2204433 METHOD AND APPARATUS FOR DERI VI NG I NSTANTANEOUS REC) Eﬁ%ﬁ 4%: '_T_HE'.-

HO\/DGENQJS COORDI NATE L FOR USE ‘I N DEFI NI NG | MAGES ON A DI SP
pres
‘a ca?hode ray tube ("CRT") or othet displray device. - Mre-. particularly, the

-present invention reI at esNthretho ‘-o SORR 3k NfTRIG EeREH(ﬁfhl.
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systens, it is qw.t.&t‘ﬁﬂmmfhr Wm;u -3 wimar-imme o—a user
through digital inmages. These.i mages may take a variety of fornms, such as
for exanpl e, al phanun@he prebartattvensjoncaeliades an mrraphs anandpatahes pi ctori al
representations | i cations, the d t ges are conveyed to a
user on a di sgfafea'ég%éég qu 7 aamfﬁarl'st‘er”g % 185@%&5 printer or g
the like. Typisslayydevibe mmeparttmcmrdy Sphayedsdar el fient e tdlad¢sg| tal
form mani pul z%ted and then di ed. Paranetric. .curves and curved _
surfaces are COMFSRCILAR "B’hkm\'l'&ﬁ? gﬁ T Ahe ARERERYeTEHET ﬂnﬁﬁt”é? Yener ati on of
surfaces and qultﬁcbﬁtv@ﬁz&tddtﬁpleﬁ)sustliﬂisa&,ecf&fs 6X @BPdcts o an@Thani cal.
conput er aided_ _desi é CAD') applications. Since high-speed hardware
capabl e of r e REAF ﬂg*'i} ¥tors and polygons is known in the prior art,.high
speed renderlng of curved linés and curved surfaces is usually done by

"L.

subdi vi di ng aBaichompehey pf) the Hawention CRT as a pl urallty of straight-lines or

pl anar polygons. (For . gdém?ecogap eq_ugﬁ‘_tg Qeié %hqg __ngrlor art net hods

for rendering curves an aces, See€: hd°vei mer, D., Fast
Phong Shadi ng'remsgma&d)&ommunmm&:aphuacs dé@k- th?ﬁpgﬂ\lamim:nm August
19%6 Fol ey, ‘lnaqes. n@hygen imaqes nay’ talk983 v'i%?ggyngptt%ms,osuch as for
' -example, alphanumeric characters, cartesian graphs, and other
plctorial representations. In many applications, the diqital
images are conveyéd to a user on a display devlée,_such as a
raster scan video monitor, printer or the like. Typically, the
images to be displayed are stored in digital form, uanipuiafﬁd,
and then displayed. ' | |
Parametric curves an& curved surfaces are common
functions which are used in the computer generation of surfaces
and objects cn-a display such as, for gxamble,_in_pechanical'
computer aided design ("CAD") applications. sincg-h;gh sp;ed
-5y hardware capable of rendering vectors and polfgons is known in
the prior art, high speed rendering of curQed iines apé ;urve?
surfaces is usually done by sub;ividing and rendering them on a
CRT as a plurality of straight-lines or planaf polyg§ﬁé; . (For a
Rore thorough_nhderstanding of pfior Qrt methods for rendering
curves and/or surzices, see: Bishop, G. and Weimer, D., "Fast
Phong Shading” pp 103-106 COngutéf Graphics Vol. 20, Number 4,
August, 1986; Foley, J.D. and Van Dam, A., 1983 Fundamentals of

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

ventlon rel ates to nethods and apparatus for generating lmages on

ects. on

T ek



I nteractive Conputer Gaphics, Addison Wsley, Reading, MA ; -2-.
Gouraud, H., June 1971. " Continuous- Shadi ng'. of Curved Surfaces." |'EEE
Transactions on Conputers, Vol. 20, No. 6, pp 623-628;.Swanson,. R and .
Thayer, ‘L., "A Fast Shaded- Pol ygon Renderer,," Conputer G aphics, -Vol. 20,
No. 4, .pp 95-101, August, 1986.) However, with. respect to the rendering
of hi-gRer order curves, and surfaces,. prior a-rt systens enpl oy :
recursive subdi vi si on. nmethods "which _are_expensive to inplenent in

conput er hardwar e, bec%use of thelﬂéglspeed st ack- menory-requireukents.
e 1 Gouraud, 'H., ‘June 1971. "Continuous -ShadiggpfyCurved .

the~ present. }sﬁelfhbea;v'her'exbanpmm&d:ta@n@pmﬁ_a&é ut &8, Obbai.niz]pg an
approxi mation of . th*, - reg pé! of fﬁé'@Eﬁﬁ““ﬁ"'@éEﬁﬁTgina, r
use ,.t,-he .rendri Lég dP | ge@%h AR ay de?ﬁ%egﬂagﬁfd ppa?gtggsq'

conprisi;yg; . Shaded~Polygohi rRendexdruph Computerar@rdphiasceVolng 29,
first portion of ygai ¢ Wns0@&di B3t €; @CoO ogk-up tabl e means for
receiving said fFrst 60?@{33 &Pqéafggﬁﬁgﬁoggﬁﬁa?e; a register' means for
receiving a' second portion of said w coordinate; said first |ook-up table
nmeans. outputting a first wawe9e®Q! r@LERNAdpddt Stiod théSirdiidriy oF d

