2224914 METHOD AND APPARATUS FOR DERI VI NG | NSTANTANEQUS RECI PROCALS OF THE
HOMOGENOUS COORDI NATE W FOR USE | N DEFI NI NG | MAGES ON A DI SPLAY. Th
present invention relates to nethods and apparatus for ged@ﬂ%t ﬁdbes on
a cathode ray tube ("CRT") or other display device. Mre particularly, the
present invention relates to nethods and apparatus for the accurate
rendering of higher order curves and ¢urwed surfaces, vectors or objects on
a CRT or other display. Background of the Inventlon Ih nan -uter
systems, it is quiMETHODAKDNARRARABUS ¢ AN AL

EOR [N =
through di gital ingfgdsE HINEEERNOUSHGERRD Tﬁmwmolwzssuch as
for exanple, al phanumeri Q_LM%DN LIéE.L%]a_gLa.phs-,—a-n-d—e-t-h-eqa—p-l—et ori al
representations. In nmany applications, the digital imges are conveyed to a
user on a display de\rhsexemh1@&na;6rasawtescmm¥tr¢e9 AR Aoty i Nter oy
the like. Typically, the inages to be displayed are stored in digital form.
mani pul at ed, SWd9€ ’eﬁ‘ft(‘.i?%éi‘%%?éd” ISaF&'rR?t‘Flﬁ‘YcWeé CREG) Q8r ¥¥rsurfaces are
conmon functlonﬁam&aldbhsee'e mﬁedpéﬂLkhﬁu(wnmhqrregemeriaéanEIo:OfreSU{efsaCGS and -
objects on a ?I}p %/ such as,- for exanple, in nmechanical conputer aided
desi gn (" CAD" Pedep T ARPAr LYY, o7 s 3STHSALE HEPIRTAPR OCaBiaNeE of
renderi ng vecéodes auﬁepcﬂnygﬂmw SuleDONES, | VedtBes PE| EUjedts onhd FrTSREE
rendering of S rve% nes and curved surfaces is usually done by
subdi vi di ng aft b’é’r‘f’%g themon a CRT as a plurality of straight-lines or
pl anar polygons.. (For a nore thorough understanding of prior art nethods

for renderi ngM@M&MﬁM& see Bi shop, G and Winer, D., "Fast
Phong Shadi ng" pp 1031;1,%,,8?&95@4, % VQQ P u%gme{o4 August €
Jarertars o .

19@ Fol ey, J.D. and Van

represent and convey 1n£ornation to a user through digital
images. These images may take a variety of forms, such as for
example, alphanumeric characters, cartesian graphs, and other
pictorial representations. In.nany applications, the digital
images are conveyed té ; user on a-display device,. such as a
raster scan v;deo monitor, printer or the. like. Typlcally, the
images to be displayed are stored in digital form, manipulated,
and then displayed. e |
Parametric curves and curved sut:aces are common
functions which are used in the computer generation of surfaces
and objects cn a display such as,- for exarple, in mechanical )
8t computer aided design .("CAD") applications. Since high speed (w-
hardware capable of rendering vectors and polygons is known ih
the prior art, high speed rendering of curved lines and curved
surfaces is usually done by sub&ivld;ng and rendering them con a
CRT as a plurality of stralght-lines or planar polygons. . (For a
more thorough understanding of prior art methods for rendering
curves and/or surfaces, see: Bishpp, G. and Weimer, b., YFast

Phong Shading" pp 103-106 Computer Graphics Vol. 20, Number 4,

August, 1986; Foley, J.D. and Van Dam, A., 1983 Fundamentals of

Interactive Computer Graphics, Addison Wesley, Reading, MA.:



Interactlve Conput er’ Graphi cs, Addi son Wesl ey, Readi ng, MA ; -2-

Gouraud, H., June 1971. - "Conti nuous Shadi ng of Curved Surfaces. | EEE
TFan actlons on.Conputers, Vol.. 20, No. 6, pp $23-628; Swanson, R and .
Thayer, -L., "A Fast Shaded- Polygon Renderer, " Conput er (}aphlcs Vol . 20,

No. 4, pp 95-101, August, 1986). However, mnth respect . to the rendering of
hlgher order curves and surfaces, prior art syst ens: enpl oy recursive.
subdi vi si on met hod which are expensive to |ﬁprenent i n conput er hardware
because of the hiGguramdsd Bt,acdumedFl s equContinacus AShadiinggofo Cutwed

présent [ nvent! o hlialed & P OteiEd 188-3003RNC 0" cHEELVDY, 2ypRST 8620

functions x/w, yNe.arfd zmw GHraR 0t Swansomi dRappmlaEhsyecor’rpr-bsf'lﬂgf‘aﬁsans .
for cafcul ating ﬁad@ﬁlygﬁﬁi 'l?én@é’f’é?x* ”Ebingﬁtgfr iﬁ‘%ﬁi@sgrﬁ?ﬂ 9p,sai d

honngggpus coordi.nate w, .- ci procal "of w
by corYesponding No. )ﬂ'arﬂ? B5d0di Agust .t H@P@By obtai ning the rational

cubic functions x/w,- y/w and z/w. Al so accordlng to the present invention
Coorgi et & w1 ume T ob At v EEn PRt o, Phas ol DRR OHE L)
coordi nates, saihdgheithodrderprawives t Andf durfaces st priorcartl mlsltgm
Taylor series apQ&&ﬁh@ayé@ufyive subdivision method which are expensive
to implement in computer hardware because of the ‘high
speed stack memory requirements.

According to the present invention there is'
: provided an apparatus for deriving a reciprocal of the
homogenous coordinat€'w ‘for “use in obtaining rational .
cubic’ functions x/w, ‘y/w and z/w Goordinates, said
apparatus comprising° | ' ' ' '
_ “'““'“*~means -for calculating a Taylor series
1“appr6x1mation "of " said reciprocal of said homogenous :
-~ coordinate- w; -
means for multiplying said reciprocal of w by
' corresponding X, ¥ and z coordinates, thereby obtaining -

the.rational.cubic functions x/w, yv/w and z/w.

N _ S Also according to the present invention there
' is provided a method for deriving a reciprocal of the
homogenous coordinate w for use in obtaining rational
‘cubic functions x/w, y/w and z/w coordinates, said
method comprising the following steps'
, " calculating a Taylor series approximation of
said reciprocal of said-homogenous coordinate w within
two clock cycle operatidnsy:’ ' ' .
' : multiplying . said-.. reciprocal of w by
corresponding x, y and z coordinates, thereby obtaining
the rational cubic functions x/w, y/w and z/w.



said reciprocal of said hombgenous coordinate wwithin two ¢l ock cycle

operations; nultiplying said reciprocal. of w by corresponding x, y.
and z coordi nates, thereby obtaining the rational cubic functions x/w, .y/w
~and z/w. or object yielded by the present invention is nore accurate

than it would othérwise be if rendered by the prior art ordinary forward
dif f erenci ng method with-piece-wise, straight-line or planar polygon

appr oxi mati on. -4- SUMVARY OF THE | NVENTI ON The present i nvention
~overcomes the obstacl es and drawbacks contained in thé prior art through an
adaptive forward differencing apparatus for rendering a curve on a display:
device (such.as a "CRT") by actuating di splay el ements defining the curve.
The apparatus of the present i nvent?on conprises a neans for receiving-a
plurality of data points representative of the display el ement s mhlcgi¥
define the bemes;'mderawwslﬁeeenu NR¥NEBEH 3k Inore aiederdtagedae curve
substantlflly uni form single pixel steps. The 'neans for increnentally

renderi ng Hé“\%ﬂﬁ‘?*ﬁ‘sﬂbs‘l‘afﬁﬁdafﬂ/%rﬁ"f(ﬁ’ﬁ?ﬁl'ﬁbl%’"ﬁi’%é’l steps includes X

Y. Z and WM?@UW&:EEH!%MLLR:J et psidiguidd,t stAkldde-CineCod ts for
cal cul ating x z and w for a point in honmogenous coordi nates. The W AFDU

circuit i ‘86&&°&Wﬂ"o‘%?’$ﬁﬂ°&f?‘bwt that produces the reciprocal 1/w of .the
_hom)genous coordl nate w. The out put of the

\



1/wcircuit is, nultiplied by the x, y, z-coordinates to yield the rational
cubi cs. x/w, y/w and z/w.  The AFDU circuits are also coupled to a pixel
filter circuit which, in cooperation with the AFDU circuits, i npl enent s t he
AFD t gchni que of the present .invention by reparaneteri zing the X, Yy, z-and
w cutic functions such that a curve is generated in substantially uniform
one pixel sized increments. The pixel filter circuit of the present.

i nvention conpares the- current pixel location with the previous pi xel

| ocation calculated by the AFDU circuits and, if the current x, y pi xel

| ocation of the display neans is greater, than a one pi xel increrrent away
fromthe previously defined x, y pixel Iocatlon instructs the X, Y, Z and
W AFDU circuits to reduce the st'mpmslare-mn‘ mwl'mncmrve bei ng rendered. = -5-
Sim I,a._rly, if the calcylate ncrements gurve ei ng rendered
are @ss than a predet gL pﬁéﬁ’"ﬁoﬂf'%ﬁ“{" SErCYes %‘ 1Ts’%j"‘m’t Phd" ng xel filter

i NStructs the Xravbacks aastadhed\EDU hei ﬁﬁurtaﬂttn\mﬂrw ems:ﬂ..ﬁhccstc&pasa ze of t he
curve being re en renderjng v e AFDU circui

resent | nvent AORLIERPTUREAFETHAYE {SPeRtAE Lt GOPT AMALSFIRIRINTE the same
circuit conpongetch dtid mzment) yy hhe:aAdapmspeaF(mw:ds Deﬁilﬁl‘rﬁnﬁa et -hod. The
pr esent |nvent|on aI s,ﬁbprov i des gf %Eans for- pin ions.on a

CRTdi spl ay, o *ERks Tt vyt AR Pade et B M ont 0

'cur ves, and a rtoar&cﬁnrinehadnmmndotrdanmpagnmtmdsmia@ea: tbeher

features and adyanlQogtattd JREROU AP kol LR (utifadi0 ©f the

incrementally rendering “the curve 1n suhstantially uniform single

- ——&:—v‘ IA'\I "-l(- -
R L .:glu-:xn—-u.

o - -pixel steps. - -

Thc'neans for incthncntally tenderlng the imaqe in
'substchclally unitcc; 11;93; pixel steps includes X, ¥, 2 and H
'Adaptive Forward Differencing Unit "AFDU“ Flrcuzts for

calculating X, ¥, 2 and w tor a polnt in honogenous coordinates.

_ The W AFDU circuit is coupled to a 1/w circuit that produces the.
reciprocal 1/w of the homogenous coorcinatc w. The output of the
2/ circuic is multiplied by-thc X, y,-i coordinates to yield the

'_rational cubics x/u. y/w and z/w. The AFDU circuits are also _
'couplcd to a pixel tilter circuit shich, 1n cooperation with the
AFDU circults, irplements the AFD technique of the prescnt

invention by reparameterizing the x, y, 2 and w cublc functiens

. such that a cufve {s generated in sﬁbstantialiy uniforn one pixel:
sized increments. - | |
- - The pixel tiltet circuit of the present invention

compares the current pixel lccation with the previous pixel

- location calculated by the AFDU circuits and, 1f the current x, y
pixel location of the display means is greater than a one pixel
increment away from the previously'defincd x, y'pixe}'lpcation.
instructs the X, ¥, 2 andﬁﬁ AFDU circuits to reduce the step size

of the curve being rendered.



.

