx(3) + Ly(2)*Ly(3) + Lz(2)*Lz(3)
cos(u.p(3)) = Lx(3)*Lx (1) + Ly(3)*LY(1) + Lz(3)*Lz(1)

._ where Lx(1), Ly(l), Lz(1) and the x, y and z components
. of the light vector at the first vertex, Lx(2), Ly(2),
‘\( Lz(2) are the x, y and z components of the light vector
at the second vertex, Lx(3), Ly3), Lz(3) are the x, y and

z components of the light vector at the third vertex,

. 'co's(qa (1)) is indicative of the 1light vector variation
o ' between the first vertex and second vertex, cos (\\)(2)) is
indicative of the 1light vector variation between the
second vertex and third vertex, and cos(W (3)) is
indicative of the 1light vector variation between the

third vertex and first vertex; _ )

wherein the maximum 1light vector variation is

compared to light vector threshold value. '

59. . The adaptive shading process of claim 56 wherein
the first threshold value is.  in the range of 0.996 to
0.938 and the second threshold value is in the range of
0.938 to 0.879. |



- - -

cos(err)=mn(cos(7(1), cos(err) where - 75 - delineating Xi mum )
variation value at which a *reflection eqquM ned s °
order can be used to generate a quality imge, ectin -

equation of a predeterm ned order if the nmaxinu N s than er —--
equal to the threshold val ue delineating nmaxi nu at vhich the
reflection equation of the predetermnm nmed’érder ¥ b‘e Used to generate.a
quality image and greater than the-threshold val ue which deI i neat es nmaxi num

vari ation at d"’”' ch arﬁé%éfﬁé&”h§3é‘?€'f’6‘r€ﬂ an %%ﬁﬁe% geqrne.det erm ned

order can be used to generate a ti’'ve shading

‘process of c¢laim60 5%r§?ﬁpsafdd§ﬁ365méﬂi§6] &he RpouRt h@f (Y@M:J-rﬂts}@ the

substeps of \ogde{ er prabatesiAkaP graphiec (difi tilr iRA Chons¥ 1 S&s akH e WYt
vector vari g# on between vertices, said eyepoint vectors being a function.

of -a |l ocati *of an eyepoint relative to a location of the vertex;
conparing the eyepoidéterminingarant i amobrtveefl veurvatareo sardpdiiemt

vector threshaldlyalufe | nibAlid® OF Acha’ IS RmUA! Sha 2Ll g isueen

eyepoi nt ve e anpunt  of “eyepoi n or varration between
vertices is ‘@’%‘tekon rmtwe@qut;@es r@ccw@p@g ntovhersalt yeetiesisd atal ue,

sel ecting t g Qfdr¥cidd) SFlUEHE GFo P &I@e fha@hest order conpleting said step
of selecting an Ord(‘fiﬁed refl ection &l on; and the steﬁvof determ nj ng

the maxi num vari ati SEREBIRINGS & h 25 oRaSRongeY FeX c @nfht ur e/"\-.'_

light vector wvariation among vertlces, sa1d light wvectors
being a funct:.on of the normal vector at each vertex and \_J
location of the light s_ou_rce relative to the vertex;

said step of compafing comprises the steps of:

cbmpar:-i_.ng the a_motini; of curvature variation
between the vertices to a curvature threshold value
indicative of a large amount of curvature variation, if
the amount of curvature variation between vertices is
.greater than or equal to the curvature threshold value,
selecting . the predetermiﬁed higher order reflection ‘
equation; ' : o \<’