second | ook-up table outputting a second_,val ue al so corresponding tq said
first portion, ggpgefeg‘&‘%%? 188 oBPutTYTARACT PT 198 AT '%&st%ieﬂﬁ |
which is ‘employ - recursive subdivision. methods ::which are
expensive to implement in computer hardware.because of
\/‘I .~ . the high speed gtack'memqry%nequitemgntsq-v:
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.---..According..to. the. present. invention there is
provided: an.appezatus for obtaining an approximation of
;;hg;pggiprocaL“9f¥gpg_kgpogghbué-codrdihaﬁe ﬁ for use
....in the rendering of imagés on a diéplay device; said
... apparatus comprising; . |
B a first look-up taﬁle means for receiving a
' first portion of said w coordinate; o _
o a second look-up table means for receiving
said first portion of said w coordinate; o
B _&”‘register"ﬁeans"fbr receiving a second
_ . portion of said'W'GOOrdinate;, : : .
o o ' : _saidffirst look-up table means outputting a
' | ' first value corresponding to said first portion, - said
- second look-up 'table'-OQtputting a second value also
corresponding to said f£irst portion, said register .
_means outputting  séid' second portion which is
_ 'multiplied by said seéond:value, the'produci-of said
-“seconGQQélue and'said second portién being subtracted
._:frdm éaid_first value such that'an approximation of 1/w.
_is:the:eby obtained.

_ 'Alsd according to the present invention there
is provided a method'for obtaining an approximation of



mul tiplied by said second value, the 'product of said ..second. value'and

" said second portion bei ng subtracted fromsaid first value such that an
approxi mation of 1/w. is thereby obtained. Also accordlng to the present - «
invention there:is provided a nmethod for-obtaining an approximation of

-3- the reciprocal of the: hoanenous coordinate w for use in the rendering

_ of i mages on a display device;- said method conprising the follow ng steps:
|nputt|ng a first portion of  said 3 ¥J coordinate to a first Iook- up -
tabl € nmeans; .inputting said first portion of .said wcoordinate to'a.
‘second | ook-thet aBrdprogad; Qﬁuik§|hgm°aen§Béom9°q&iﬂ§Qﬂ1W oforsuse w

. coordinate tfyathedireinderIBR o O Q?éélaﬁ éidiéﬁiayvééﬁfcecorhﬁiapnd'ng '
to said first €ort|0n fromsaid firs e nmeans; outputting a

second valuem@FRed ePRREDBARINEhE fRALAW Pgsgt$8Ft|on from said second
| ook-up table .neans; ftipatglingng asalﬁirsiuecopdrtp_aht | O8€ Dysatdi dqﬁ@ond
val ue; subtractl gs & 1 S g biecond grtion and sai de® |
second val ue® ??Bﬂggﬁfﬁ E?rgt 5P gﬁ%ﬁ Ph ok 588? ¥i mation of 1/wis
t her eby obt ai ned. - inputting said first portion of said w =
COordinate to orsecond look-up table means; _
__. ~inputting " a secoﬁd -portion of said w
coordinate. to a register means; —— S
. -outputting  a first value corresponding to;
said first portion from said first-lookeup table means;
. - outputting a second value also corresponding
to said first portion from said second iookeup_table '
means; . i -_ r_r“”. e .
multipiying_-said second portion by  said
second value; e '
_'subtracting "said product of said 'sécond
portion and said‘second value from said first value
such that an approximation of 1/w is thereby obtained._



-4- SUMMARY OF THE i NVEI Tlot| The present |nvent|on overcones the obstacl es
and drawbacks cont:ained in the prior art through an adaptive forward
di fferencing apparatus for rendering a curve on a display device (such as a
WCRTO) by actuating 'display elenments definin n the curve. The apparatus of -
t he pres‘ent invention conprs!es . A ameans for receiving a plurality of '
data points representative of the di spl ay: el enent s.-whi ch define the inmges
and a%nmeans for -lincrenentaily renderirg the curve in substantially '
un| formsingle The means for incrernenyally rendering the i mage in
'substantially uniformsingle pixel steps includes X, Y, Z and W Adaptive
Forward Differencing Unit " AFﬁluHAa'g_qug_rt_tg_s;_t_f_vgm;pal cul atl ng X, y, z and w for
a point in honobgenous coordsler't‘gtimen 'I;o °\\/e£AFQU l{)lsga 134 C0 Ipled to a | /w
citcuit that produces ThE FaCrproea o /A8 f’he ﬁo°rroge°n8ﬁ MCoor di-nate w.
The out put of dtrdn@aéltwvcmtatudt in s-haw:uoplarecthbqughhaz Adaptivd feedidi nates to.
yleldt*l-rératlg)&al li '\% W gl DUCI cuits are al so
coupled to a pixel 1i P'fefp%ﬁ‘r ehiteT ST ‘h""?n c‘b"ﬁe?"af’t Pk AeYIF8 AFDU
circuits,'i rrpl(sm:ants at mmFlytmhmiqveuem-tyhexgabe&eﬂétﬂnnuaertheon by