-6- BRI EF DESCRI PTION OF THE DRAWNGS Figure 1 illustrates an overall bl ock
di.agramvi ew of the present invention: Figure 2 is a block diagram of the ,
1/wcircuit of Figure 1; Figure 3 i-s an expl oded bl ock di agramvi ew of the
(.AFDU circuit of Figure 1; Figure 4 illustrates a portion of the circuit
hown in Figure 3 which is used in rendering vectors; Figure 5is a . flow -
chart illustrating a sequence of operations of the circuit of Figure 4;
Figures 6 and 6a illustrate an aspect of the present invention relati ng to
t he enabling of pixels on a display; and Figure 7 is an expl oded view of
the pixel filter circuit of Figure 1. - -7-- DETAILED DESCRI PTI ON.OF THE -
| NVENTI ON The present invention di saSeses apparatus and nethods havi ng
particul ar application for use in a.conputer systemused for the graphic
di splay of irrag@tiwimmoﬂghhbmlpwmemx and/ gnincoemengs s tid bed Wit h %g’ |
referenge o, spec [ cUi di.agr i l.gorithns, c.,
it wll gﬁ'aﬁﬁr"@c#é’[dg?&o‘?%r%%?% (Cﬂ ?P;g‘s'%ﬁ" Fm&qﬁe ar'?l that such - -
detai |l soas e-xdnml.ossdpmmmm lpsmpcb the MOr ¢, ZhowodglkFowder st andi ng of
t he pre?gﬁt1 |nven |orelne bk W|te weer@f [ be grei_rétdto one skilled in the
art that the presen I nven npma e prac |ce 0l Phese
‘When rendering vectors. the AFDU clrcuit ot the present

invention iuplenen:s the Bresenham algorithm using many of the

same circuit coaponents utillzed by tha Adaptlvc Forward
‘Difference method.” The present'invention also ptovides a neans-

for defining élippinq tegiors on a CRT display, a means for -
napping imagery onto curved surtaces and onto curves. and a means -
for ahadlng.and tricming curved su;taceg. Other teatutes and .
advantages will become appireﬂﬁnaféer a re;#;né.ot;ﬁhe foregdiné o

specification.



specific details. ‘In other instances, well known circuits are shown in
bl'ock diagramformin order not to obscure the present invention
unnecessarily. In Figure 1 there is shown an overall, block dlagranrvreM/of
the pfesent invention. In order to define .inages on a CRT display or other .
- di spl device, it is necessary to nanipulate data at a high speed in order -
to select the prxels of a CRT display that define the curve, curved -
surface, vector or image that is desired to be displayed. It is well known
in the art that the location of each point to be displayed on a CRT often
is represented by digital values stored in a nemrory device which correspond
to x, y, z and w honogenous coordinates. The coefficients of the equations
descrlblng curves to be rendered by the circuit of Figure 1 are calcul ated
and sypplied by a CPU 9 and are transmtted to the W X, Y and Z Adaptive
Forward Differencing Unit ("AFDU ) circui-fs 10, 12, 14 and 16 which, in
response, output x, y, wand z coordinates, respectrvely for each prxel to
be drawn on the diSpIay The w coordinate outputted by the WAFDU circuit
10 is coupled to the L/w C'ﬁrﬁﬁktozé@n @&&hor'ﬂ t&_rh mdgut put's the. current
val ue-of 1/w. The x, y -and y the honbgenous .

-8- coordinate w (i.e.” mul'fiplied by the current 1/w valuein order to
obtain the ratio of tV\B“%‘ﬁBr ’f’d’rréfﬁfﬁs‘)“ ohsF et hePlerky ddpteRi Yiers®and the
three nulti pl |aresp295en22;nvamog4 More specifically, the X AFDU circuit 12
outputs the current x coordinate to.a nultiplier 20, whereinit is

mul tiplied by the correspondi ng I/ w val ue outputted by the |/wcircuit 18,

such that a current. x/ wzmbtbe_ibsa_swmd ubshrb® dti MRl 1 lciBdui8los I N
K—/_ s Flggre 1 | ' o

Figure J is an exploded block diagram view of the X
AFDU circu;t of Figure 1:

rlgure 4 111usttates a portion of the circuit ehown 1n '

Fiqute 3 uhich is used in tendering vectors. L

RS A

Figure 5 is a flow cheft illustrating a sequence*ot“*'
operations of the circuit orfriguge;4;;;;m};: T ;a?jfrﬁflf'

“:: rlgures 6 and s; illustrate an aspect 6: “the pfeseng“:_-
1nvention relating to the enahlinq of pixels on a display, and

rlgu e 7 is an exploded view of the plxel filter .
circuit of Figure 1. '



a simlar fashion, y/w and z/w are supplied to pixel filter, 30,
respectively, by W Y, and Z AFDU circuits 10,14 and 16, [err] circuit 18
and by the multipliers 22 and 24.- I.n this fashion -the x, y, and- z _
copirdinates of the rational cubic functions " are- inputted to pixel filter
30%and used to select the pixels defining inages. of the rational cubic
functions on a CRT. The pixel. filter 30 of Figure 1 conpares the current x,
y and z pixel coordinates which are fed thereto by multipliers 20, 22 and "
24, with the x, y and z pixel coordinates which were fed to the pixel
filter 30 one clock cycle previously and instructs the W X, Y and Z AFDU
circuits to "adjust up" (i.e., ‘advance~fhe curve or curved surface in
“larger increnents) by nmultiplying the paranmeter t- by two or to "adj ust.

~ down" (i.e., advance the curve or curved surface in smaller increnents)<by
~dividing the paranmeter t by 2, or.to "step forward" to the next plxeﬁﬁguch
that- the x, y and z COMMWWHGI’ 30 advance the

- curve being di'spl aye@‘hﬁ"b&b&s@ﬂ_véﬂw 6%‘1@44&«?&3:&&&95&1 RbetRlsi NCTements.
The adjustnment technique wll |l ater be nore fully described. The pixel

filter 30 al d@vina pertdenins sunlisatden fop|use kv a(GHTREEST S¥steRYASdsect i on |
havi ng, for %Qnme ngp‘ﬂQc QQ%QH”&I Qﬁat{e@”]ﬁléﬂﬂgﬂ &l ;)re@@tﬂe Figure 6), is

repl aced with a curve section havi ng the coordinates err’]{{e and [err] (See
Figure 6a). ] inympdopsis gensribed Hﬂb‘if’bﬂ;“?h’é"ab?)éafﬁ’ﬁéé Jresits. (RIfEer ed - curve

by elim natingahhénsGOfiRa1sRi ¥Rjorfineg, dREXCle[ 11 ﬁheg\s}.bmliuwe 6). The.
pi xel filter 30 is coupled, at outputs. 3 *35, and to a frame buffer

“(not shown) v@fiecee °Fﬂ1"t°l§¥ (el iaothe ek that, sushrdeftadls a&?‘(%‘l%b”ﬁét shown) oy
ot her approprigpey C‘:bSPLL@YddeVﬁ&Q thorough understanding of the present

invention. 1t will therefore be apparcnt to one skilled in the
att.tﬁat the p:cscnt lnvcnt&on may be practiced without these
 ¢9¢91£1¢ détdllil'.in'otsit 1nstgncol;;§01i known circuits are
shown.ln block diagram form in order not'ié obscngpﬂgpgugggsent-'
invention unnecessar!ly. _ B S
In riqure b} thcro is shown an overall bxock diaqran :
view of the present 1nyent£on. In crdqg_gg Qgtigguimaqeg on a .
thr display or other qiéplay devica% 1%.1Q necessary to
manipulate data at i'hlgh'5§eedliﬁ éié;;.to ;eleét the _pixels of
a CRT display that de:lne the-éurve. cu:ved surface, vector or
image that is desired to ba d&splayed. It 1: velI known in the
- art ‘that the location ot each point to be dlsplayed on a CRT
often is represented by digital valuns :torod Sn & memory devlce
which cor:c;pqnd to_x. Y, z.8nd’wv homogenons“ggg;e§qggg§.“
~ The coefficients of the igdﬁtions describing curves to
be rendered by the circuit of Figure 1 are calculated_;qé“iﬁiﬁ
supplied by a CPU 9 -and are transmitted to the W, X, ¥3ana 2
Adaptive Forward Dltfetenc1n§ Unit ("AFEO“) circuits 10, 15, o
" and 16 uhich. in response, ocutput X, ¥, ¥ and z coordinates,
respoctlvely. for each pixcl to be drawn on the display. The w
coerdinat. outputtc@ by the u.arnu circuit 10 is coupled to the
/v certh 18 thch, in turn, e@tputs_tyc cutront'valu. of 1/v.

The %, Y and 2z coordinates are dlvided_ﬁy the homogenous



¢

for defining i mages by enabling, or witing a color value at the pixels
defined by the pixel coordinates outputted by pixel filter 30 at outputs
33, 35 and 37. Arc length output 31 of pixel filter 30 is coupled to a

pai nt éectlon 150 (not-shown)..whi ch paints .pi xels i.p-accordance with the - -
arc length value outputted by pi xel filter 30 at output 31. The arc length
val ue is enployed in the-draw ng of textured (dashed, dotted, etc.). lines
‘and-surfaces. The drawi ng of textured I|ines and surfaces does not, however,
forman essential part of.the instant invention as described and clai ned .
herein and a nore detail ed explanation thereof is not, therefore,

necessary. In Figure 2 there is shown an expl oded view of the |/w circuit
18 of Figure 1. The I/wcircuit 18 of Figure 1 is an advancenent over prior
art cifcuits for obtaining the reci procag_of win that the I/v circuit 18
of thespresent i nvention yields the reciprocal of wfaster, with |ess
conput ati onal overhead and 1ess | atency than conparable prior art circuits.

Prior.art |/yedriaindtiel s (1Y@ adldipiedcnaehevhoint tHuadd10R 8l gpddet hm enpl oyi ng
a single | ook- g ‘table for the Initial approximation of the reciprocal of

w. These pri®® Holke ratis PE tyo |oabiR tARAtAPNR) » 1Y SBRI YWicdTS¥iferal cl ock

cycl es to Obi@'aﬂdau{ee&ﬂ-'ek mulk ip1dbF£e8, G9NRaSL., the present invention
requires only one clock cycle for the' iteration conput ati on, thereby

greatly reducing |at §ﬂt‘y"wiéb?ﬁh¥e&hw"t‘kf°ﬁr‘?’d?“’s&t“r@’t‘ﬁ‘b'ifs‘he (For a nore-

CO”D' ete desghidaht QN cBéraRhaQr t@rat TR EENAES 20 sm%pélnf 9¢ idi miikiipiiebhr ough :
"divisor reciprocation see: "Conputer Arithmetic”, Kai Hwan pp 259- 264,

John W ey &PBIHE, CAENFPRERINT Ny valupoqypytted Byc Rhe v (FEcwiso %'- descri bed
superi or T eSHL&S that a cyrrent x/w value is supplied to- pixel filter 30‘ In

a similar fashion, y/w and z/w are supp]_..ted to. pixel filter 30,
respectively, by H; Y, and Z AFDU circuits 10, .14. and 16.,. )'v)
circuit 18 and by the nultipnors 22 and 24. ..I,n -thi.s fashion- the - .
%, ¥, and 2 coordinates ot the_ rational.. ;pbig functions: are. ...
inputted to pixel tilter. 30 and. used: to-select the pixels
defining inages. of. g;_hé_. rational. cubig :ﬁng!;ions on a CRT.
| - The.pixel, .ﬂ_ltﬁl’: 30 of ﬂg.“!ﬁ 1 °°?‘Paf?5- the current x,

' 'y and 2 pixe_J_._‘ _t_:_o.ozdlnatgs_. ﬁhich. are t‘éc_l thereto by mﬁltlplieto

20, Zglgggggsh,g;th,Qho X, ¥ and z pixel coordinates which were
fed to the pixel filter 30 one oiock cycle preéiousiy and
instructs the W, X, Y and 2 AFDU circuits to *adjust up" (i.e.,
advance the gurve. or cutved surtace in larger increments) by’ L
nultipl_yi_.p_g___;h_e__-_;_:_arom__e;e;_ t by two or.to. nadjust “down" (l.e.,

- advance the ouxmg_or,qptveq,sugtaqg.iq_snallet increments) by
dividing the parameter t.by.2,. or_to- "step. ,:oz_'va_x_-d_"___to_the next
pixel such that tﬁo x,. Y. and: 2 coprdinates outputtod by pixel
filter 30 advance the curve being, qisglpyqd on .the CRT ..
substantially .i.n singlo pixel increnents.:'_"he adjustment
technique will later be more fully described. e e

- The pixel £ilter 3¢ also detocts and replaces. "albaws" |
(vherein a curve section having, ‘for example, the coordinates
(xo, Yb,' (xo, yi) and -"1' ¥y) {sees Figure o), is repléoed with a

curve section having the coordimtes' (xo--. yo') and (xl_,' yI). (See



t he present invention uses a truncated Tayl or series approxi mati on
utilizing two small .1 ook-up tables 76 and 78 (i.e. in the preferred

enbodi ment, table 76 has 8K entries and 20 bit output while table 78 has 8 -
'th ‘out’put; and m-nor conputatlon hardware to i nplenent the sanme in order:

t o%derive an apprOX|nat|on of |/w without the costly, slower conputations
required by the .prior art. -As is well known in the art, the Taylor seri.es
approximation is used to derive the reciprocal of the honbgenous: coordinate
w. The Tayl or series approxi mati on states: 2 3. 4 [ERR]
where [err] represents a pre-determ ned quantity of the nost significant
bits of the wvalue and where d represents a pre- determined quantity of
the | east significant bits of the,w value. It has been discovered that
truncating the above listed Taylo? series approximation to include only the -
~first two terns thereof (i.e. [err] renders a |/w value which is b
~suf fici entigpraciads ht &hispis Msdseémmvobhaimﬁy’ame ofatlieonal cubic

“functions L ngd.,, 24! . _ e e BYeS. The w val ue
out put t ed” f@W%ﬁWc?f %\Iﬂtﬁfﬂ%mﬁsgh% %g;'nﬁ #%rrl?e{ ogfirreﬁ 6f t he present
i nvent i onshevonpy Féewre2€) -bits. The 13 nost signifi cant bits (ternmed herein

as "[err]") of thaf, 21 A ttfﬂlmlru?“ q;e“g#pe? f‘ceiot, quOJS upy t es 76 -and 78.