" if the -predetermined high order reflection )
equation is not selected, comparing the 1light vector
variation® between vertlces to -a light vector threshold )
value indicative of a 1arge amount of variation between | NS
light ‘vectors, such that if _f_l:he amount of 1light wvector
variation between vertices is greater ‘than or equal -to
the 1light ‘vector threshold value , sSelecting the higher
order reflection egquation; ’

said method further comprising the steps of:

if _the predetermined  high -order reflection
equation is not selected, _dgtémining a maximum variation
among the curvature variation between vertices and light
vector variation between vertices; and

comparing the maxix’mix_n variation to a plurality of
threshold values which are us_éd to.determine the order of
the reflection equation to be used, each threshold value



vari ation between vertices,

the eyepoint vector variation between vertices. 62.- The adaptive

shadi ng process according to clains 57 wherein;

amount of curvature variation across the surface of the pol ygon and the

- 717-

(err) cos(err)= Vx(1)*Vx(2) + W(l)*W(2) + Vz(l)*Vz(2)

t he Ilghf vector variation between vertices and

‘o

the step of determi ning the _*

cos(err) cos(err) where Vx(err), W(1), Vz(H “are the x,.y and z conponents
of the eyepoi nt vector at the first vertex, Vx(2),; wy(z) Vz(2) are-the x,

y. and z conpongptvahrths

GidH H&&Qéna%&ﬁc'&coéémﬁfiééé £ W& %t%

W(3), Vz(3) are the x, y ahd z conponents of the eyepoj nht, vector

third vertex,

bet ween t he fimétwdeﬁteéremdeseaeadruqhgetp-cos(err) is indicative of the

b sGetermining naj maximim cPﬁ'Xa’é}‘E'ﬁm‘fﬂr’ﬁ*c%Qﬂ ¥SPEat (@

eyepoi nt vector variation between the second vertex and third vertex, and

cos (err) is indicative of the eyepoint vector variation between the third

vertex and first ees{e¢k; =whinébpsyiad)iaxicosiddi2I)ai mosAgketIr) variation is
conpared -to the eyepoint threshold val ue. 64. The adaptive shadi ng
process accordlng to claim 61, wherein the pol ygon conprises a triangle
having a firstWhe€®@ond and third vertex, and the maxi numvariation is
determ ned. according to cos(err) = n1n(err) cos(err), a(err)*cos(err),

a(err)"00s(er)) SHEg 895 € bk BRI WRSHRGH & YL bR

a(err)

cos(¢(2)) = Nx(2)*Nx(3) + Ny(2)*Ny(3) + Nz(2)+*Nz(3)
cos(¢(3)) = Nx(3)*Nx(1) + Ny(3)*Ny(1) + Nz(3)*Nz(1)

where Nx(1),Ny(1),Nz(1) are the x, y and z components of
the vertex normal at the first wvertex, Nx(2), Ny(2),
Nz(2) and the x, y and z components of the vertex normal
at the second vertex, Nx(3), Ny(3), Nz(3) are the x, y
and z components of the vertex normal at the third
vertex, cos(¢(1)) is indicative of the curvature

- variation. between the first vertex and second vertex,

cos(¢(2)) 1is indicative of the curvature variation

. between the second vertex and' the third vertex, and

cos(¢(3)) is indicative of the curvature variation
between the third vertex and first vertex;

wherein the maximum curvature variation is
compared to the curvature threshold value.

63.-. The adaptive shading process according to claim

. 61, wherein the polygon comprises a triangle having a
- first, second and third vertex and wherein the step of

determining an eyepoint vector at each vertex and
eyepoint vector variation between vertices determines a
maximum eyepoint vector variation (cos(w)) according to:

cos (7)=min(cos (9(1), cos(9(2), cos(7(3)))

where

]
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cis.a curvature weight, cos(err) is the maxi mum!light vector variation and

a.(err) is the light vector weight, and cos(err) is the maxi; €epoi nt
~ vector variation and a(7) is the eyepoint vector wei . . :
adapti ve shadi ng process of- claim61 wherein the fitst th '\\“Muegi S
in the range of 0.996 to 0.938 and the second thres W e t he
range of 0.938 to 0.879. - 78- - 76err) 66. i\ AR h8d as set

forth in claim52-, wherein; said step of determ ning*t he anount of

vari ation of,- rmgne | C ' lsa CONRI4.S€es e p., of
. determni ng‘_iegjr'\&é%gg%gi 21? \?“ea%{%‘m at 95%%%%53\9?r%i§eandégye§h veltor
vari ati on eeftestient pauationi ¢feyepiredetexnined bordgrachmdie dsed “a