repararreterl ZI n v cubi ¢ nctions such that a curve is
o arbraf L

generated in Su sfan VA r?’t"t'eo REXSSI X Y 1522 PR 8RR 8% Phe pi xel

filter circui tot)freédi@i.w espam-umye:nt am poineaeprddencaiive et tid xel | ocation
with the prevug) Fé 1oc§ é" ﬁed by the AFDU circuits and, if -
the current x¢ E) NG f"'ﬂ ‘6’h 272 PP PE2RS LT eat er t han a one
‘pi xel incr erremczamairyomtdaexw ene euatayml&immdcmny Yl X6 km@aal on,
instructs the Z.and‘v AFDU ci'rcuits to reduce the step si-ze of . the

cuxye being rgéd‘ér%t

The neans tor lncrcmentally renderlng the lmaqe 1n
“”substahtially uni:crn slnqle plxcl steps includes X, ¥, Z and H
'Adaptive Forward leterencing Unit "AFDU“ Plrcuits for
calculaginq x, y.lz_and v for a‘polnt ln homogenogs coordinates.
The w'AFDﬁ circuit is coupled to a 1i/w circuit that procuces che
tcciprocal'l/w of the homogenous ccordinate w. The -output of the .
'l/w citcuit is nultiplled by the x. Y, 2 cootdlnates to yield the
rational cubics x/w. y/w and z/w. The AFDU circuits are also
coupled to a ﬁixel-tlltcr circuit which, in CQoperailcn with the
AFDU clrcultc;'implemeﬁés the AFD technique of the present -
. invention by repaéameﬁerizipq the x, y,;z and v cubic functiens
\‘{. . such.thac a curve 1sl§enetated in sqbstah:lally unltcru.cne pixel
- slzed increnents. | ! | .
.The pixel tllter clrcult of the present 1nvention
compares the current pixel location with the prcvlous pixel
locatlon calculated by the AFDU circuits and, if tha current x, y
" pixel locatlon of the display means is grcater than a'cne pixel
'_lncrement avay. tron the previously defined X, ¥ plxcl location,
" instructs the X, Y, 2 and W AFDU circuits to reduce the step size

of the curve being rendered.
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-5- Similarly. if the calculated x and y incremants aof thc curve being

. rendered are less than a predeterm ned portion (i.e, 0.5 pixels.) the pixel
filter instructs the X, Y, Z and WAFDU circuits to increase the step size

- of the curve being rendered.. When rendering vectors, the AFDU circuit of

the present invention inplenents the Dresenham al gorithm using nmany of the

same circuit conponents utilized by the Adaptve Forvard, Difference nethod.

{he present invention also.provi-des a neans for defining clipping regions

on a CRT display, a neans for mapping inagery onto curved suffaces and onto

curves, and a neans for shading,, agd 5rlcmg curved surfaces. Qher.

features and advantages viii becone apparent after-a readi ng of the

foregoi ng spegidiraeiy,00 the BRIIELLERCUPY! Rk danddioe DAV | 1 GS Figure 1

il lustrates an overall. bl ock di anram vi ew of the resent i nventi-on: Flgure

2 is SuBYebRing] ERFASFAdITY hess1 Fhprcp (RrgfetespinepgparEion (Kiure 3 is an\,

expl ogesl hkegd, dindgg vawzoinééa@ceé éF.PU 6i [ Ui f AFUT e 10 Figure 4

illustrates a portlon of- the-ci-rd fiA Figure 3 which is used-in .
r endeCiFRPivR SPoIngrease tim giancsize of. &*‘PIWH’P&MQ Ferdesedat -i ng a sequence of -
operations of yh&ie rEﬂJegmgt v&leoFd ke Arfu clreuit of the present --- Figures 6-
and. 6a. illustrate an aspect'-60ftthe prtsent' -invention relating to.the .

eruabl|1ﬁtfﬂﬁf°?n1k2ﬂeseﬁﬁﬁcip° a;gﬁgp%ap a%gqglthu using many of the

same circuit cozponents utuized by the Adaptivc Fcruard

'D'fterenca method. The present invention also ptovi.des a neans - . :
tor dgtlnlnq clipping regions on a CRT display, a means for ' . o/
mapping ingggg ongé_;gprvnd 'surflac.e's an_d qn_té_ curves, ind a means

for shading and trinniné'cdrvad sutfaces. Othar features and'. B

advantages wnl becone apparent after a readlnq of the. toregoinq

specitication.



Figure-7 is an exploded View of the pixel filter circuit of Figure 1. |.*
d- !t 1 -7- DETAILED. DESCRI PTIQU OF THHE IfIVEHTIO | The present
lavention di scl oses apparatus and met hods "having particul ar application for
usg I nba conmputer systemused for the graphic display ofimages. Although
the present .lnvention La descrlbed with reference to specific circuits,

bl ock§dl acrasu, signals, algorithns, étc., It will be appreciated by one- of
ordinary skill in the art that such details are .disclosed sinply to provide
a nor € thorough understanding of the present -invention.- It will therefore
be .apparent’ to one skilled in the art that the present invention nmay be -
practiced w thout these specific details. in other ‘I nstances, wel known
circuits are shown in block diagramformin order not to obscure the
present i nventi on unnecessarily. In Figére 1 there is shown an overal

bl ock dj'agram view of the present invention. In order to define inages on
a CRT drSplay or other display device, it I's necessary to manipul ate data

at a high speed in order elect_the pixels of a CRT display that define
t he. curve, curved surfaq'%& £ EI P%. g Lﬁsédesired to be displayed.:
It is well known in the art that the | ocation of each point to be disSplayed
on a CRT often Is refknwent diiusprafiegi ampvershliddogh dhaarapnvisvninory . devi ce
whi ch corresppig tfnks in¥entioRNdV hormogenous coordinates. The coefficients
of the equations describing curves to be rendered by the circuit of Figure
| are calculated and supplied by a CPU 9 and are transmitted to the-V, X Y

and Z.Adaptive Forvapgbff gL ansisuk dligked o &Y 1/F kit %0 12, 14
\_/ _ Figure 1; : - _ _