Look-up table 76 outputs the reciproca rrl) fhe ‘thirteen bit val ue
i nputt ed 8hertet® frone byfferetno®shovs] whicly.| §n ﬂna@kiapﬁwamdet‘?@ 2 outputs a

et by o PP GBS A ) Sl Bk e BB i A L 500! e
. for detining images. by enahling, or writing a coler value at the’ .
.pixels defined: by the pixel coordinates cutputted-by pixel=filter . _ o/
30 at outputs 33, 35 and 37, . . . . :“;;t:.r-’-;;rt::a:ﬁ q;
Arc lergth ouxput 3k oﬁ ptxca tiltar 30 is coupled to a-_
paint section 150 (noc bhown) which\paints pixels in: accordance
wlth the: arc length-value qutnntted:by pixel - £ilter 30 at output
31. _ The arc ;engtn.uahuen&snemployed~1n-thc drawing of textured
(dashéd;~dotted, @tc.). lines and surfaces... The drawing of . '
textuzred. llnes and surfaces does not,’ houever, forn an essential
.part of the instant invention as described and claimed herein and
a more dgtalled explanatien thcrect_.s no.,.theretore, necessary.
' - In Flgufe 2 there {s shown an exploded view of t&e /v
circuit 18 ot_rigure.l. The 1/v circuit 18 of Fiéure 1 is an
‘advancement ovgr'pfior art circuits for obtaihing the reciprocal
of W in thct the 1/w circuit 18 of the present invention yields
the reciprocal- of w faster, with less cbmputational overhead and
less 4atency than comparable ptior ‘art clrcuxts.
. Prioz axt 3/w citcuits typically use a Newton
iteration algor&ths-enpleying;a_ainglq look-up table for the
initial apptcxlnacicn'ot the':eciprccai of *f  These prior
wethods :equire a large nultiplier and take several clock cycles
to cbtain a result. In direct contrast, the present 1nvention
requires only one clock cycle for the iteraticn computation,
therébf greatly‘reducing latency ;a‘ccnpatcc cith.pciof art

mathods. (For a more complcta description of pticr'aft nethods



| east significant birts of the 21 bit w value are supplied to an 8-bit del ay

regi ster 84, which.nmerely delays the eight |east significant bits a length
~of tine sufficient to allow the outputting of [err] by register 82, such
"t hat tiplier 87 nultiplies the eight |east significant bits, (terrred
“hereinlas "d"), times the contents of -register 82 sich that rrultlpller 87

outputs [err] to subtracter 89 where [err] is subtracted from(1/[err]) in
order to produce-at -register 90 |/[err] - [err].. As stated, 1/[err] - '
- [err] |/w Register 90, i_n'/turn, out puts the val ue I/wto mul tipliers

20, 22 and 24 as previously discussed with respect to Firgure 1. Del ays

13,11 and 15 are present-to-ensure that the x, y and z coordinates _

outputted, respectively, by X, Y and Z AFDU circuits 12, 14 and 16 arrive

at .multipliers 20, 22 and 24 substantiahpy coincident with the cal cul ated

corre@;ondi ng |I'/w val ue outputted by Register 90. Miultiplier 87 is an 8 bit

by 8 brt multipli dd e NCk erefore

pr opagat ed thrtgﬁg‘ﬁf“t%léut%{‘lr"é'g “v %P ucsatheng?ese?er %(%gllttﬁponl y one cl ock
~cycle. It has lkteeﬁme‘teum xhhaituamd:epxemmsﬁn Johe Wibew & $hescrtiegetprk,

approxi mati on g eat g rr Jrarge

(assum ng that'?\X/ sﬂgkvx)a °pa(‘):s? veV\a)e aJ% Jesrl-&eﬁ ﬁ%r:ldm% -the w

i nterval of . 2het prelseﬂttih&e:aﬂbmn.ses agtmt:eﬁd Nﬂnrwerses 25 and when d is at

“its maximum val ue, The,error. f ulqtl lgON of | /' w
can be reducea‘ﬂ?ﬁ’é‘t’ﬁf??fb“E’élrifg""ngvalmﬁg T3 g?gﬁ egﬁkﬁﬁd”ﬁt -
fol | owi ng equair @Rée. azaf&mkmbsahbm E’aﬂands T&Bs s‘kheseiqsahomsoane for

| ookup tabl e 7§utput u%iﬂ table 78 has 8 be£ ’ougpuk:l‘lp damror7§m?h;;t.i°"
U , e x

hardware to impIenent ‘theé same in’ nrder to aerive an T
approximation of: 1/w uithout the costly,‘slouer computations '
required by the prior “art. " - '

~;“-As is- ueli known ‘in’ the art, ‘the Taylor series '
approximation is used to derive the reciprocal ot the honogenous
coordinate w. The Taylor series approximation.states:.

1w z(i/woj_ [1-d/w, + (a/wg)? - (d/wo) + (arug)t + (a/woy 500

vhere Y represents a pre-determined quantity of the most
" gignificant bits of the w value and where d represents a pre-

determined quantity of the least significant bits of the w value

It has been discovered that truncating the above listed Taylor

series approxination to include only the first two terms thereof
(i.e. 1/wg= 4 ;ilw ) renders a l/w value which is sutticiently
L ' accurate for ‘purpcces of obtaining the rational cubic functions

x/w. y/w and z/w for use in the rendering ot images.

The w value outputted by W AFDU circuit 10, in the. .
preferred enbodinent of the present invention, comprises 21 bits.
The 13 most significant bits (termed herein as "w ") of that 21
bit value are supplied to look-up tables 76 and 78. Look-up
table 76 outputs the reciprocal (1/w°) of the thirteen bit" value
inputted thereto to register 80, Similarly, look-up table 78

' outputs a (i/wo) value_corresponding.to the thirteen most

significant bits eupplied'thereto, to register 82, The eight



-1 2- [ERR] Were [err] is the difference between one value of [err] and
the next largest value of [err]. Further, since it is not desirable to
calculate |I/w for w values where the two nost significant bits are 00; a *
portion of the storage capacity of each | ook-up table is not used. Also,
I § actual practice it has been found that the error will be greater when _
the nost significant two bits are '01'." Wen the nost significant bit of w
is 1, the first described nethod for deriiving an approximtion of I/wis

- used. Conversely, when the two nost significant bits of ware 01, the
address which is sent to the two | ook-ap'tables is the concatenation of the

most si gniehb€ @igniritamf biesaBE thbe2it biy ¢ vsk stleOfiphi @Nto Rkt through the
14th nost significant bit of w. 'In the |ater case, the seven |east

si gni fi cATPibidedapreqisterr 84 pirh megely defays theqtiohthdenst ves t he int ér\ml

covered hyagANACRRE bitd B idH3th WEkethe! Alrc iU o BBl R TOST - Si gni ficanbsbits
of ware 01. It will be appreciated - that since the maxinumsize of dis

reduced, TUSBUEEIPE PE Mipbn D¥rFegaster 83.ssughethatemultipbiari $ above

di scusSi Giureify 1ok | dneDBIGABNICEEE 24K chbitie DoEsSMRlPNdd HerddiR 40 | 0OK-Up tabl es
76 and 78 whi ch yield, respectivel and [err] .and-conputing t hose .

, L errL
val ues t 0'45d echiees I“-PW°8§‘W§\/‘?"OES‘! e $2r fuUShthat HutpERdeRn 7 nvent i on avoi ds

the 1ong A\ﬁgwn(?{mb%n&ﬂm@a&sl omevw gb MRefe Bheskeass! y required in
the aforedescrib Brior art devices, thereby®increasing the speed with

whi ch 1/ vf5°8 thevpl . °qdﬁrt'q?eviﬁdem¢et?9éﬁtﬁ3‘d?%mo of t4¥évg)w circuit, 18
produces g kéateud! 1)& vshu@h/uha%,ZQ/@I gﬁugfige‘&nao bigh SsurBOWRYSIts 1t Wi ll be

appreciated that nor¢ or t's may be used as |ong as the val ues stored
in the | O%ﬂg_u*}ue /v tounultipliers 20, *2274RA" 24 “as ‘previously 7 N
: discussed with - respeet to riqure . " Delays 13,11 and 15 are . '
present-to- ensure that the %, ¥ and 2z coordinates outputted.
respectively; by X, ¥ and Z AFDU" circuits 12, 14 and 16 arrive at
' nultlpllers 20, 22 and 24 substantially coircident with the
calculated corresponding 1/w value outputted by Register 90. '
 Multiplier 87 is’ an 8 bit by 8 bit multiplier. (l/uo)2
and d are 8 bit,terms and are therefore propagated tnrough to
subtracter 89 and thus reglster-so_in_only one clock eyole._
1t has been found that the error_in'the:above described
approximatlon ot 1/w is greatest when Yo is.smalliand d is large
(assuming that w is always posltive) ~ More specifically, ove.
the w 1nterval of .25 to_l .0 the error is greatest when w is ;25- S : ~/
and when d is at.its_naxinum value; - _
- -Tne error tound 1n calculating an approxlmation_of l/w.
can be'reduoed by storing oertain ualues which’ are .described bf
the following equatlons in lookup tables 76 ana 78. These values
are: : S ' '
ror'lootup table 76=.
Ywy = 1.5/ (wg+d

} + .5/ﬂo-f two(w +

o*nax) 17 (-2/2)1; and

max
for lookup table 78:



t abl es enpl oyed, ar e-adj ust ed accor di ngly. tabl es erployed are adjusted
accordingly. -In Figure 3 there is shown an expl oded view of the X AFDU
circuit 12 of Figure 1. Y, Z and WAFDU circwits 14, 16 and 10-are
identifl incircuitry to the X AFDU circuit 12, and therefore a thorough
~understanding of X AFDU circuit 12 will also fuIIy convey the crrcurtry and .
~operation of Y, Z and WAFDU circuits 10, 14 and 16. Each AFDU circuit
~calculates a paranetric cubic function f(t) represented as: (1) . f(t) =
[err] + [err] + [err] + [err]. For each X, Yy, z and w coordinate 'the
pa’rarretri,c cubic function f is: x(t).=TJerr] y(t) = Jerr] z(t) =Jerr]
wW(t) = [err] The above functions [err 2and [err] are forward difference -

basi s functions which differ fromone anﬁgt varj es. fro({no to 1 along
a curwe. The dt sfle(p Yi*deaf of ¥V’ /al¥oh a'lly adj YsFed“so wKht t he

curve. \[,nCF enment's iwheRRd OXi jiBtid Mi MeeertieXBdtveéepse aalmx pt ainad bed ow.  The

four forward difference "Dasis functrons [err] and [err] are Ilsted
bel ow. [ ERR] nextlharge-'t vaiue of w,. ..

Further, since it ‘{8 net desirable to calculate I/w fer
w values where the' t\-o nost siqnificant bi' are 00; a portion of
the storage capacity o! each look-up table is not ‘used. Also, in
-actual practice “ft has “Baen found that the error will be greater
uhen'tﬁem;ost‘significent two'pits are '01'. _ .
N\ ' 'ﬁhen'the'nost'sigﬁificent bit of w is 1, the first
o described method for derivieg_an approximation of 1/w is used.

. Conversely, when the two post significaht bits of w are
01, the address which is sent to the two look-up tables is the
concatenation of the nost-uigniticaht bit of w and'the third most
significant Sit through the 14th most significant bit of w. In
the later case, the seven least significant bits of w are used
for d. This technique halves the iptervel corered by one entry

~ in the lookup table when the two most significant bits of v are
0l. It will be appreciated that 3ince the maximum size of d is
. reduced, the approximation error is also reduced. _

From the above discussion, it will be appreciated that
. by employing ‘the two look-up .ables 76 and 78 uhich yield
respectively. l/u and (l/wo). and computing those values to _
produce 1l/w ‘as previously described, the present invention avoids
the long latency producing computations which were previously
required in the aforedescribed prior art ‘devices, thereby
increasing the speed uith which 1/w is.derived. Inlthe preferred
embodinent'o: the 1/w circuit, 18 produces a l/w_value which has
' 26 significant bits, however, it will be appreciated_that more or
_ less bits may ba used as long.as the values stored in the look-up

tables employed are adjusted accordingly.