location oftgn geaeehte reéata'i;iésﬁeya | 1akagd ON .Qéléﬂéiﬁ@t%ffé&%géd step

of conparing conprising the's of “coppari ng the eyepoint vector, i ation
bet ween ver%ﬁ‘&%gl)?% aﬂgeyL?poilPi'f %Eﬁﬁmggﬁﬁesmﬂqfqlalﬁ i HBecatmalmm 5

| ar ge anmbuntarfatvion atisordmss WeRane P oedhayedioorthe Suhbeblhialldi fvati'tﬂT anmount
of eyepoi nt C, vari ati et vertices is, greatéer than.orequal to -
the eyepoi n?é/:glé%%%?yﬁér ii’gmaﬁ%g}“?& e& n‘dhgﬁg r@??e(ﬁ? ¢ i on of

t he predet eequatetomi ofer thelerpraietermined nexded asametbéorusedn W aim

52, wherei | eR huadsl]rty OgpEl s¢ e BBLIHMNSI 2

l'i ght vect gégétfheﬁ%:h_ vgut e%‘:sﬁejf%nigﬁg_ d oét{%} pﬁgltﬁ g?‘et he npérﬂna t'i]at

each vert ex’aHie  hichhdekinentes SArimeR: variakien mat muhichi 1 erence

i nVaI ue betefbectiendequatidect6fatan hadjacent lower predetermined

Ui " order can be used to generaté a quality image.

61. - The -adaptive shading process of claim 60, wherein
said step of selecting further comprises the substeps of:

- determining an eyepoint vector at each vertex and
eyepoint vector variation between vertices, said eyepoint
‘vectors being a function. of a location of an eyepoint
relative to a location of the vertex; '

; - comparing the eyepoint vector variation between
vertices to an eyepoint vector threshold value indicative
of a large amount of variation between eyepoint vectors;

£

if the amount of eyepoint vector variation

between vertices is greater than or equal to the .eyepoint

vector threshold value, selecting the reflection eéuation

- of the highest order completing said step of selecting an
ordered reflection equation; ahd

the step of determining the maximum variation

determines the maximum variation among the curvature

variation between vertices, the 1light. vector variation

“d

between vertices and the eyepoint vector variation
between vertices.

62. The adaptive shading process according to claims
57 wherein; ) ' .

the step of determining the amount of curvature
variation across the surface of the polygon and the



vertices; conparing. the maxi mumdifference between the dot products at the
vertites to at least a first threshold * val ue and a SELUHU ttreshold

val Ue, said first threshold val ue indicative of a vaH
~across the surface of the polygon which requires a ref l “j‘ﬁ E
at least a first predetermned order to be lised, and a

val ue indicative of a which requires reflection equation of. at least a
second predeterm ned order higher than the first predeterm ned order to be -
used; (err) (err) [ xi num difference betwee

products at the vEPFKG@é))s;Tég%(¥}ﬁ¥36?)ehugy(¥b*Yﬁéz}|stzKﬁ)§¥ﬁ6Pd
ey rmeCt g S (g Wi R () of VA(2prelEs pre ved2) voaday

ower an e fir rede n e i fference
between the dot ©8f 3685 E6%{g)£§%€1ké£ VY&*%*%%(@? gﬁﬁﬁzgy%ﬁé(lﬁlrst

t hreshol d val ue and | ess than or equal to the second threshol d val ue,

LU0 BB PITLLS), N Aol o 5 s okl

the maxi mum rence vertl
greater than t8ftkbes&YeRPL ﬂﬁé@ﬁﬁ@ﬁtu‘éﬁes@Qt:m@rF%: r¥x(edri Yw(2),

equati on of thyzgagonsdrar agleé end]i ngd axdlerz E8mponentse &Pt ke agyspbinerth
inoclaimb52, woereln 3 4l LeSind®heEtedd W), S (415 V25 Chie the
; x, Y and 2 components of the eyepoint vector at the thirad
. ﬁ/' - Vertex, COS(y(l)) is indicative of the eyepoint vector
N variation between the first vertex and second vertex,

cos (1) (2)) is indicative of the eyepoint vector variation
between the second vertex and third vertex, and cos(v)(3))
is indicative of the eyepoint vector varlatlon between
the third vertex and first vertex;

whereby the maximum eyepoint vector variation is
dbmpared to the eyepoint threshold value.