Figure 5 is an éxplbded block diagram view of the X
AFDU circuit of Figure TR -

" Figure 4 illustrates a portion ot_the-ﬁtrduft‘ﬁﬁé&ﬁliﬁ

Figure 23 uhich is usediin_rende:ing vectors; - .t -

. " N ek

Figure 5 is a flow cbart-lllusbrat}hq*i sequence of

' operations §£'theﬂq;:cgi; o£ Figure 4;.;:in@ nre EiTeLssoo

Fﬁgures'd-an@-ﬁa.1llustrat9van~#syeéécétcﬁhe"b;ésgnf :
1nvention-relaging-tg.the_enablinq'ot pixe;s;oh';“dtspiay: and -

[

' Figure 7 is an exploded view of the pixel filte¥

circuit of Figure 1. = kgt iee e esl WRZD S
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and 16 vhich, In response, output X, 'y, w and z coordi nates, respectively,
for each pixel to be drawn on the display. The v coordinate outputted by
the HAFDU circuit 10 is coupled to the I/v circuit 1li which, in-turn,
outputs the current value of 1/v. The x, y and a coordinates. are divided by
t he honbgenous coordinate w-(i.e. nultlplled by the current |w value In
order to obtain the ratio of two cubic functions), by the 1/ <circuit 18 -
and the three nultipliers 20, 22, and 24. Mre specifi-ally, .the X AFDU-
circuit 12 outputs the current x coggdinate to a multlplier 20, wherein it
s nmultiplied by the corresponding 1/v val ue outputted by the 1/w circuit
18, such that a current x/w value is supplied to pixel filter 30. In a
siam ar fashion, y/w and z/v are supplled to pixel filter 30, respectively,
by W Y, and Z AFDU circuits 10 14 and 16, ./v circuit 18 and by the -

mul tipliers 22 and 2/REIAYLED, QESCREFTIQN OF THE XMVENTION, \\ ; coor di nat essef the
rational cubic fumesipreserar amaﬁ:.&ataiclaeplmkr&ﬁulstam méknadsl used to select
t he plxeli efln ng.. Pag S {0, he atlo .cubic functions on a CRT. The

pi xel fil @Y "SoPYFIetianprt %‘6%’5:‘85 “l’ﬂe -cﬁrﬁ’&ﬁ‘!“f SYPERM 599 pi xel

coor di nat e&rvutuecin@ha: Beghraparreimgey. Muithiopdh ems p2ogent? and 24, with t he X,
y and z pllxe oord| at e gh‘félgﬁ re fed to't |er filt 30 one cl ock
T t

cycle previ’ ous 'ﬁ§ <X, “Y’%ﬁ? RI'—“fib"‘E?'r Eg?‘iks to "adj ust
up" (i Le. dlaql:nnpesxaﬁuscmwernmwwed wmimmuppk-eé:?eaq mgcrenents) by
vy b e AEoBRREE Ry 4k e R Sy ST bt v et o
by 2, or tnnﬁm ep p‘revmrd’iow thbfougR uindpistahdingCor thélprédeaex, y and a O/
820{ ﬂ;na l{-:[i }.J:[ t ?t ulﬂx Qh)e(x?nltol;lc lbt-earppggcn%dl\:/o r&%ee- sklzfle%uir\l/ % bel ng dl Spl ayed :
. art that the present 1nv.ntion may be practlccd without thoso
' specific detalls. In cthc: 1nstanccc, vcll known clrcults are
. shown in block diagran form in order.not to obscure the present )
. invontlon unnecessarily. ' o
In Figure 1 thcr. 13 shown an cverall block diagran
view of the present inventlon. In otder to detino 1nagos on a
CRT display or other dlsplay dcvlce. it is necessary to
manipulate data at 2 high speed. in order to select the pixels of
a CRT display that define the curve, curved surface, vector or
image that is desired to be displayed. It is well xnewn 1n the ;
- art that the location o: cach polnt to be dlsplayed on a CRT : . N
I often 1: reprcsentcd by digital values storcd in a ucnnry dovlee-
vhich cozrespond tox, ¥, 2 and’'w honogonons coordlnates.'
The coefficients of the’ cquationl dcscrlblnq cu:vcs to
be rendered by the circuit of Figure 1 are calculated and
supplied by a CPU 9 ipd are trahenittid to the W, X, Y and 2
Adaptivc-' Forward Dlttetancleq 'Unlt ("A'Fnlf“) circuits 10, 12, 24~
and 16 which, in response, output X, y, ¥ and z coordinates,
recpccglvely.'zor each pixel to be drawn on tﬁe dLlplay. The w
coordinate outputted by the W AFDU circuit 10 is coupled to the
1/v eircuit 18 which, in turn, outputs the current value of 1/v.
The %, y and z'eodmdlﬁatcs are d&ﬁidcd by the homogenous



substantiall'y in single.pixel increnents. The adjustnent technique wll

| ater be nore fully“described. The pixel filter 30 also detects and

repl aces Nel bows" [whgrein a curve section having, for exanple, the

coondi nat.es (x0, yoO) -(xG# yl) and x1, yl) (see Figure 6),. is repl aced
with a curve section havi ng t he coordlnates (xO y0) and (x1# yl) (See