The above cubic functions x(t), y(t), z(t), w(t) are calcul ated separately
by each AFDU circuit. The four coefficients a, b, ¢, and d which descri be
a cubic curve are loaded into.the four ceoefficient registers 34, 50, 62 and
72- of each AFDU circuit at initialization by the CPU 9. At each-cl ock
éscle; the paraneter t increases by dt and the four coefficients are .
updated to a', b', c¢', d while the four AFDU circuits 10, 12, 14 and 16
generate the coordinates which correspond to a particul ar plxel on the CRT
display.  If the x, y coordinate currently calculated by the X and Y AFDU
circuits 12 and 14 define a pixel |ocaygon on the CRT display which is
nore than a single pixel increment fromthe previously defined pixel, then
pi xel filtaneserphated anesaddaetrermERoraingdyit to divide dt by two (adjust
down), thereby reguGiiage Pan¥re xs'aﬁwrs%namsm bidw 8¢ wgaoh clock cycle
each AFDU circuit outputs .coordinates which define pixels along the »frve-
in subst ahf@Uariscudt i3l ef Pisusk Y.nc¥edetnds® ATRULISFWitsaks.f 368N, if the x, y
address sign, h%Jeﬁ@ﬁ:a%hﬁa“cﬁ- gi&ypw‘ikewsfmmcufxeqm tfya previously defined
pi xel , then I's doubl ed (adjusted u to Iincrease the change in the x, y-
coor di nat Sheregiere phtiorenshi Wdatwmtfan?f & MPUoﬁéfcpikéP wildprlise i ncrenent ed
at each Chonly Exfieg-cndurbdites dlr Sperbitichio ,§k1e £y % kwgetions x(t), y(t),
z(t), w(t) afe transformed as” foll ows: [err] y' (t) =
y(t/2) = phrquite!10¢tds andz 6/ 2)" = [err] W (t) w(t/2) =  [err] The
coefficients of thg.l AARsEAITRE. a%u19te&ub¢.qat.wm'&9§care gi ven by:

function £(t) represented as:

Q) f(t) = aB (t) + bB (t) + cB (t) + dB (t). : ~/

For each x, Y, 2 and.ﬁ'coo:dingte thé parametric cubic
function £ is: ' '
x(t)
yie)
SR 103

°x83+bx32+°x31+dx50

ay83+hyaz+c¥81+dyao

L B +b B +c, B +d 8

Mt} a B .+b B.+c B, +d B

¥l W2 Wl wo

The above functions By(t), B, (t), By(t) and B o(t). are
forward difference basis functions which difter from one another
as t varies from 0 to 1 along a ‘curve. The dt ‘step size. for t is .
automatically adjusted so that the curve 1npremen;s in . . \‘Jl_

_approxinate1y one pixel steps as explained'ﬁé;éw.. The four

forward difference basis functions 83, 82. Bl'and 36 are listed

below: .
e3-3t? 2t
(2) By(t) = —
, 6
. ' w2 o
{3) B,(t) =
2
" (4) al(t) -t
L

(s) By(t)



’

-15-. a" ‘= al8 b '=b/4 - al8c =c/2- bl8+al6d =dIn order to ,
doubl e dt, the coordinate cubic functions are transfornmed by: x'(t) = x(2t)
y'(t) = y(2t) z'(t) =2z(2t) w (t) =w2t) In the case of doubling dt,
the pregent invention utilizes the follomnng coefficient transformation: a'
= 8a b = 4b+4a ¢c' = 2c+b d' =d If the current step size being used by the
AFDU circuits is correct, (| e. substantially a one pi xel increment), then
the AFDU circuits generate coordi nat es- correspondi ng to a new pi xel and
step formerd to that plxel by cal culating the follow ng transformation

X' (t) = x(t+l) y' (t) =y(t+l) z'(t) = z(t+l) w(t) = wt+1l) The
correspondi ng coeff|C|ent transfornatlonujor an  -16- jncrenent of one
pi xel is:

'é"‘*

The above cubic functions x(t), y(t). z(t), w(t) are

V!

calculated separately by each AFDU clrcuit. The four

’ceetf!cientg a, b, c, and d which degcribe a cﬁbic curve are

-;oaded into the four qeefficleht teqlsters 34, 50, 62 and 72 of
each_‘FDU citcgit at initialization by the CPU 9. ht'each cloci
cycle, thejparapeter t 1ncrease§-by-dt and the -four coef;icien;s
are updated to a', b, ¢, a* while the four AFDU circuits 10,
12, )4 and 16 §enerate the coordinates whiéh correspond to a

\_/-- ’ patti“ular pixel on the CRT display..

' If the x, y ccordlnate currently calculatead by the X
and Y AFDU circuits 12 and 14 define a pixel location on the CRT
display uhich is more than a single pixel 1nc:ement tron the
previously defined pixel, then pixel filter 30 1nstructs each .
AFDU circuit to divide dt by two (ad ust_ dowqj, therehy z;&QéI;g

_ the %, vy lncrements so that at eacn clock cycle eac;'ﬁrnu clréuit '
outputs coordinates which detina pixels .along the curve in
subs;antially single pixel increments. 1In a. aimilar tashion, if
the x, ¥ addrese steplig_legefthan.q ;43:pixe1 increment from the
previously'defined pixel, wtheﬁ-dt is_doubled (adjusted up) io .
increass the change- in. the . X, y coordinates such that agaln a
substantially ‘one pixel step is 1ncremented at ‘each clock cycle.

- To reduce dt by halt, the cubic tunctions x(t), y(t), z(t), w(t})

are transformed as follows:

x(t/2) -'a' +b 32+c B +d B

x e - 1*4"%B
y' (t) = Yl /2) = a'y53+b a +c y‘xfd y“o
2' (t) = z{t/2) = a' B,+b', B,+c* 31+d 3

w' (t) = w(t/2) --al B +bl B:"'C' B "‘d B .
The coefficients of the transformed set of cubic

functions are given by:



a'. =ab =bt+tac =c+b d = d+c Returning to Figure 3, in-order to

i mpl ement the above transformations (adjust up, adjust down, or forward
step)the pixel filter 30 sends control signals to nultlplexors 32, 44, 46,
54, 56 and 70 to select an appropriate input int.o,. respectively,
'adder/subtracter 45, 58, and- 66. These nultrplexors sel ect .the appropriate
“transfornmed values for the a', b', ¢' and d coefficients. As stated, the
values a, b, c and d are.initially loaded by the CPU 9 into registers 34,
50, 62 and 72. New coefficient values corresponding to the desired pixel
location are updated and | oaded into regrsters 34,. 50, 62 and 72 at each
clock cycle, thereby increnentally conputing the paranetric function X(t)—
[err].- If the x, y and w coordinates outputted by AFDU circuits 12, 10,

and 14 correspond to a pixel l'ocat?®m -which is greater than a one prxel
~increnment fromthe prevrously defined, pixel, the coefficients of a b--N c'
and d' are selected az a'=al/8, b'=b/4-a/8;, c'=c/2-b/8+al16 and d' d "The
8a input to nultlplex 7.32 is wired with a left shift of .3 bits to gi ve the
val ue 8a for useb'n=toie -abpwe |isted equations. Simlarly, the input a/8
is right shifted dhre 3 to obtain the value a/8. In general, dividing
or nultiplying by an nte% Al pﬁW@r of two is acconplished by a hard w red
right or left shigft= & The coefficients for an adjust down operation are-

. obtained in two clock cycles as follows:. First clock cycle, pixel filter
30 pl aces control signals on-bus 51, mhich cause mul tipl exor 32-to

In order to double dt the coordinate cubic. functions

2

are transformed by: o S - L\
. ox'(E) = x(2t)
Y'(t) = y(at) . :
z2'(t) = z(2t) L
Wi (t) = w(2t) L |
In the case ot doubltnq dt, the preeen* 1nvent‘on
utilizes the following coe:ficient tranetornotion..
a'' = aa _
bt ba
é._; 2c+h N B

d. :-d

If'fhe cutrent step size being used by the AFDU
circuits is oorreot. (i.e. substentiellx a one pixel- 1nozement).
then the AFDU circults generate coordinates corresponding to a
nevw pixel and step torvard to that pixel by ealcolatlng the

tollowing transformatlon‘
x'(t) f-x(t+1)' ' -
Y'(E) = y(te1)
2'(t) = z{t+1)

wi(t) = w(tel)

who_correspondiog'ooettio!ent transformation for an
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-17- select A/8, multiplexor 4 to select A/8, nultiplexor 46 to select B/4,
mul ti-pl exor 56 to select 0, and nmultiplexor 54 to select ¢ 2. At the end
of 'this clock cycle, A =A/8, B =B/4-A/8, and C =C/2. During the second
clock cicle, pixel filter 30 places control signals on bus 51 which cause
mul tiplexor 32 to select a, multiplexor 44 to select 0, nultiplexor 46 to .
sel ect b, multiplexor 56 to select B/2, and mul tiplexor 54 to select c.

At the end of this clock cycle, the result of the two clock cycle
operations is A =A/8, B =B/4-A/8, C =C/2-(B/4-A/8)/2. Adders/subtracters 45
and 58, -as well as adder 66, are controlled by pixel filter 30 in order to
perform addition or subtraction operations necessary for the

above- descrlbed transformations. Simlarly, as previously discussed, when a-
pi xel i Mcrement cal cul ated by the X AFDU ctt&uit 12 is | ess than. 0 5 of a
pi xel seep, the coefficients a, b, ¢ and d are transformed by a' = 8a, b =

4b+4a, c' = 2c+ a0 ad of pggformthese t ransf or mati ons, approprlate-
control signals fcromnpl‘;(er'qgf pF-taelr 0 are asserted-at nultiplexors 32, 44,
46, 54, 56 and 70 such &'hatathe 8a, 4a, 4b, and 2c are clocked into t he

correspondi ng. regi ster: ,lngﬁ%u|unct|on with adder/subtracters 45; 58 and
66. Alternatively, if the circuit cal culates an-x increnment between
0.5 and. 1 and a y increstentctbet ween 0 5 and 1, then the a, b, ¢ and d
coefficients are sel ectgd_hy, nul-tiplexors 32, 44, 46, 54, 56 and 70 by
appropriate control. signhals asserted by the plxel filter 30 such that

regi ster 50 is updated by b’ =b+a, reglster 62 -i s-updated by ¢ = c+b d

t 72 by . d =d
;gggc?;t ed t%at onI y+tC qug"?'ﬁu%glrﬁ%rren AE C@??g&ot‘gﬁiﬂg‘i and %K/are used

by the pixel fittaesfdrpations r(@Idjtiteuadjaamﬂtemvnofo!attﬂhwrstmwm Fcuits
since the x/w aPH:eX/i’h% ng o%grofl.l ﬂg%ra]il 3‘0 nultiplexors 32, 44 46 .
54, 56 and 70 to. seleet anaappropria:e input-4nto, respectxvely,
adder/suhtzact&t,!i;.58;3gnd-ssr.-rheze.mqltiplexpts select the
. appropriate srenstérnéAdvalues for the a', b, c' and a'
-Acoe££1c1ents.e'As.state&. tﬁe values a, b, ¢ and d are initially
--:loaded bffthe CFU 9 into registers 34, so,lsz'aﬁd 72. New
coefficient values corresponding to the desiréd'pixel location
are hpdated and 1oaded into registers 34, 50, 62 and 72 at each
clock éyc;h, thereby 1ncfementaliy computing the parametric
'tunetiod x(t)=a B +b B,+c B +d B,. If the x, y and w coordinates
N\ . outputted'by AFDU circuits 12, 10, and 14 correspond to a pixel
location which is greater than a one pixel increment from the
‘pfevioﬁsly_detlned pixel, the coétticients of a', b*, c' and 4'
..are .selected as a'=a/s§, b'-b/iég/a,_E'-c)z-b/é+a/16 and d* = d.
© The 8d'inputzta.nhltiplexor,ﬁz is wired vithﬁa left shift of 3
. bits to.Qlwe the Value‘Sa fot'use in the above listed equations.
sinilarly, the input a/8 is tight shitted three bits to obtain
) the value a/8. et .
-In general, dividing or nultiply!ng by an integer power
otltwo 15 accomplished by a hard wired right or left shift. The
coefticients for an ddjust down operation are obtained in two -
clock"éycles'as toilovs: First clocRICyclé,_pixel filter 30

places control signals on bus 51, vhich cause multiplexor 32 to



-18- define plxel | ocation. In such a fashion, the AFDU circuits 10, 12
and 14, in cooperation with the |/w circuit 18, multipliers.20, 22, 24 and
~ pixel filter 30, ensure that the curves rendered are incremented in :
supstanti al |y one pixel increments. Menory buffers 48, 60 and 68 are used . -
to'store a sequence of the last [err] b, ¢ and d val ues, respectively, -so
t hat the properly. delayed b coordinate. val ues associ ated with the pixel _
filter 30 control signal are used. This is necessary because pixel filter
30 deternmines control decisions several clocks-after the AFDU generates -the
pi xel addresses. Menory buffers 48, 60 and 68 store a sequence of val ues so
‘that the b value having a delay. equal to-the nunber of clocks between the
AFDU and the pixel filter is-used to conpute b'. No nenory buffer is
necessary for register 34 since "a" does not change during a forward step
~AFDU operation. Another inportant aspget -of the present invention is ‘>
.hérei nafter described. A critical problen1mh|ch typlcally occurs in prior

art forward differencin for nder i rves rfl ow or
- over |l oadi n§*b1et M BYE 8?&?’?’&38 'T%?c f‘g “gﬁt‘ e’“"ﬁt o *the
coeffici ema/valnueelpef;xamss 2 SeIREE iog a\d)matflumbrm ueedxéar cal cul ati ng
the curve. O course, a req%ster used_ f coeIf|C|ent reaches

capacity aﬁdzbvéf‘f't"(f\/\g"d 850\5‘#5 °E'él°¥ﬁ*°atf02/?) %Acﬁgﬁf an®?tic cubic

functi on widrke/@aCOosR {hgta6 Helebm cTéux pymerptuen\temerom [piesdsdes a- uni que