L  64. The adaptive shading process according to claim
\’ o '61, wherein the polygon comprises a triangle having a
- first, second and third vertex, and the maximum variation

is determined according to

cos(¢yg) = min(a(g)*cos(s), a(g)*cos(p), a(p)*cos(9))

where cos(¢) is the maximum curvature variation and a(¢)

is a curvature weight, cos(y) is the maximum light ‘vector

variation and a(?) is the 1light vector weight, and- cos(9)

is the maximum eyep01nt vector wvariation and a07) is the
- 'eyep01nt vector welght

65.  The adaptive shading process of claim 61 wherein
the first threshold value is in the range of 0.996 to
0.938 and the second threshold value is in the range of
0.938 to 0.879.
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det erni ni ng an eyepoi nt vector at each vertex; deLeLm—m—ng—a——Fef—l—eei—l on

vector at each vertex, said reflection vector bei n a vector in the :
direction light reflects off the surface of the I mlual,“ ﬂamlul ng a-dot* )
product—of the normal at each vertex ang; the eye ach - ’
vertex,- and a maxi num di fference in val ue between the dot products at the

- vertices, conparing the maxi mumdifference between the dot products at the

vertices to at least a first threshold value and a second-threshol d val ue,
said first threshold val ue i ndi catlve of a variation of reflection 'across

~the surface of the E@I ygon whi ch- uires a reflection- equation of at
| east a fi$8€t pred® rmdora(!’ers%to hﬂ-’.‘*ﬂbe’eﬂ ckim SZechereineshol d

va: ue indicative OEaadeHﬁe’tflciQﬂ ?étéﬁi\iﬁﬂf{\goﬂhé]?ra&ﬁﬁt lﬂﬁﬁ;ﬁ%iﬁf@tg&nt he
pol ygon . ires r ection e lon of at least_a secon -
predet ermi daoPﬁsggﬁ' %&ﬁ%? %%’eﬂe‘?@?‘?ﬁ’rﬁﬁs SRR rSYRP LRE used;

I f the rraxdete:nﬂnhﬁ.agenmn besyepointe dettprodatt s esich heverctdx ceands | ess
t han or hg by t e

equat i on g#@égaﬁm g%grm r}g(}r 34 ty‘?aéower %ﬁﬁ?{é{% £§}& %&%i’%
predeterm%@terﬁerbemg ?hefu%m%mOfdl#féP&#@éorbe?ﬂ\eéﬁ eyeproint

products ralath9eves! aCabcdtidi &¥ &hd h@é}:ﬁé}? faﬁ&t threshol d val ue and
| ess than or equal threshagl d val ue | ect,i the reflection

tQ.th
equation of the fi F?S-dprgﬁégg%fné’&ww | fompgis gﬂﬁm skepr o Ence_ T

bet ween tdempdping the eyepoint vector variation between vertices )
to-an eyepoint vector threshold vallue_ ‘indicative of a -
large amount of va'riation between eyepeint vec'tors; such
that if the amount of eyepolnt vector variat1on between
“vertices is greater than or. equal to the eyepo:mt vector
threshold value, selecting the reflection eguation of

the predetermined higher: order..