Fi gur ef 6a) 1 Thi-s i's done to anrove t he appearance.of the rendered curve
by eI|n1nat|ng the corner pixel (i.e. pixel x0, Y shown in fiqure 6). The
pi xel filter 30 is coupled, at outputs 33, 35, and 37, to a frame buffer
(not” shown) whichk, in turn, is coupledtoa CRT'dispIay (al so not shown) or
ot her appropriate display device, for defining i mages by enaling, - or
witing a color value at the pixels degined by the pixel coordinates
outputted by pixel filter 30 at outputs 33, 35 and 37. Arc |ength output 31
of pixel _filter 30 is coupled to a paint section 150 (not shown) which

pai nts p| xeb&dlmtaceqndaneelmlhdthetm eui-;engtxh'wvﬁme bubpmrt ed by pixel

filter ut. 31. alue is enp oy n the draw ng of
Lot ur ca ( Bo.oRBti kg Facto 8 699 Gubfil dike sty yo s QiS4 e of 2 0
textured | inandang eu.-hiaﬁﬂm;dme& poL zzhew\eet forman essential part of
the instant, invention as described and herein and a nore detail ed
expl anat i on 1 her eol*T%*RRst t13aAdpo Pt & ATRE "§§§‘é’r"y“ ITERIFUE® 2 there is
shown- an expheed ue&atﬁtettbealdmmmwlzb weﬁélnqueemlnpﬂbe 1/v circuit
18 of Flgure [ 1s an advancenent overPﬁmig art c1rcg for obtalnlng t he

reC| procal PHEh. FOFTEIPRPANG iV VRRER G S¥f %A/ FAE $¥vention yiel ds

Qeﬁem pr eGe tRdt W dyasémy x/Wivhiuel ﬁsrmmmt:atpmalzmvw Beadiand | ess
at

cy t han conparabl e prier -art’ circurts,
a similar fashion, y/w and z/v are supplled to pixel filter 30,

respectively. by W, ¥, and 2 AFDU clrcults 10, 14 and 16, l/w

ST e ML AG S cAmNA e = e

~circuit 18 and by the nultlpliers_zz end 24. In this fashion_tye

' %X, ¥, and z coordinates of the rational cuhlc tunctions are

inputted to pixel :11ter 30 and used to_ eelect the pixels o

R Y PP

detining 1nages ot the ratlonal cubic tunctions on a CRT.

= -t A RE s v aa - - -

. The pixel tilter 30 ot Figure 1 compares the current x,

oy end z pixel coo:dinates which are fed thereto by nultipliers
20, 22 and 24, with the x, y and 2 pixel coordinates which were
fed to the pixel t;lter 30 one clock cycle previously and - -
instructs the w, x, Y and z AFDU circulte to “adjust up" (i.e..._

Ky/ . advance the _curve or curved eurface in 1arger 1ncrenents) by

. nultiplyinq the parameter t by two or to "adjust doun" (i.e.,
advance tjemfurve or curved eurtace in emaller increnents) by.
dividing the parameter t by 2, or to 'etep forward" to the ‘next
pixel euch that the x, y and z coordlnatee outputted by plxel
tilter o advance the curve being dleplayed on the CRT

'eubetantially in eingle plxel 1ncreaento. The adjustnent

cemva v g, P

technique u111 later be more :ully deecrlbed.

B R . e --.

The pixel tilter :e aleo detecte and replaces 'elhows"
{wherein a curve eection having, tor exanple, the coordinates :
(xo, yo), (xo. 71’ and xl, yl) (eee rigure 6), is repxaced with a

curve section having tne coordlnntee (xo. y°) and (xl. yl) ¢See



Prior art 1/wcircuits typically use a Newton iteration algorithnienproying
a single | ook-up table for the:initial approximtion of the reciprocal of
w. These prior methods reqU|re a large multiplier and take several clock s
cycles to obtain a result.” In direct contrast, the present L nvention
requires only one clock cycle for the |terat|on conput ation, thereby
greatly reducing | atency as conpared with prior art nethods.. (For a nore
conpl ete description of prior art nethods -10- for. division through
divisor reciprocdtion see: "Cbnputer Arithmetic", Kaik |wang, pp 259-264,
John Wley & Sons, flew York, N Y., 1979.) To achi eve the above-descri bed
~ superior results, the present inventlon uses a truncated Tayl or series X
approximation utilizing two-sred4 took-uip tables 76 and 78 (i"e. in the
preferred enbodi ment, E--bli te'h 8l4ha entries and .20 bit output., while

tabl oe riuba4s,) ¢ bmlst 1OUbid 'to' ingPéveC NP UpRiaic e at duare t- i nopl err&n.t the
sawen- nrder to.derive.an.! -pproximation...ot. 1/v. w thout the costly™

ol ower Eﬂﬂﬁtﬁﬂ?af?ﬁﬂﬁsbﬂ'ékﬁﬂ‘ﬁ%ﬁf“ﬁy‘ﬁ?h%?ﬁﬂ??(9F*°¥aﬁf -e. PIXal ¥o00¥j | - -As-is
wel | kngwaniia FRRedldy. the-Taylor series approximation is used to derive
the reciprocal of the hompbgenous coordinate w. The Taglor series

appr oxi mation st é%‘“l?’\h‘ﬂ‘( PP\ES) cpuplegs gt ouERYSE $2 IPdARS. + (d/wO) 4 +