met hod and apparatus for prevepting such’ ov 0 fromoccuring, thereby.
" ensuring C(ﬁ??&fﬂ}oﬁ snate ot ?‘5\/ ﬁﬁ'ihé%bﬁ?‘é&ei 5‘?% ?‘\é\% 3[3&?%.@5 o gubl c Y

function f GriieRNdRéd RY wleomttve. mule?lé)mHm\k.ﬂgel&taB expl anat ion of this

aspect of the resent inventio wTTT
" multiplexor 56 to select Q{g, and nultiplexor 54t eelect €. At

the end of thls clock. cycle,.}hgnzgsul; a! the_Ey? clcckncycle
.: operations is A'-A/&, B'-B/A-A/a, c‘-C/z-(B/l-A/B)IZ.
. Adde:e/subttacters 45 and.sa“ ee vell es edder 66, are controlled _'
. by. pixel filter 3Q ln_order to perfern edditlon or subtractien
. opexatlcns_necessary for the abeve—descrlbed transtorna;ices. f
Similarly, as previoesly_dlscussed. when a plxel'_
1ncre§ent_celculeted.by checx_groﬁ circuit.lz'le less :hen 0.5 of -
a pl*el step, the coefficients a,zb, ¢ and d are transformed cy§
a‘' = ga, b' = 4b+da, c' = 2c+b and 4' = 4. To perform these
transfefmatlons,-apprebrlete confrol elgnale from pixel fllter 30
are asserted at nultiplexors 32, 44, 46, 54, S6 and 70 such that ' _ g;/
the aa, 4a, 4b, and 2¢ a:e clocked into the ccrrespondinq |
registers ln conjunction with adde:/supﬁrecte:sles. 58 and 66,
Alternatively, if the A?qucl:cult“calculetes an x
]incremeht_betveeh 0.5 and .1 and Y increment between 0.5 and 1,
then the a, b, ¢ and d coefficients are selected by_multiplexorc
. 32, 44, 46, 54, 56 and 70 by.epproprlate congrol signals esserted
" by the pixel filter 30 ecch that register 50 is upeefed by
bh! ;b+a, regietec 62-13 updated by c' = c+b, d teélefer*?: by
d' =d+c and a. reglcter 34 remains unchanged. it vill be | .
appreciated that enly the outputs tron AFOU clrcults x, Y, and W
are used by the glxel-filter to control ‘the edjustnent of all
four AFDU circuits since tﬁe x)v epd y/v coordinates eufficlently



In the present enbodinment, registers 34 and 50 of Figure 3 have a capacity
for storage of three-integer bits, = -19- which, for purposes of

conveni ence, will herein be [abelled, respectively, [err] . and [err] and
[err] iﬁ and [err] are the nost srgnrfrcant i nteger bits. The nost
significCant fractional bit of register 34 will herein be |abelled [err]
Since Register 62 accunulates, on a forward step, the contents of register
50, ‘it has, in the preferred enbodi nent, a storage capacity of nore than
three integer bits. The nost.significant integer bit of register 62 is
termed herein as [err] Regi sters 34, 50 and 62 are coupled to a control
circuit 92 of Figure 7 (a detailed description of the operation of prxel
filter 30 and control circuit 92 as shown in Figure 7 will |ater be
descrit#ed nore fully) within the pixel filigr 30 and outputs thereto bits
whi ch- kndrcate to the control circutt 92 that the integer storage capacity .

of registers 3érinalppRl/ Reabidnar ani ihcavertihaw:xprtnecubd qlessidal yo, overf | ow
with the next cal cul ation. Below are |isted on |t|oni?| n whic

registers 34 ARPTE0 el KOt 1P HBG e AET ﬁ‘é fh’@'"'ﬁ\‘)&r‘ He*Bi t") whi ch

i nstructs thezepnir, ols ehd pukd1 9D teE 1oheerreuxelmit Teh@reudlest Bataer ke - next
adjust up will result in an overflowcg the integer storage capacity of -
regi sters 34 &f% ingremgnted, tn PYPBTT A I QPE RIXGT INCTEEPEY - Tt He siTgn Dit (sb)

of register 34 or; [ehehoryl Birrlid 40f docgHasterardhsed;te ewr]e asign-bit of
regi ster 34 or: ‘{err] -sign bit of. re ister 34 or; errl gn bi t of
register 50 off*d EFP1or theghtth I yy cr g d(vapvesy ppspectively, so that

_ the properly aelaved b coordinate velues associated vith the.
\“{"' pixel tilter;lo control signal are used. ~This is necessary
tebeUSe‘ﬁiiel*tirter'36’deterniues control decisions several .
clocks after the AFDU generates the pixel addresses. Memory
buffers 48, 60 and €8 store a eequenee of values so that the b
value- having a delay equal'to'the'nunber of eleeks-betweenfthe
AFDU and the:plxel.til‘er is used to compute b'. Fo memory
buffer is necessery for register 34 eince *a" does not change
durlng a forward step AFDU operatlon. '
Another lmportant aspect of the present invention is
hereinafter described. ' _
A critical preblem.uhieh.typically'occurs in prior art
Y, . toruard dit:erenciug rethods for rendering eurves is overflow or.
overloading of the registers used for storing the integer of the
coetfieient values of the parametric cublc function used for
calculating the curve. Of course. if a register used for storxng
_ e coefficient reaches capacity -and overflows, accurate
_calculatien of the parametric cubic function will become
impossible. The present invention-prouides a_unique nethed and
apparatus for preventinq such everflou tren occuring, thereby
ensuring continuous accurate 1mp1ementation of the paranetric
- cubie function for rendering the curve. . The felloving is an
explanation ot thls aspect of the present invention.
In the present enbodinent. registere 34 and 50 of ;
Figure 3 have a capecity_for storage ot_three-integer bits.



[err] sign bit of register So or; [err] sign bit of register So. The
pi xel filter 30, as stated, sends control signals to multiplexors 32, 44,
_46 54 and 70, which instruct each ADFU circuit to adjust up, adjust down -
step forward to the next pi xel. Wien a warning bit is asserted at
coﬂtrol circuit 92 of pixel filter 30, pixel filter 30 instructs each AFDU
unit to step forward to the next pixel (instead of. adjust up) when an
adjust up is indicated by calculations nade by the pixel filter 30. Adjust
down and forward steps are not affected by assertion of the warning bits.
I nstructing each AFDU circuit to step forward does not cause registers 34
and 50 to overflow, since stepping forward does not require multiplication .
of the coefficient "a" termby B or nultiplication of the "b" term by 4.
The AFDU circuits are thus preventetB<rom adjusting up until ‘the curve is
conpleted or until the warning bit is de-asserted. Sinilarly, the bit WhHi ch
i nstructs pvbdsh.fﬂottmrpmﬂmmmmunnmgdﬂlsteoehgbe dapebliedy of registers

34, 50 and g&p‘é’thu e;flgw VM tp ngxt éc? §t up or. ,{dogmqrrq Heep (terned

herein as. t over owl'b 2" )-‘ﬂs 48K Shariev ert].sign . bit of a;
[err] sign bost etqnbtmanf dintdges] bitshi t'rhofno@: si‘thiaﬂcatkwe fomriﬁdm}w bit is

asserted it r 0. sse 0 naI‘s‘ to the .

AFDU nul ti pfietgé?s \%}b %Lﬁﬁ;cg&ycﬁﬂe \ Q‘t’:‘?ﬁcurt % QE%P own, whet her
or not an adq:mmau.psplonap Sbaprﬂosmr cthascqnnehtsatedewtbhesocai-cul at'i ons nmade
by the pixe own Liev erflo roblemin
regi sters 35 JSEE a%g“" cére §§13§?15| ng %n X ggeﬁatc g‘h% P Re" 38erf | ow bit.
The sign bi thke treghet Bits. 34xhe5603nd1cﬁx2flﬁnusimdem bitabttﬂaeimrm ng bit. and

overflow bi E? ivgl Lemeg h%gesienr taseqle f Rtegfstlegg %qer op gnargf cgup?ed N o \J
to a centrol circuit 92 of Figure 7 (a detai;ed description of
‘the oparatiop of piiél_tilter 30 gnd-éon:rol clfcuit si-as shown
in Figure 7 will later be'deéctlbeé more tuily) within the_pixei .
tilter 39 aﬁd outputs the:etd bits which indicate ¢o the control.
circuiﬁ 92 that the integer QtOtage éapaqity of registers 36. 50
and/or 62 ére_in'ovetflow or coﬁld pqssibly overflow with the g
next calculation. Belég'are listed tﬁe conditions in which
registers 34 and 50 send a bit (termed herein as the "warning |
bit") which 1nst—uctn the-controi circuit 92 of the pixel filter
3C that the next adjust up will result in an cverflaw o. the
1nteger storage capacity of registets 34 and 50.

A warning bit is asserged if:
| 1 ' the.siqn bit (sb) of régister 34 or:
2.4 sign bit of register 34 or:.
- aj.# sign bit of register 34 or:;
a, ¢ sign bit of ;egisﬁer 54.or:
bl.% sign bit of :eqister:so o::'
b2 ¢ sign bit of reglsﬁer 50 or;-
: balf sign_blt of register $0. '

| The pixel filter 30, as stated, sends control siqnals
to nul*iplexors 32, 4& 46. 54 and 70, which 1nstruct each ADFU

circuit to adjust up. adjust down or step torward to the next



v’

number stored thereinis getting too.large in the positive direction or too
smal | in the negative direction in tw's conplenent representation. It wll
be ‘appreciated to one skilled in the art that registers having a storage
capaC|ti_for nore or |less integer values may be used in place of registers

34 ‘and 50 w t hout -21- departing fromthe concepts of the present

I nvention herein disclosed. It will also be appreciated fromthe above
description that a critical problemwhich occurs in;prior art forward
differencing circuits (i.e. overflow of the curve renderl ng units) is

her eby avoi ded by the above descridped features of the present invention.
The above-described functions .of the ‘AFDU circuit pertain to the draw ng of
curves.  Fi guP&xed.srihwg & vainipt ititelpr apsarted aligagkeah efrcube 9X 9-DU chip 12

(shown, J\“ Fi 95&&13}&4&%%“@&&29:19@&# hﬁseamm%@hrw'uﬁpt ahespped for

draw ng ure Is aflowchart illustrating the _
oper ati on of Ehe'a@#rmjitb# yleshomll fifsitged of Adjver Y Wheariangedihet exanpl e -
oper at.i on of ] BL&sem f4.gori t hm whi ch
is well knovvn gd%rg%&% ggec%a‘flﬁgqéé;‘%dﬁ"% %ng vgic'?or ?]s Ini-tiated, the

Br esenham al g@srlhsmrdqwr anferard)stephare Ten gl focked) by dyserthen efange in vy),

E the B t 2

SrGEZOI(’]d ?nci?n&ﬁ?wx’v\#&h‘%ﬂg{rgnﬁt%‘j&%# ga‘%ﬂséﬁ%"sg #ggggfgﬁﬁp%ﬁwref (e?enées'
to Figure 5, aﬂoes a@k Cxauae gegisteryI40Bid 90 tohaveERI9w) siogelsteppiingt ers 34, 38,
and 50 with | r*%r\vnirdl Qgeszhctaggqugre nu?éﬂﬁ%at\(gn ¥>‘£ th hgoegppclgné‘l"%q | oads

reglster 72
\~/ tern by & or nultlpllcatlon of the o -1 texx by 4. The AFDU

clrcuits are thus prevented !rcn adjustin. up untll the curve is
conpleted or until the warning bit is de-asserted. -
~ similarly, the bit which lnstructs pixel filter 30 that
the 1nteger storage capacity ot.registers 34, 50 and_sz ulll
overtlou.gltﬁ nextiadjust up:or rorsard_steo (teraed ﬁerein as

 the 5o9ertlow bit")_is asserted uﬁeeever a f.sign bit.ot a.'ﬂ_
b ¥ sign blt of b or < f slgn bit of c. When the over:low bit
1s asserted it Lnstructs control circult 92 to assert control _

' slgnals to the AFDU multiplexors vhich lnstruct each. AFDU circuit
to adjust down, vhether or not an adjust up or a step torvard is
indicated by the calculations uade by the-pixel fllter 307 . A

K./ . adjust down relieves the overflow problen ln registers 34, 50 and
62, thereby causing de-assertion ot the overflow blt.i The sign
bit ot reqisters 3, so and 62 is used so that the warninq bzt
and overflow bits will be asserted if the lnteger portion of the
number stored therein is gettinq tco large in the posltlve

. direction or too small in the neqatlve dlrectlon 1n two s .