67. The method as set forth in claim 52,' .wherein said
step of selecting comprises the steps of:

determining a light vector at each vertex; A
determining a dot product of the normal .at each
vertex and the light vector at each vertex, and a maximum
difference in value between the dot products at the :
vertices; _ ' o/

comparing the maxmum d1fference between the dot

- products at the vertices to at least a ,_f1_rst threshold
value and a eecond threshold value, said first threshold
value 1ndlcat1ve of a varlatlon of reflectlon across the

- surface of the polygon which requires a reflection
equation of at least a first p_rede.term_i__ned order to be
used, and a second threshold value indicative of .a' which
requires reflection equation of at least a second
predetermined order higher than the first predetermined
order to be used; | |



products at the vertices is greater than the second threshold val ue,

sel ecting the reflection equation of the second predet ermnmmmmu]"mﬂ
~The*adaptive shading process of claim68, wherein the pr "
s *

~order reflection equation to-be used-is a second order eqdatfont 70.

" The adaptive shading process of claim®68_
dot  products at the vertices is gréater than or equal to the

bet ween

second threshol d val ue, said. step of selecting an ordered reflection

equation further conprises the substeps of: determnin

at_ each vertex and eyepbi nthGectBAXIMR ot AdL TGEONGE, optYee]d &hey dot
eKepri ht vect rodecty atf Utiséi vertficed ofat lessofthaw erepsqualr eoatte to
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vertices to a
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first predeterminéd order; and ) _ _

if the maximum “difference between the dot
prodﬂcts at the vertices is greater than to the second
threshold value, selecting the reflection equation of the
second pfedetermined:order.

68. The method as set forth in claim 52, wherein said
step of selecting comprises the steps;of:

determining an eyepoint vector at each vertex;

determining a reflection vector at each vertex,
said reflection vector being a vector in the direction
light reflects off the surface of the polygon;
| determining a dot product of the normal at each
vertex and the eyepoint vector at each vertex;-and a
maximum difference in value between the dot products at
the vertices;

comparing the maximum difference between the dot
products at the vertices to at least a first threshold
value and a second:threshbld value, said first threshold
valﬁe”indicative of a variation of reflection"acroééuthe
surface of the polygon which- reqﬁites a reflection-

" equation of at least a first predetermined order to be

"used, and a second threshold value indicative of a

variation of reflection across the surface of the polygon

erein if the maxi numdifference

an eyepoint vector

ring t epoi vectqr riation between
| Vel? sefedV RS, Rhel Sprdectior dftnetods !
of variation eyBpoiant predeterminede ardext oflowerpoi thanectthevarfirsbn
%#%?&éTermiﬁé )ofaéf} greater than or equal to the eyepoint
va

vector threshold
conpleting thelfst&pe ofmaximam: | Adff@renceicrhetveenccthe, dot

he



71. The nethod as set forth in claimb52, - i T
determ ning conprises the steps of: determning a li.aght t each ¥ 7
vertex,..said light vector being a function of tﬂmuﬁﬂﬂﬂmggm at each *
vertex and a location of a |light source Tetratives M , and

determ ning a dot product of the nornal8t-each vertex and the |ight vector
at each vertex, and-a maxi mumdifference in value between the dot products
“at the vertices; sdid step of ‘conparing conprises the steps of: conparing

t he naxi mmmﬁfebam&éetmreéhfoﬂoeqwa&qw ofitatNeeudit! i esedondt | east
a first thres reshodv%lue sai d_first threshold

_ a
“val ue i ndi®&® % eBF e&ar‘?’éﬂ?’f) p‘faé'fl t Rredptermingd; ne
pol ygon whhxder etioi besusedaf | ect | on equation of at |east a first
pr edet er mi ned orde us d th v e indjcative
of a variation of 5'£f I eafl onﬂg’é%lgg@ t?\selfsitsjrelfceg'cn'ge of f’%ﬁ{gg%gl @5’%’ * @Aﬁ#
_requires rpfodactsn agyubheorvextines eist Jeesslﬁecthanpereequni nd® othler
“higher thapjtge Ehi-atshm@e&aemaneseyéeeana%h% Liseeﬁedémn & GudBLe

di fference _between (err) ‘%"‘fﬁre - products”at,t
vertices i%fl e tIP&?PQﬁ %’Efﬂ:’a'l‘e‘?o t%":d‘?’r'rstl shGF‘G"vaI the sefb’éﬂ:ng t he

refl ecti onppedetepnined oxdef;edetermned order lower than the first

predeterm ned ordeg (o €1 Ak RfinS! W He A Bdtdlen the aot
products at the” vert'ices' is greater than the first [
threshold value and less than or egual to the second \J

threshold valﬁe, selecting the reflection equation of the
~ first predetermined _or'd_er; o
if the maximum difference between the dot
products at the vertices is greater than the second
threshold value, selecting the reflection equat1on of the
second predetermlned order.