(d/Wo) 537, to \WNEFdRe Bht £6:L RAES BRbivh) SulcR; AL Afrk, NAcslipald itbya Of the nost
cignificant bits of the w value and where d represents a pre- deternined

quant i t RTopiapAay |[(aksn ne% Sheyn) canPtiAn aPRFPPE IS e \AiFRIYedeYiFehas been

di scoveggdadaing ﬁ%@tﬂﬁgnéﬁgnélbgifemkéﬁheg cIM Qh1&LEE @ReaPPr OXi MAtion to
include only the first two ternms thereof (i T/w d (1/w0J. renders a {Lw

val ue wpixeks |d5£§1§ﬁfl7ycppmp|1§el coordlnates outputted by pixel ilter

30 at outputs 33, 35 and 37.

Arxe length output 31 ot pixel fllter 30 is coupled to a |
peint section: 150 (not shown) which paints pixels ln accordance 7
with the arc lenqt\ value outnutted by plxel tllter 30 at ou:put
31. The arc length value ls employed in the &rawlﬁi'o: EE;Eured .
(dashed. dotted, etc ) llnes and surtaces. rne”AEEGEHQ’af o

FR e

textured llnes and eur!aces does noe, houever. foru an essential
part of the instant lnventlon as descrihed and clalned herein and
a more detailed explanatlon thereot is no : therefore, necessary.

~In quure 2 there ls shown an exploded view of tbe l/w
circuit 18 of Plgure 1._ The l/w circuit la of Flgure 1 is an
advancement over prior art clrcuits tor obtalning tho recxprocal
of w in that the l/w circult la ot the present invention ylelds
the reolprocal of w taster, with less computational overhead and '
less ;etency than comparehle'prfor art clrcuits.

Prloz art l/w circults typically use a Neuton

iteration algorithm employing a einqle look-up table for the
initial approximation of the reclprocal ot W, These prlor
nethods requlre a large uultlpller and take several clock cycles
to obtain a result. In dlrect contraet, the present lnvention '
requires only one cloci cycle tor the lteratlon conputatloa,
thereby greetly reducing latency as conpared wlth prlor art

methods. (For a more complete descriptlon ot prlor ert nethods



accurate for purpoase of obtaining the rational cubic functions x/w, y/w
and z/w for use in-the rendering of images. The w val ue outputted by W AFDU
Cirfrcui t"10, in the preferred enbodi nent ‘of the present invention, conprises
21 bits., The 13 nost significant bits (termed herein as "w0' of that 21
bit value are suppli-ed to | ook-up tables 76'and 78. . Look-up table 76
outpu@s t he reci procal (-11w0).. of "the thirteen bit value inputted thereto to
regi ster 80. Sim'larly, |ook-up tabl'e 78 2 outputs-a (1/wo) val ue '
correspondlng to the thirteen nost significant bits supplied thereto, to
register 82, - The-eight ~ -1 1- least significant bits of the 21 bit w

val ue are supplled to an 8-bit delay register 84, which merely del ays t he
eight least significant bits.a |length1®f time sufficient to allow the. '
out putting of (H/w2 by register 82, such that nultlpller 87 multiplies the

ei ght. Ivt ﬁatg:mvflkroanih:bualsdi(ﬁseerﬁdlhabmnna& d"¥cemgutaes t he contents of
regi ster-82 such that nulti

outputs d(1 Ard§mefec sufith B "@r %’92?&1@?'@ gerny Héyer £ Soatn PR PEs from (1/ vvo)

in order.torodyess.gt foeﬂélﬁfe% 80 dbbVe-desékibdd Quperids tebaftag, 1/°10 -
d(1/wo) X0 1/w. Register in turn, outp uti the velue-d/-wto .
nul tipliers %, prese &“‘2’“&1%‘5"'ﬁse9|"tfﬂ§ﬂfeﬁl?(¥ RSEHFMPth respect to Figure.

i . Delays L%pzé&mmdnmmﬁnerersemaxmaaﬂweazhbatutnanra ¢f.and z
coordi nates outputted, respectively,..by, X \WYQJ-cditcuits 12, 14

and' 16 arri i@ Hi® RERGEFFAS eptedbenty Eagle 55 R e eg| "¢ BJPAE denit with

the cal cul at&dp@noeﬁﬁ%peﬁdwﬁ rad ‘t'@i!tu&ﬁm:ﬁ‘&’h&ﬂﬂrbb’ cﬁ’&gststﬁrn 90. rrul ti p| ier
87 is an 8 bit by 8 bit rmultiplier. (11wQ)2. .
), hardvare ta. isplement the'same"in" ‘nrder to derive an
épnroxinationuotz1/w‘withcut the costly) slower’ conputatione
| ‘required by.the prior art.- nTT '
IO .{ - is well xnown’ in the art, the- Taylor serles
epproximation is used to derive the reciprocal ot the honoqeneus
'coordinate W. .The’ Taylareseries approximatiqn states:
Yv B/ [l-d/u + (dyw )2 - (d/w°}3.+ (d/w°)4 + (arvg )5 el