- complement representatlon.' ' -

- It will be appreciated to one ekilled 1n the art that
reqlsters having a storage capaclty for more or less lnteger

values may be used in placs of reqlsters 34 and S0 wlthout



wi th vector endpoint value [err] and |oads-the c register.62-wth the val ue
0. The operation of the circuitry of Figure 4 in the rendering of an .
X-maj or vector in conjunction with the flow diagramof Figure 5 wll now -
bes expl ai ned. A conditional circuit 64 outputs a 1 bit whenever the sign
bi'{\s of register 50 and 62 are the same. Therefore, circuit 64 wll :
provide a 1 input to adder 69 only . when register 50 and 62 have the same .
sign. As stated, since register 62 is |loaded with a zero at. initialization-
tine its signis always 0. As -22- such, circuit 64 will output a1l to
adder 66 whenever the sign bit fromregister 50 is zero:(i.e. the Err is
greater than zero). Wen the rendering of a vector is initiated, the CPU 9
conmands the pixel filter 30 to-8sert a control.signal to the AFDU

circuits so that multiplexor 44 is control to the sign bit output of _:

‘regi ster 5@antengttInen shgr:dn::epusfot e.gestreserﬁomenaiomu#xtqipl exor 44 thenf
channel s tt&1 he out put-of register 38. Wien the siign bit of register
50 is 1, mirff 5 or 44 sel ects the output of register 34. Turning. nowto
Figure 5, the Br esamhmmaramaé @pSrdcdsted Vi Oe laebvneeendxregzmm ng and -
endi ng cur coord ates e d Jerr].are initializ by CPU 9, as
listed- \Qg’f'ocﬁ( °q olf pIE‘"lglL'l‘re H °f'Jﬁ3t°er1P i Perh (%rr)?d?s cal cul ated by -
t he equat [ mtﬁfﬂenﬁngléﬂ'cdktsi-(dye.wbﬁﬂlw O the| @iuvk renflerimp. In block 162,

the pi xel the curr en cogrdin XelSeSiQred in _
regi ster 72"%{;rx JieEe A% “° b§' gﬂ] ag's e?"ﬁég ??“(“ AR egi ster of
the Y AFDU prieserti lnvbﬁhdns WI’I tten on the CRT di splay. The flow then

S;Fﬁge?ﬁ :gglsts'[egr 1% ¥g§ov§- egfzé.{,beflﬁ%\%te:g ons ontthm%E\rJ]Ei\:rircuitnOt the Err (t Q.ej .
pertain to the drawinq of curves. rigure 4 shows a simplified
circuit diagren of the X AFDU chip 12 (shown in Figure 3)
_111ustrating only the components uhich are used !or drawing
vectors. Figure 5 is a £lou chart iliustrating the-operation -of - o
'the circuitty shown in Figure 4 and perforning ‘the’ example

I . e --.-\

operation ot dtaving an x najor veccor using the Bresenham -
algorithm which is uell known in the ‘art. T e
Hhen the rendering ot a vector ie initiated, the
aresenhan algorithm perenetere dx (the change in x), dy (the
change in y), Brr (the Bres;nhen e—ror term), Inc 1l (a first
increment), and inc 2 (a second increnent), which will Iater be _
discussed more tully uith refe:ences to Fiqute 5, are celculated : A
by the CPU 9. ‘The CPU 9 loeds registers 34, 38, and 50 uith Inc
l, Inc 2. and Brr respectively.- Ihe CPU Q;elso loads register 72
with vector endpoint value xo andlleecs the ciregistef'sz with
. the value 0. The operetion of the circuitry of Figure 4 in the
rendering of an x-major vector in conjunction with the tlow
diegran ot Figure 5, ‘will now be explained. ' ' -
A conditional circui* 64 outputs al bit whenever the
sign bits of registet so and’ 62 are the same. 'Therefore, circuit
64 will p:ovi_de a _:l."input to adder 69 only when register 50 and
62 have the sanme eion. As stated, since register sz.is loaded

with a zero at initieiization time its sign is always 0. As



0. If the error.is greater- than or equal to O, the sign bit of register 50
is also 0 and the flow then proceeds to step 168 wherein Err i's updated by
adding Inc 2 to the previously calculated Err~ The sign bit of register 50
contrq¢s_nultiplexor 44 such that the tnc 2 (input at multiplexor 44 which
I's stored in register 38), is selected then clocked: through
~adder/subtracter 45 into register 50 whenever the sign bit of register 50°
is zero. In block 168 the x:and y coordinates are updated in the X and Y
AFDU circuits by adding 1 to.the contents of register 72 in X AFDU 12 and
the corresponding register in-Y -23- AFDU circuit 14. As described
above, this addition is perfornmed by adder 682whi ch adds t he.out put of
circuit. 64 to the previous contents of register 72 only when the sign bit
of regkster 62 is ewopghl cfociuiliesdskbyl batipubfa detp stder §6 whepevehethst#igr . hand,

if theUErr is |ess fhap.Q .4 | P{OGCCSe 1FrSiLBrehbr eibier €i N the
Err is adjusted to 13 gﬁog'afgg!tlgt{rhg‘yvé%gﬁ}gu{s g bgﬁguﬁ}gt%dgﬁrr lEs':tor,ed I n
regi ster 50) plus |sezol. (¥ber thk rendeclficspbra Sdgtognis initdatedsr theefited by -
one. [Note: In this ml & 0 t & dj hSeidRly kBGgMENt €d -
in step 166 becausec%%ﬁgmald .eer-plF{\’qt%%QV kgﬁé?ﬁ?ﬁ,%r&%ﬁ&@ér? gspor:'di ng to.
adder 66 adds the OMDHUeirchitsi saghat sultiphexsr 44 i@)canbrqlhto Abatsdar Pidf t he

register in Y AFDU gj.Lgeli r 65 PORERNEhe Q1drE L S168" rehesder! §1F 120, Wi Ch
is stored in regi st'seurt-li’gg;otti é‘ﬂég%cfb;d by rrgfat ?fo‘{ exor 44r'e§nsd ctf’;{_clded too the -
contents of regi st epulzdpipxorddcthenFhanesis, thropghe the outputypt yegistsr Maual to

8};_' C?thgﬂi E he sign DinfenOfnd BHrobfY 0P Gehfati@Sid iy e, 6HTH1AEr AddSerebes Y PUL
K_; : thput of register 34. - : e

. Turning now to Figure's;_tnéup;e;gﬁhanfpa:ame;e:s_tor g.:'
vector between beg;nning_and:en@ing;égﬁyg:coé:dina;e§~x5, Qd and
xi..yl are 1n1t1;11:ed_by_cvd-9; as listed in bldck 160 pf Figure
S. Thq'erro;;teri%1E;f):tsfpalcﬁlated by thg.equatiop Err = «1/2
dx + dy vherglhidx: = % +%;and’dy = y, - y,. ‘In block 162, the
-plerJhiV{héﬂﬁhiﬁcuiEént'x‘iﬁd Y ceordinatés'(x is stored in .

.::TféQIEEEr'VZ of Fléﬁré.l”and y is stored in the corréspoﬁding
ieéister of the'¥ AFDU circuit 14) 1s'uritt£n on the CBT display.
'“'Thé;tlév.thén pfoéeéds to step 164, vherein it is determined
 whether of'npt the Err (the value in register 50) is greater than
N\, I If the efror-is.gfe;te: than or equal to 0, the sign
| 'mm‘piy o?:tegister 50 }s also 0 and the t;ﬁw then proceeds to step
- Iéa'wﬁgreln Eir_is updated by a¢ding'1pc 2 to the previously _ -
calculated Err.. The sign bit of feqisiet_So-c:ntrola.nultiplexor
li such that the Inc 2 (1hpqt'at multiplexor 44 which is storec
in :cgister.38).1is'selec£eq then clocked through |
addei[:uhtracter';S'tﬁto register 50 whenever the sign bit of
réqister 50 is zeio.fflh Block 168 thé x ;nﬁ y coordinates are
updated in the X and ¥ Aibﬁf&iicults by a@diqg 1 to the contents
" of register 72 in X AFDU 12 and the c5¥igspondlnq :egister in ¥
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64 to the contents of register 72 and clocks it through nultiplexor 70 into
register 72. The flow conpletes at step 170 when x is greater than [err].
“In view of the above discussion, it will &#herefore be appreciated that, =
mggn drawi ng vectors, the AFDU circuit provides a unique nethod for
aceuratel y- |nplenent|ng t he Bresenham al.gorithm which algorithmis well
known in the art. It should also be appreciated in view of the above _
di scussi on that mﬁth appropriate initialization, the AFDU circuit nmay al so.
i npl ement the well known generalized version of the Bresenham al gori t hm

whi ch calculates the cl osest plxel to eukj.deal line in between the

begi nni n en p0|n ener 0, on I xel location x, y for
each uni ?FI n& recr‘r'glr:l'?xq ge"ﬁ% Jaf=l; gﬁ% d’qvgir°§|§ Ee‘(')tf *f$% Bresenham
‘algorit hbyardeewsded:mcusaiisfme outquth tneobyeatad ke prodpusig al ong the edge '
of a pol gy canl i rder and in a asi-ng, vect or techni-ques. -
(See Danlégn f'é il ﬁ?ﬂ‘éggngﬁl""ﬂrfe‘ﬁ? tI“ﬁt'fr}r”Bo‘falé:t ?gﬁegi‘,&m"fr’a?nsact ions on”

G aphi cs equal toéhhel\klgnlbidaﬂltaggetis&i Akira Fujinmto and Ko Iwata, "Jag
Free I mages on a _Raster nput er  Gr.aphi ¢cs. Theory and Appli cations,.

edited by Tosiyafll 'fﬂfn?'i‘"“p'tﬂ?f’r s‘rfeﬁ"’of/rﬁp}f‘l h’g‘ér”\?@r?’a he f4845 ) |n Figure 7

there i sthbwpBociede )t SEkpd186 unareih hheErtels ufistea 3@ f Figure 1. It is
i mportant tq note that when draW| ngffvectors the pixel filter 30 transfers

control 8R4 ES ABe Previoualy REuIpsFE FrRn (oreTe AR SERIAEF 1% o0ri t hm  as
previ ouslpyudaserx beeb%uth, £6§18E6N Q) tana it UI ErcdendnBed BiySonease the |/ w

circuit 18 ! d the AFDU 10 are not used. However, when draw ng curves,
pi xel fi |ff‘8?° 30T St SKERIAEORRTYEL0p. he Y\PRPTAINRTS diinos | o
incremented in step 166 because the adder in the Y AFDU circuxt ) ';\-/

. 14 corresponding to adder 66 adds the output of circuit 64’ (which
is 0) to the contents of the register iny AFDU circuit 14
corresponding to register 72.1 -

Inc 2, ‘which is stored in register 38. is eelected by
nultrplexor 44 and added to the. contents of register 50 by adder
45 whenever the Err is greater or equal to 0. When the sign bit
of register 50 is positive, adder 66 adds the outéut of circuit
64 to the contents ot register 72 and clocks it through .
multiplexor 70 into register 72. The £lew eompletes at step 170
when x is greater than x,. _

In vievw of the above dlseuesion;:it will therefore be
epprecieted thef, when drawing vectors, the AFDU circuit provides
a unique method tor accurately 1mp1ement1ng the Bresenhan o |
algorithn, which algorithm is well known 1n the art. It should .
also_be appreciated in view of ‘the above_discusslon that with
appropriate 1nit1alization._the'AfDU circuit may aise'implement
the well'known generalized version of the Bresenham algerithm

'which calculates the closest pixel to en-ideel line in between
the beg;nning'end'endlhg points,:yet genereﬁes eﬁly one pixel
1eCe§$en x, y for each'unitriherenent in y. ' These generalized

versions of the Bresenham aléorithm are widely used for



10, 12, 14 and 16 as ‘previously described with respect to Figure 3 to
perform adjustnments and forward steps. Registers 102, 103, 104, 105 and 106
of Figure 7 store coordinate values-[err] to [err] which are supplied
theretp by X AFDU circuit 12 and nultiplier 20) (of Figure 1) in five.
consecltive previous clock cycles. Simlarly, y registers 120, 121, 122,

123 and 124 store y values [err] to [err]. leeMAse regi ster 134,

135, 136, 137 and 138 store z value [err] to [err].:i-Registers 148, 149,
152, 154 and 158, as well as adder 156, and conparator 144, 'also operate In
conjunction wi-th the afore-described ceﬂponents as wll Iater

di scussed. ReglStel ol 6 store. seqguenti all ach X coor |nate supplied:
t hereto by the')sf fﬂ%?%lsg 'ﬁ on gﬁ %3t 9f ¥rpf YE" He® ﬁb’é‘g "fecently

cal culsyg ed coordﬁrn&tdain aﬁame:achsknlgoalctaycbeuneﬁmr ases 4 EwPares the

val uexferr] i, |ste | Lster 106, and L0 arator 112 -
corrpa;\{;s t he vx m'f"etr";] ]1"“ me' %“1‘ msé-ég %—ﬁéﬁﬁ- 'regi ster
124. |If the a@sohutt&.va.l uemafry[xelssi Auxf:erﬁjmowdnahe ab&el, u't:egval ue of
[err] -[err] _are_both |ess_than f a_si i ncrenent, the
control l er 92FEEndR4eS Fhe Bstef g%& PSR ﬁgﬁ—gcﬁ 2% ts instructing
the sane to i Apmdaseidnap eaitg By Zresiyaad]Kedli UpyblidBed be\Spolisdey descri bed .
Wwith respect Kol Figures 1, 2 and 3. 1f the absol ute value of [err] - [err]
is greater t han 1J‘L"Or”t"ﬂé’ absolute value of [err] - [err] is greater than

[ERR] at all four AFDUnCﬂrqauo t7Stivdrie Cis hﬁ!ﬁhrmbxﬁhﬂe&aﬁm‘at& elacr ease the

step size (adj gﬁst g?}a al so ,as previ ousl described with reference to -
Figure 1, 2 fegeld PEIAPUEhA- [ SFr® 'é‘f°6?“é?)° 2. 1°E]iPE°138 and 137

U .drawxng vectors, the pixel filter 30 transfers control of the
' AFDU circuits to perform the Bresenhan algorithnm, as previcusly
described with reference to Figure 4. In this case the 1/w
circuit 18 and the W AFDU 10 are not used. However, vhen draw;ng'
curves, pixel filter-so controls-the XY, 2 and W AFDU circuits
10, 12, 14 and 16 as previously described with :espect to Figute
3 to pertorm adjustnents and forward steps..'