69. = The ada_ptive shading process of claim 68, wherein
the predetermined high order reflection equation to be \\’J
used is a second order equation.

70. The adaptlve shadlng process of clalm 68, whereln .
| if the maximum dlfference between dot products at the o/
vertlces is greater than or equal to the second threshold
value, said step of selecting an ordered reflection
equation further comprises the substeps of:
~ determining an eyep01nt vector at each vertex and _
.eyepo:.nt vector variation between vertices, said eyepo:mt -
vectors being a function of a location of “the eyepo:.nt
relatlve to the locatlon of the vertex;
comparing the eyepoint vector variation between
vertices to an eyepoint vector threshold value indieative
of a large amount of variation eyepoint vectors, if the
amount of eyepoint vector variation between vertices is



er., yeflection equation; if the _maxinum difference -betweén the dot
permcts at the vertices is greater than-the first threshold val ue and
Iess than and equal to the second threshold val ue, sel e¢cfi W Iwu"jon_ .
equat ion of the first predeterm ned order conpl et i nmmﬂm mum :
selecting an order reflection equation;_i the nmaxinum* dffferehce *
between -the dot products at the vertices is greater than the second
threshold value, said step. of selecting further conprising the steps
of : determ ning an anount of curvature variation across the surface of
the polygon and a curvature variation between vertices according to

nor mal vect Odjﬁeatet'heth(a?ﬁt bQ'eSeqlfaI heop@hed 08yepOiRE! lvlw:ﬂdie ﬁH?éBthii
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curvature 't hpgghalkg i t he hi ghest or der refl ection
equation coonet?nglt %?%p 0 séﬁg%tlng an ordered ref |ection equatlon

determning a light \F@@t ofteRr i of | detarHing ¢ thes; maygipun nyariasion; ght
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I ndi cative of _a,l nt of vari.ation tween lig ectors
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to the | i ghtbetween t lvextiidels vaand, theéeceyepoline hividrtdr ordariaeibacti on
equa on conplelbBA Rgesidy of selecting an order ed reflectlon

71. The method as set forth in claim 52, wherein: _
said step of determining comprises the steps of:
_ determining a light vector at each vertex, said
- light vector being a functibn of the normal vector at
each vertex and a location of a light source relative to
each vertex; and ' _
| determining a dot product of the normal at each
’ vertex and the 1light vector' at each vertex, and a
1/‘ maximum difference in value between the dot products at
the vertices;
o said step of comparing comprises the steps of:
U - . comparing the maximum difference between the dot
products at the vertices to at least a first threshold
value and a second threshold value, said first threshold
value indicative of a variation of reflection across the
surface of the polygon which requires a reflection
equation of at least a first predetermined order to be
used, and a second threéﬁold value indicative of a
variation of reflection across the surface of the polygon
which requires reflection eqﬁation~of_at least a second
predetermined order higher than the first predetermined
order to be used; |
if the maximum difference between the dot



curvature variation between vertices and |ight ve

(err) -83 equation; determning a maxinum vari i on armn
vertices; and conparing the maxi nrumvariation to lb' ﬂﬂ
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val ues which are used to deternine the order of the reflectlon eduati on To

be used, each threshold val ue delineatd 82 & nmaxi nrum vari ati on val ue at

whi ch reflection eqijation of a predeterm ned order can be used t0 generate
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% rg%Chpredetermlned order 'complet:mg the steps of
select:.ng an order reflectlon equation;

if the maximum dlfference between the dot
products at the vertices is greater than the second
threshold value, Said step of ' selecting further
comprlslng the steps of: ' '

determining an amount of curvature variation
across the surface of the polygon and a curvature
variation between vertices accordlng to normal vectors at
the vertices of the polygon;:

_ comparing the amount of curvature variation
between the vertices to a curvature threshold value
indicative of a large amount of curvature variation, if
the, amount of curvature variation between ‘vertices is
gre'ater' than ‘or equal to the curvature threshold value,
selecting the highest order reflection equation

. =

completing the step of selecting an ordered rsflection' '

-

' equation ;

determ].n:mg a 1light vector variation -~ among
vertices; .

compafing the 1light vectorj variation between
vertices to a light vector threshold value indicative of
a large amount of variation between light vectors, if the

. amount of 1light vector variation between vertices is

greater than or equal to the light' vector threshold
value, selecting the highest order reflection equation

‘completing the step of selecting an ordered reflection

("...
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vertex> and the eyepoint vector at each vertex, and a maxi mu ' I n

val ue"Bet ween the dot products at the vertices; sai d r

cgrrprl ses the steps of:—conparing the nmaxi num di ffer m"ﬁgﬂ.ﬂ m

" products at the vertices to at least a first threshold Ler - 84
- value and a second threshol d val ue, sal iTst threshold val ue indicative

of a.variation of reflection across the surface of the polygon which
requires a eghatdiongn equatlon of at least a frrst predeterm ned order to

be used, and a secondd’tsg d val ue i.ndicative ofr .2 riation_of
reflectlon across the (ﬁgth pd'f u%lcﬁ @flﬁ s ARG bhe
equati on of aturyature svavmdtpoaddbe,tmend verteices gland t nighlthevécter
predet er m nedy@hq4ek ilch lﬁ% ‘;thtir&gmgﬂg,um di fference between dot

products at the vertices 1s less than or equal to the first threshold
val ue, selecting a reCoNpaTdnde dhe maxigrum vardadiamnite opteralwer ofhan

thedf I {st |tor ?dﬁ&ésﬁ'dlad VRS vﬂ'{lcﬂ {é&\é fi%s’hédT}th ﬁéﬁt?ﬁw ﬂ@éV@?ﬂeﬁong
products a \ ces .S grea e.r nthe firs es Vv ess
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threshol d valu said ste r’rgrl ses
a gquality image, select ng a reflection equat:.on of a
"f predetermined order 1f the maximum variation is less than
Y or equal to the threshold value delineating maximum

variation at which the reflection equation of the first
predetermined order can be used to generate a quality
image and greater than the threshold value which
delineates maximum variation at which the reflectlon
equation of a predetermined order lower than the first
predetermined order can be used to generate a q\iality
image.

\'L// . 72. The method as set forth in claim 52, wherein:
| said step of determining comprises the steps of:
determining on eyepoint vector at each vertex,
said eyepoint vector 'being a function of a-reflective to
the location of the vertex to the locatlon of the
eyepoint;
determlnlng a reflection vector at each vertex,
said reflection vector being a unit in a direction the
light reflects off said surface of said polygon; and
- determining a dot product of the normal at each
~ vertex  and the eyepoint vector at each vertex, and a
maximum difference in value between the dot products at
the vertices; _
. said step of comparing comprlses the steps of:
- comparing the maximum difference between dot
' products at the vertlces to at least a first threshold



the steps of; determining an anmount, of curvature variation across the

surface bf the polygon and a curvature variation between vertices g~ -

according the normal vectors at the verti cesem"ﬂﬂm";'m” onpari ng
amount of curvature variation-between the uﬂwu“fvature
t hreshol d val ue indicative of a |arge-agpuot of CurVatfireSvariation, if

t he*s
Y

the

anount of ‘curvature variation between vertices is greater than or equal to

the-curvature threshol d val ue, selecting a highest order-teflection
equat i on; yadaeranchag@ sepgnd thyeshedd vaduent igmid Bivey thresbedd

compari ng vhhge liii¥catyed Obf é/ai’raﬁi.a@ﬂo b@fweﬁéfiéé{:h.éﬁsab90§s| kaat
vector threshold val ue indi-cative of nt ~of
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‘bet ween veeguatsors gfeatterlédsm a (firspuaprédetéemingt orsdetrorte hbesho
val ue, sel Gebing %[ﬁ"a h'agh o‘?{ddefth&-%fén%cltd O%ﬁ%‘éat '1%1::%%@ M gyt he

eyepoi nt voEESr b&ked ve “ector Varfat |
vertices tUaanatgpnxnﬁnreiisqﬁlenr@ehesa VbﬁuéurﬁéFéanv§h8fPalvspge