o’ o

where Yo represents a pre-determined quantity of the most
riqnificent bits of the W value and where d represents a pre-
deternined'quantitv of the least siqnificant bits ot the W value..
It has been discovered that truncating the above listed Taylor _
\_ series apprcximation to include only the first two terms thereot'
: (i.e. l/w -d (1/wo ) tenders a 1/w value which is sufticiently
accurate for purpc cas ot obtaining the rational cubic tunctions )
x/w, y/w and z/w for use in the rendering ot inages. .
_The v value outputted by W AFDU cireuit”lo, in the
preterred enbedinent of the present invention, comprises 21 bits. .
The 13 most eigniticant 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°)_o£ the thirteen bit value
inputted tnereto to register 80. 'sinilarly,'look4up table 78
outputs a (l/wo)2 vaiue eorrespondinq to the'thirteen noet

- significant bits supplied thereto, to register 82. ‘The eight
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anded are S bit terms and are therefore propagated through to subtracter 89
and thus register 90 in only one clock cycle. It has been found that the
error in the above described approxi-mation of 1/wis greatest when W is
small and d is large (assunming that wis always positive). Mre
speC|f|caIIy, ove. -.the winterval of .25 to 1.0 the error is greatest when
“wis .25 and when' d is at its maxi mum val ue. The error found in calculating
an approxi rration of 1/w can be reduemd by storing certain val ues which' are
. described-b fo | owl ng .equat i ns i n | ooku es .74 and 78. These

val ues‘ea?*e’¥? Y IFAGKRY S abitRe 7‘3 bioY yleg °ftc§‘aﬁg§‘f % 38,5 - (wo(WO+rdax)
(1@%m%@@mwmwmmmmm%MMWMmo-MD/Wmm1
1/ w-e G\i)‘n di fference between one val ue of w
and tﬁégﬁ’e&"”ﬁe?ft’l ér’g‘égfh \75I'i}€°d‘l“‘ P ehE st ce-it is not . .- .
desi r aakfuticdng o2l Ayl zeb,llw;mbrvuzvaémsmemﬂmertmrmst -
signl..ficant-bits ar Portlon 0' the storage capacity -of ‘each | ook-up
tabl e Meitipddes, the eiohy §5“ti pigndfigapt HEgctitee R heradn Baen found that the

‘error whj) chResdERAcBRtenBE bl RRYLBTE! 85 isBN fths@Mur 442168 9 are ' 01'. Wen-the
nost mgﬂ*ﬂcant it of wis 1, the first dgscribed nethod.for deriving an
appr oPRRRREE oM HYo)i/ §iP jsubtRASHeT &?)rﬁ?éf%é‘l‘y" Whel® EPRETRGH®dnost signifi cant-

bits QoM @y&,) U orbéie tadstotisse wlrﬁf' gtsr%ni/»to tdq1j92] ook-up tables is.
the concatenation of the rgost significant bit %f w.and the third nost
As stated, 1/9 - d(l/w 1/w. Register 90, in turn, outputs.

®

the value l/w to nultipliers 20, 22 and 24 as’ previously -
discussed with respect to Fiqure 1. Delays 13, ‘11 and 15 ate hd

present to ensure that the x. y and z coordinates outputted. o
‘respectively, by X, ¥ and z AFBU clrcults 12, 14 and 16 arrive at'

multipliers 20, 22 ‘and’ 24 substantially coincident with the

calculated cortesponding 1/w value outputted by Register 90.

=+~ ualeiplier 87 is an 8 bit by 8 bit multiplier. (1/wy)?

and'Qd are 8 bit terms and are therefore propagated thronqh to

subtracter 89 and thus reglster 90 in only one clock cycle.

It has been found that the error ln the above described.
approximatlon o! 1/w is greatest when Yo is small and 4 is 1arqe
(assuming that w is always positive). More specirically, ove. -
the w interval of .25 to 1.0 the error is qreatest when v is .25 _ - ;;)
and when d is at 1ts maximun value. _

The error found in caleulating an approximation of 1w
can be reduced by storing certain values_which are dese:ibed by
the following equations in ioekep'tables'7s'and 78. fhese'yalues
are: - . . . P . ’ S

for lookup table ?53”
1/_'w - [.5/ (w +dnax)' + .5V, - ;w (v +d“x)] (-1/2)1: and .
for lookup table 78: : '



significant bit through the 14th nost significant bit of w In the later
case, the seven least significant bits of ware used for d. This technique
hal ves the interval covered-by one entry in the lookup table when the two -

nost S|gn|f|cant bits of ware. 0l. It will be appreci ated that since the
HBX|nug1S|ze of dis reduced, the approximation error is also-reduced.
- From t he above di scussion, it wll. be appreciated that by

enploylng the two | ook-up tables 76 and-78~whi ch. |y|eId a..- 2.
respectively, 11/0 and (1/w0) and conpu%%ng t hose val ues- to . produce 1/w
as previously described, the present ntion avoids the long.latency
produci ng conput dtlloh'%‘mhtrr Wertgd HridvSustly ~regut red Yo (¥Y§réuatior edescri bed