. Registers 102, 103, 104, 105 and 106 of rigure 7 store
coordinate values X, to x. .. which are supplied thereto by X ArDT
circuit.12”and.nu1tip11er 20i (of Figure 1) in five consecutive -

" previous clock cycles. Similarlfg-y'registers'lzo, 121, 122, 123
and 124 store y values.yn to.yn;4.f:Likeu1se, register 134, 135,
. Reédsters 148, 149,

— | 136, 137 and 138 store z value z_ to z ..
152, 154 and 158, as well as adder 156, and comparator 144, also
operate .in conjunction with the afore-described components, as

: ﬁill-latet be discussed. . ' o
Register 102-106 store, sequentially, each x cooidinate
_ supplied thereto by the X AFDU circuit 12 such that: X, is the
most recently calculated coordinate. At each clock cycle |

ne3 in register 105 vith L S

: 1n tegister 106, and comparator 112 compares ‘the value yn+1 in

.comparator 94 compares tho value x



are not used to determ ne whether or not the step size shoul d- be adjusted .
upwardly or downwardly because the x and y coordinates sufficiently define
a pixel location oh a CRT display. However, registers 138 and 137 function*
asydel ay buffers so-that values [err] and [err] (whi ch are stored,
reqspectrvel y, in registers 136-134) wi.ll correspond to the val ues of [err]
and (stored in, respectively, 122, 121, and 120) and to the values of [err]
and [err] (stored in regl sters 104, 103 and 102) Alternatively, if the

absol ute value of [err] [err] and the absol-ute val ue of [err] - [err] are
bot h between 0.5 and 1 O pixel units, % glen t he conparators 94 and 112

i nstruct contral 92t |nstruc I Lr St 0 performa
forward step® %ﬁefat% Vil ¥y sgllsterfeégirl bgzg%ft quQ' &alri'%'&omt to note
that all fouf, mnautttcs;ﬁﬂ;iuﬂe vam andr, 16 o¥ E gur eoih aees adj ust ed

upwar dl vy, oni. ¢ bya,Pixel filter 30w
El i mnati on%& Pe l?%d%rrfl‘"‘b’i g?"s'q *'cé'?ﬁ% 2\/&1‘"\ léérvﬁzl pe ‘r:?ow be descri bed.
Conpar at or @6ntrelPElgRSL tbe\ma&m xruu/rhﬁlauies Sﬁﬁrreekilnt)‘mlegta&ketc 104, with -
the [err] value stored in i ster 14 conpar-es
the val ue [&PFI°*Fh tr"ég'f??e‘f"Iz‘z‘d\?rX‘f‘h ‘E’né'v%ﬁ.u.g%.rfg 1’ gré er-121. |f
[err] - [erwhspud {eFidurepar;ri- mnmrm.(tns ﬁ@gwtd \ilahdeasse;;t si gnal s at

.control circuit 92 which |nturn ut -an lid pixel hit to paint
section 150*asudf ?‘rféf“pﬁ??ﬂ s%ﬁ?bﬁpi t\’n’(féf’? zt%vs‘ﬁ'hé{nm) #fications -

correspondi l@@ei&rthﬁnpl»#ﬂhe-hﬁwm -agasriaeg to x - and

to [err] and err -El i m nation of "el see figures 6 and 6a) in a
_ . all four U circaits which instruct the sa e to decrease the _
' step size (adjust dcwni. ‘also -as. previously descrihed with - \-/

reterence to Figures 1. 2 ‘and J,

' Veluec z, ‘ and 2,43 stored in registers 138 and 137
are nct used to determine whether cr not the step-size should be
edjulted upwardly or downwardly because the x and Yy coordinates .
sutticiently define a pixel . location on a CRI display. ‘However,
registers 138 end 137 tunction as deley buffers so that values

Zh42? z Y and z, (which are stored, respectively, in reqisters
136-134) will correspond to the values of Yn+2‘ Yn+1 and yn
(stored in, respectively, 122, 121, and 120) and to the values of
Xne2? ¥ne1- and x,. (stored in registers 104, 103 and 102).
Alternatively, if the absclute value of x xh+3 and

theiebsolute value of yn+‘ - are both between 0.5 and 1.0

yn+3
pixel units, then the comparators 94 and 112 instruct control
circuit 92 to instruct all four AFDU circuits to pertorn a
torvard step operation as previously described.

.1t 1s important to note that all four AFDU circuits 10,
2, 14 and 16 of Figure 1 are adjusted upwardly, dounwardly, or
to:vardly in synchronicity by pixel filter 30.

Elimination of redundant pixels in a displayed inage
will now be described. -Comparator 96 compares the value X,

+2
which is stored in register 104, yith tbe Xn.y Value stcred in



di spl ayed image.wi | I' now be di scl osed. Conparator 96 conpares the integer
part of the value [err] in register 104 with the integer part of the value
[err] in register 102 and the conparator 114 conpares the integer part of
~the vglue [err] in register 122 with the integer part of the value [err] ‘in
.register 120. |f the absolute value of [err] - [err] is equal to 1l and the
- absolute valuo of [err] - [err] is equal to 1 then conparators 96 and 114 -
~assert signals at control cireuit 92, which, .in turf,;. outputs an invalid.-
pi.xel bit to paint section 150, such that paint sect i on 150 wi || not paint
the pixel whose coordi nat es correspondzﬁo [err] and [err]. Defining. a

cli ppi ng regiepidtlrt 8. dicoppaayesk 3r¢ @enpariek|thaovelbe Yeles dii medsterpr el oaded

into registers 100, 118, 132 and 146 ,are Sp veI_y X mum and X
maxi msag val uds? ‘yitm e A8 ey ‘r?aﬁ?%ﬁ&r? a%ﬁes%txJ nh3 ni ritth g“rﬂy‘? “raxi mum

val ueg;and t -rTygl MTUBrpAFator i X #AdT VElauesct s@papmedtasntod Fireddtipl ed to :
regi ster 103 anB*tonpares the value [e XiJIWR apckpgnm ni mum | f
[err] .i s -not & ¥Rih dmEHPmAREERY 2% %XE%M%} ﬁiemcoarlrwpar ator 98 asserts a
contr ol si gnalsol, OsueRNina®! paGht et 1cA2150/hnGil iddtes tthermodifigatienss paint
section 150 to invalidate the nodificati & P&k dofla eplxel
defined by tRETEBTRALING kO tBY rp]qnfbl"ﬂﬁ{ﬂheh °gg:rdi1¢ i gqic)glft S|J3e %)n? t he wi ndow
defined by x ¢8 & an@?r nd X max val ues stored in register 100. The sane

actions occur wi Phtresp8tt: m 118, z m ni num |
and z maxi num regi st ef ’J‘;g’?"éﬁ’ﬂ °tt rﬁqh’f"’frsum?%tened )flgym?msfcglg;?;s?gr 146. :

Accordingly, afsph8&fddl 1aide a1l Sncsit BE adsﬂmsedagl SemppraAtRE, 96 gOARBELS t han t he y
oot 199 et sock o St B B il i 0561 119
‘integer part of the value x_ in register 102 and the compatator
114 compares the integer part of the value Yne2 in register 122
with the integer part of the value Yn in register 120. If the
bsolute value of X042 - X, s equal to 1 and the absolute value
of Yn+2 - 19 equal to 1 theﬂ comparators 96 and 114 assert
‘signals at control circuit 92, which, in turn, outputs an invalid
pixel blt to paint section 150, such that paint sectlon 150 will
not paint the pixel whose coordinates correspond to x + and
Yner* R N N
' Defining a clipping reglon in the dioplayed screen will
now be described. Preloaded into iegisters 100, 118, 132 end 146
N\ are, respeottvely, x minimum and x naxinun values, ¥ nxnxnun and.
| y maximunm values, 2z nininum and z naxinnu values and t minimum
and ¢t maxinun Qalues. Compara*or 98 is coupled to register 103
and compares the value X,y With x paxinum and X minimom. I
Xne1 is not within x minimum and % maximum value, comparato: 98 .
asserts a control signal - to control circuit 92, which, in turn,
. instructs paint section 150 to invalidate the modifications
. corresponding to the pixel detined by the coordinate Xopyr Yn+1'

window de:ined by % min
Zh+1¢ tnaa uhich pixel is’ outside ot the . |



to control circuit 92, which ultimately instructs the palnt section 150 not
to paint the pixel - Jerr]. Sinmilarly, it [err] which is stored in P
regi ster 135, is |less than a z mninumvalue or greater than the z nmaxi num
val ue stored in register 132, a conparator. 130 asserts a control signal at
coatrol circuit 92, which.in turn instructs the paint secti-on 150 not to
pai nt .t he pixel lerr]. Finally if [err] , which is stored in_

regi ster 150, is less than t mininmumor greater than t -maxi num stored in
register 146, conparator 144 asseg%§ a signal at control circuit 92, which
in turn instructs paint section I not to paint the pixel [err]
[err]. TR8 %imaxNahpeshatereed; hmﬁ#ww%é%towwm r‘ég%@feﬁ?@“&oo 118, 132 and

146 are kRl QAPESE LY yCRH Rk Nnl S ndnOr SRELAL 170 J8Sh inhln WepdOW' OF
clipping region on the display screen. A pre- corrput ed val ue dt which -

cor r espch#axisymt registorh13%; and fonini gy apbmaxipugf regdater d4fke being rendem

(which aiosdRGd P y € '%?&h 3¢ stafba ﬁ?r@{?ﬁsczg)xz'xs Gakedyl ated by the CPU 9
at initialization tinm®*and oadedlntoreglster 58. t is ‘given a val ue

. ‘equal t Fh@ncthe yintphyn; yaiugnor greater shan Ehety paptmNBMMNe t he paranmeter step

si ze, itgedusd 1’351-@;‘15&@1 Qﬁ UQX\%’aE’i%rOﬁde‘t\@icd' y doHt;QﬁdE{anP coincide with
the adjustnents to the X W AFDU ci.rcuits whi ¢h were previously

descri bekP, coptrRl relrenin8. Mbigh Bikiaately Angtoucts sheopafinfgl y, dt is shifted

one bit g ot | Pned t | tigpl exqr 15 en an adjust up is.
required i rﬁigfdlér r{og %orgge%pgﬁdgg?qt (J‘E;h aﬂ]”us?“t}p ?’h‘m{?he AFDU circuits. =

-28- Si n3imARaELy. GAf Eg, oh¥HicBdismtoried tin peginbes Agh ipraesp dwent o obt ai n dt/2
at mul tipleyaalaauedk &rudu and| enet! ﬁﬁ&ﬁ&h bxf.?.onema' fi e control ;J-

'signats asserted by control circuit.-92 at nultiplexar
o registc; 132, a comparator 130 asserts a control signal at

. control eiréuit 92, which in turn instructs the péini section 150

© not to paint the pixel (xn+1. Yne1? 'n+1' ey Finally, if

| ﬂ+1, which Ls,stored in register ;SQ, ‘{8 less than t_n;ninum or

- - greater than t maximun stor#d in register 145.,compgrator 134 -

.assetts a signal at controi circuit 92, uhicﬁ in turn:instructs
paint -ection 150 not to paint the pixel (x_ N1’ yn+1. Zo41’

n+1)‘ The ninimum and naxinun values stored in registers 100,

118, 132 and 146 are prelcaded by CPU 9 in order tp define a

desired "ulndou“ or clipping region on the dispIay screen. _

A pre-computed value dt vhich corresponds Lo tbe a, b, . _
e,'aﬁd d pgrametgrs of the curve being renﬂered;gthsh_are"stored—; : -\%j
in register 34, 50, 62 and 72) is calculated by the CPU 9 at

- initialization time and loaded into fegister 158, 't is given a
value eqpal to O at'ipiﬁialization time. Since dt represents the
paranpeter stef size, it nmust bes adﬂusted upvardly or. dowvnwardly
in_ordef to coincide_with the adjustnénts to the X, ¥, Z and W
AFDU circuits which were previously described with refe:encefto
'Figures 1 and 3. Accordingly, dt is shifted one bit to the left -
to obtain 24t at nultiplgxog 153 when an adjust up.islfequired in

order to correspond dt to'aﬁ-adjust up 1nfthe AFDU circuits.



|n order to correspond dt to the adjustnents nmade to the X, Y, Z and WAFDU
circuits. The value of dt is outputted to adder 156 which adds t thereto
and stores the results thereof in register 154. " The output register 154 is
del aged several clock cycles in delay register 152.so that [err] and [err]
whi ch are stored respectively, in registers 159 and 148 coi-ncide in tine
with values [err] and [err] and [err] so that the value [err] wll be
an approprlate val ue for conparator 144 to conpare-agai nst values [err] and
[err]. It will be appreciated that the above-described invention nmay be
embodi ed in other specific forms wi theat departing fromthe spirit or
essential characteristics thereof. The present enbodi nents are, therefore,
to be consi der &4RYIATIY 9t dgcEhiltod opg bk itoathe, aightdimerdercte obteinve, t he

-scope’s&f the i aYeniak k1R Ei1RG08 Iisiicab.ﬂdobmybe.zapmadéd wabﬁp&?}thef than
by t h&foregm ng description, and all changes which cone wthin the meani ng

and range of eS§OTSFRLeHopake assorped é?m“qlnﬁm&éﬁ ReatheuktiblexeedisBher ei n.