Toctor var VALOH 'dgRebUSCEoRIBetItn wolation B! at TNk 8T spuena
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order; detetﬂbmItptﬁeausedﬂun1var|at|on anong the curvature variation
between vertices, fﬂghg%ﬁQQEmum.dlfference between dot products at
the vertices is less than or equal to the first threshold
value, seleeting a'refiectien equation of a predetermined
order lower than the:first predetermined order;
ir the_maxlmum difference between dot products at
the verjpices is greater than the flrst threshold value
and less than or equal to the second threshold value,
selecting the . reflection equation - of the first
predetermined order; _ o
if the ﬁaximum difference between dot .products at
the vertices is greater than or equel to the second
threshold value, said step of selecting further comprises
the steps of; ' '

_ determining an amount of curvature variation
across the surface b©f the polygon and a curveiure
variation between vertices according the normal vectors
at the vertices of the polygon; '

- comparing the amount of curvature variation
between the vertices to a curvature threshold value
indicative of a large amount of curvature variation, if
the amount of curvature variation between vertices is
greater than or equal to the curvature threshold value,

selecting a hlghest order reflection equation;
_ determlnlng light  vector variation among
vertlces, ‘ -
) comparing the 1light vector 'variation between
_ vertices to a light vector threshold value indicative of
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vagiatien between vertices and eyepoi nt vector variation—anmong—vertices——
and cé’l’fparl ng the maxi mumvariation to a plurality of t I
vvllléh are used to determne an order of the reflection mml muﬂijlﬁ
-each threshold val ue delineating a nmaxi msmgsr+ati on- at

equation of a predeterm ned order can be used to generate a quality image;

and sel ecting refl ection atipn [edeternjned order if
t he maxi mum vaf j.la]r&e jamqunts. ‘?%a‘FFq%’ra'%h%Ib?Bw?% f:h hﬁ?éq'ﬁﬁﬁuels the
del i neati ng naemowmntyaobifat L dghat vén:tbrt hear Bt bl | Getement | verdfidedse is

predet er mi ned gedet ganeREUSCd.l 0,g6RET U 81u3 { N | GRURANTLLedheh s

than the thres val ue Wwhi ch es” nmaxi m rration
adj acent ref| ey@ilye e Redigaiiing ‘%h¢ dwmheﬁidecpr@memeélwhmomnnt&ambe

used to generate a qualddternfitifng the eyepoint vector between vertices;
' comparing the eyepoint vector variation vertices
to an eyepdoint vector threshold value indicative of a
large amount of variation between eyepoint vectors, if
the amount of eyepoint vector variation between vertices
: is greater than or equal to the eyepoint vector threshold
, "\\ v, value, selecting the reflection equation of the highest
U order; _ ’ -
determining the maximum variation among the
curvature variation between vertices, 1light vector
variation between vertices and eyepoint vector variation
among vertices; and .
comparing the maximum variation to a plurality of
threshold values which are used to determine an order of
the reflection equation to be used, each threshold value
delineating a maximum variation at which a reflection
., ‘equation of a predetermined order can be used to generate
L a quality image; and
selecting a reflection equation of a

L et
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~ predetermined order if the maximum variation is less than
N\, ' or equal to the threshold value. delineating maximum
variation at which the reflection equation of the
‘predétermined order can be used to generate a gquality
image' and greater than the threshold value which
delineates maximum variation at which an adjacent
reflection equation of a lower order predetermined order

can be used to generaté a quality image.