The present apphi&abl dd EaTHRAE &b ¥ dsd ) pat ent
application No. 8810315, :in pv\‘%l%c h there |°gqgse%fg?%ga&gggr}§k2?ngd|§an

apparatus for 3B N ATBIGChYFuAbLY oRhenuriugroHft t Hcovtpokmdotladddr dbe
hom)genous COOW!&@-E&M’JG{“U&B:J‘@ -wfurﬁﬂd?& \ﬁg %eimgﬁﬁ rﬁi&s@erdl spl ay
e

devi ce; sai d ai)par atus conpri'sing: a first up tab ans :
recei ving a. fi 8t p&pe ioykpusf "'ESéFEi“\N‘%béFd#lﬂaYe* setvesetmidcu opklegpix abI e

means for receiaéldld rgicdef 158 tsoPdel €N OInaS@' %‘ﬁ’cmgs%aéﬁde a register

nmeans for recelving a second portlon %ﬁ sal d®w coor di nat e;
_ respectively. in registers 159 end 148 coincide in time with

\_/ ) values *n+1' and Ynert Ypo z 1 end z, SO that the value t a=1
vill be an appropriate value for comperetor 144 to compere

against values t ain and t

It will be apprecleted that the above-described
' lnventlon may be embodied in other epecltlc forms without
departlng from the splrit or essent&al charecteristlcs thereot;
The present embodiments are, therefore. to be consldered in ell
especte as illustretive and not restrlctlve, the scope of the
invention belng 1nd1cated by the eppended claims rather than b)
the foregoing descriptlon, and ell changes uhich come within the

‘meaning end range of equlveleney are, therefore, intended to be

embraced therein.

| The present application has been divided out of our copending
U.K. patent application No. 8810315; in which there is described and |
claimed an apparatus for obtaining an approxlmatlon of the rec:Lprocal N
of the homogenous coordmate w for use in ‘the rendermg of 1mages ona’
display device; said apparatus comprlslng. . '
a first look-up table means for rece1v1ng a f1rst portlon
of said w coordinate; - ' _
 a second look-up table means for receiving sa1d first
" portion of said w coordinate; '

: . a reglster means for receiving a second portlon of said w
coordinate;’



- 28A - said first | ook-up table neans outputting a first' value
corresponding to said first portion, said second | ook-up table outputting a
second val ue al'so coresponding to said first portion, said register neans
out putting said second portion which is nultiplied by said second val ue,
the_product of said second value and said second portion being subtracted
fromsaid first value such that .an approximtion 1/w is thereby obtained.
--29- CLAIMS 1. An -apparatus for deriving a reciprocal of the honmpgenous
coordi nate .w for use in obtaining rational cubic functions x/w, y/w and z/w -
_coordi nates, said apparatus conpri sin@B8Ameans for cal cul ating a Tayl or .
seri es approxi mation of said reciprocal of said honbgenous coordinate w,
means for nultiplying said reC|procaI of -w by correspondlng X,.y and z
~coordinates, thereby ol§edd fiingt thoekrup itable means eutmHEIn® @& EIrsh v/ w and

zlw. 2. The amﬁatcs&r s!wgotgaﬁi aifatlpwfﬁbﬁ; rbaialébcmlmmgflw
apprOX|nat|on IS ter a ned

appar at us accor o‘iaﬁ?éyu?‘g’ o FW&?xﬂ‘F&P’S‘i Nag‘éﬁd‘ B?eﬁ%gﬁ?%dﬁﬂ%l tﬁo??‘idon of said
Tayl or. series anm:sxlmttim\, saﬁpmegweranéd:{seouﬂputti@ saidvsecandn [err] = .
. represents a pr e&%:%tmwﬂf& Téalmittliélﬂid wesa'iﬁséec%hg Vb€ 2 hePidoau@f said w

‘coordi nate
- of said second value and said second portion being subtracted
 from said f1rst value such that an approxlmatlon i/w is
ﬂmmebycﬁxanmxi '

U . ———— e



and wherein d represents a predeternmined quantity of the least significant
bits of said w coordinate. 4. The appar at us -accordi ng

.said reciprocal of said honbgenous coordinate wi's cal cuI M'IHI [I\iﬁm '
' d
Inl‘!

cl ock(cycl e operations. 5. ° An apparatus accor di ng to cI
for calculating a Taylor series approxi mation conpr+seas

means
| ook-up table means for receiving a first portion of said w coordinate; a
second | ook-up-table nmeans for receiving said first portion of said w

. coordinate; said.first |ook-up table neags outputting a first val ue
corresponding to said first portion, K‘ §econd | ook-up tabl e neans
outputting a second val ue also  -30 6+ esponding to said first portion;
regi ster neans for receiving a second portlon of said w coordinate, said
regi st-er means outputjing for

rruItrQ_syr ng said thi r%l val ue 5{%{# dggg%%{-‘%m r,_.g g‘tgarlg?terng’lr? means, bei ng
coupl €d to said nultipemoggeousncoqrdinatesyi fprsuse rlac?bféhnrﬁ&aﬁ%“é’%% rcéﬂb%‘_r'— ng
the product of said Sﬁ%ﬁtﬂoﬁé‘@t/&?lyr/d atd Bpy costdinhtay] byidsapphratus '

mul tiplication means, fromsaid fi'rst value such that sai d truncat ed

Tayl or series approxrﬁﬁ‘!ﬂraﬁu?ﬁ‘ said reciprocal of the honobgenous coordinate
w i s thereby obtained. 6. meéi’mafapmﬂ.ai]rﬁmgmo‘l‘ayhog g$aries appréximhtion of sai d

first value conprises, g{d % ﬁ W@e{ae.rdnljl&rt&get?&gd&?&ﬂﬁa&%d second and

third val ues conprrses err ere nijerr resen
means for multiplying sa1d reciprocal of w by

~corresponding x, 'y and z coordlnates, thereby obtaining the -
rat1onal cub:Lc funct1ons %/, y/w and z/w.

2. 'Ihe apparatus aec—:e-r:ﬁ;ng to claim 1 wherein said Taylor
‘series. approxlmatlon is truncated after a predetermmed
.port1on

3. The eppara_t_us accprding'to claim 2 wherein said
_predetermined portion of said Taylor series approximation _
comprises: ' '

1/wO - d(1/w0) wherein Vo represents a predetermmed
;qt'1ant1ty of the most ‘significant bits of said w coordinate
- . and wherein d represents a predetermmed ‘quantity of the
least s1gn1f1cant bits of said w coordinate.

.4, The apparatus according to claim:1 wherein said
;rec1proca1 of said homogenous coordlnate w is calculated
E w1th:r.n -two clock cycle operat1ons.

5. An apparatﬁs accordir_lg to claim 1 wherein said means
for calculating a Taylor series approximation comprises
a first look-up table means for receiving a first
_ portion of said w coordinate; o _
-a second look-up table means for rece1v1ng sa1d first
portion of said w coord1nate~' _ '
said first look-up table means outputtmg a first
value corresponding to said first portion, said second
look-up table means outputting a second value also



predeterm ned quantity of the nost significant bits of said henbgenous
coardi nate w and wherein d represents a predetermned quantity of the |east
. nost significant bits of said hombgenous coordinate w. 7. An apparatus for *
~degiving the reciprocal of an instantaneous value of the honpgenous

ogrdi nate w and obtaining rational cubic functions x/w, y/w and z/w
coordi nates for use in the.rendering of inmages on a display, said apparatus -
~conpri sing: a nmeans for inplementing a Taylor series approximtion of said
reci procal .of said instantaneous val uwg0ef the honbgenous coordinate w, a

means for mul tiplying sai pragal. b orrespondlng i nst ant aneous
val ue of said x,y “é’ﬁg espop b%iﬂastaég %1rs¥ % A met-hod for

deriving a reC|.procaI ‘xdgisher heams;)émlmemmglmeseem\d fportmeoﬁ sabdt & ni ng

rational cubic fu / / 0 hod .
conprising the fo{ll%skgﬁtéf ‘géai& %éqgg?zé‘% gﬁ%? NG app%bm MRt jgn
of said reciprocal m&wpmwg@nmégr muﬂ»m;lymwsmdrtmm cl ock cycle

operations; - mul t‘}aq_hgl said defond gglve;ocal - of --W by corresponding X,
y and z coordi nates, &rteb obt ai ni cr]h%'the raiﬁgn Ubi G fu&tlons X/ w,

y/w and z/w. 9. KREHOD means &g GAYP cagpon
i nst ant aneous .val Lh&aﬁfs tdadd haubtgadtdun m@m&f&tmgkﬂhefpﬁodﬁbt DfNaig

rational | cubic f ungdd '085' )é/ Wur&/ %l%@(,j c>2u/t\pvt1tted by- said mult1pllcat1on ' _
means, from said first value such that_sald truncated Taylor -
series. approxmatlon of..sa:ui reclprocal of the homogenous
coordmate W 1s thei:eby obimmed. : ' . .. u

1;-\-

st et e et

6. 'Ihe apparatus accordmg to ‘claim 5 wherein sald first

value compr:Lses 1/, and wherem the product of said second.

and third values compnses d(1/wo) wherein worepresents a

predetemmed quantity of the most significant bits of said
.- homogenous coord:.nate w and wherein d represents a '

'predetermmed quantlty of the least most s1gn1f1cant bits of
- said homogenous coordmate w. -

7. An apparatus for deriving the reciprocal of an
. instantaneous value of thé" homogenous coordinate w and
obtaining rational cubic functions x/w, y/w and z/w coordmates _
for use 1n the rendermg of images on a display, said /
apparatus comprising: _ - '
a means for implementing a Taylor series approxlmtlon
of said reciprocal of sa1d instantaneous value of the
homogenous coordinate w; _ '
- ameans for miltiplying said 'rec'iprocal by a
corresponding - mstantaneous value of sa1d X,y and z
coordmates.

* [4 L M S *
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coordi nates for ruse’in the rendering of images on a display, said nethod
conpri si ng: i mpl ementing a Tayl or series approxi mati on of said reciprocal
of s d i nst ant aneous. val ue of the honogenous «coordi-nate w, nultiplying
sai d reci procal by a correspondi ng i nstantaneous val ue of said x,
y and z coordinates. 10. The met hod according to claim4, wherein
said Taylor series approximation is tryncated and is represented by

the function: [ERR] wherein;w:.= said insf éneous value'of sai d -honogenous .-

coardi nate w, ['erg‘] = a pr eiiehg_g%eedfcgwa %E-ti\'ri ?-ecri%% ‘,_,&s_lI g&F;lg,c?nt

bits of said honbgenous coordinate wherd
quantity of t he hamagenaus scoprdinave Hlﬁgnﬁu%alﬂnhohﬂgéndns eedrigined: e

W. . cubic functions x/w, y/w and z/w coordinates, said
i;; | method comprising the following steps:

_ calculating a Taylor series approximation of
said.reciprocal_of said homogenous coordinate w within
two clock cycle operations;"' -

- multiplying " -said-- reciprocal of w by
corresponding X, ¥ and z coordinates, thereby obtaining
- the rational cubic functions x/w, y/w and z/w. -
- ' 9. - A method for.deriuing the.reciprocal of an
- "'instahtaneous'value of the'homogenous coordinate w and
for obtaining rational cubic functions x/w, y/w and z/w
coordinates for use in the rendering of'images on a
-display, said method comprising}
implementing a Taylor series approximation of
said reciprocal of said instantaneous value of the
.homogenous coordinate w3 ' :
multiplying said reciprocal by a
corresponding 1nstantaneous value of said x, 'y and z
coordinates. '

10. The method according to claim 4, wherein said
_TaYlor_ series approximation is truncated ~and is
represented by the function: - '

1w = i/wb ..d(I/Wb)z;.f

- wherein w = said 1nstantaneous value of said

' homogenous coordinate w3 w° = a predetermined quantity

- of the most significant bits of said homogenous

coordinate w and wherein 4 = a predetermined quantity

of the ieast most significant.bits of said homogenous
coordinate w. — '

AW