prior art, devi ceSued el SO b BARRDE polfeeDGRiubl bt ] Chaldiy |

derived. “In the pre P#%ed enbodi nent of the 1/v circuit,.%1 produces a 1fv
val ue whi ch st -larg@tsyyupfdtcept bits, however, "it will-be appreciated
that nore or less bits may be used-as Iong as - the val-ues-stored in the

| ook-up tabl es enpl oyederides adisiSters ASC Qesliragie to. calculate 3/v for
~~~~ ~ ~~-13-- tabl'es eeployed are adjusted accordin Iy I n Flgure 3 thare
i s shown an &kBrBHEdhPFretrart-PHRPsk %ﬁwwwcaﬁ’ P50 $P:F BAFHR %% v, Z and W

AFDU ci r cui t Send4stotfgedBsbaci€; aF ehabﬁlalaak-s.al tdbleCiy Got ubda.t outslae P AFQU
circuit 12, and therefore a thorough understandln% of - X AFDU 'circuit- 12

vi 41 al so fuIﬂ")'i“i:‘oﬁﬁﬁfifﬁétdVr’c'lﬁ‘f‘rS?“a‘ﬁcthpeﬁh&t‘?'ﬁ ¥ 311l be grERleRy AFDU

circuits 10, vhénaihd wddt signifiasdt /eFAI\Uieg u,eez%ecal cul ates a-- paranmetrid

cubic functioan t.Y represent AW g ft.- a83(t)
bt CL(t) + dOAt). ¥When the most slgnitlcant blt of W is 1, the first

~ described method for de:iving an approxxnation ot 1/w is used.
Conve:sely, when the tvo most significant bits of w are
- 0}, the address which is sent to tho two loock=-up tables is the
concatenation ot.tho-host signiticant bit of w and the third most
) significant bit through tho 14th most signiticant_bit of w. 1In -
the later case, the seven least signitioanﬁ bits of w ofo used
for d. This techniquo.halvec tho ihtervai covered by.one-ent:y :
in the lookup table when the two most signiticant hlts of w are’
:'01. It will ke appreciated that sinco tho maximum- size ot d is 5
reduced, the approximation error is also-reduced. - .
Fron the abovc dlscusslon. it will be appreclated that
'K_/ ’ by employinq the two look-up .ables 76 and 78<which: yield, - .
respectively, 1/v and (llwo) “and’ computing thoso values- to .-
' produce 1/v as previously described, “the prcsent 1nvont1on avoids
the 1ong latoncy producing computatlons which'woro prov&ousiy
'required in the atoredcscrihed prior art dovlces, thereby-
increasing the speed with which 1/w is dorived.: In the preferred
.enhodinent of tho 1/w circuit, is ptoduceo a l/w value which has-
_20 significant bits, however, it will.be approclatod that more or
losc bits may be used as long as the values stored in the loock-up

tables onployoo are adjusted accordingly.



-.For each x, y, z and w coordi nate the parametric cubic function.f i s:
Xx~t) - aKB.+bx82+C 9 +d B y(t) - ay34byD2+cyBIdyB0O . 3(t) - a a +b 32+c .
Bl.d a~ tt = 32 bzB2 Y I Y a0, Wt) - aV\B+bvaZ+cvaI +dvva . The above

_ functions D3(t), 32(t), Bi-t) and BO(t) are forward difference basi s

functions which differ fromone another as t varies from0O to | along a
gurve. The dt step size for t.Is automatical |y adjusted so that the-curve-
i'ncrenents in approxi mately one pixel steps as expl ained bel ow. The four

- forward difference basis functlons #3- B2 B, and Do are listed 2~~~2

- below | t2_t t3) B2tt)- (4) 31(t) - t (5)
LBO(1) -ptes ecdifibe ade yudced ackiidibe @’tmns x(1), y(t), z(t). w(t) are
cal cuI ated sepdnaliguye bytmghlaAEElyncm Guﬂodod'mequ:uthq k coefficients a,

1 the f .
b R pg?%ﬂ“'e“sg Cgblzc ﬁk‘ Vﬁ,- eac Qgﬁ:gﬁ; ¢ r%’ifte a;)ur :

coeff|C| ent registers 2 an S
initiallozetd ddenvycalthin CPktWltry Adb whack ﬁa'bmc:uroml E2, dRe paraneter t

Wt SRR el s PRl SR b PR AR SR P ¢ O
fully convey the circuitry and operatlon of ¥, 2 and w AFDU
circuits 10, 14 and T O I "~'_'- S
Each AFOU ci:cui@caiculates a parametr‘tc cubic
function '(t) :epresente!;%tf ' -

e () £(E) . aBy(t) + bB,(t) + cB (t) + da u:). ' ' (2

..For. each X, Y, 2and v coordlnate the parametric eubic
_!unctlon 4 ist

x{t) = axsa+bez+cx51+de°

y(t) = ‘y33+byaz*°y31+dyso .
z{t)

a_B.+b B +c_B +d B,
w(t)

23 272 "2°1 270

a"Bs*waz+cH81+d"Bo

" The above tunctions B (t), B, (ﬁ), 1t) and By(t) are
forward ditterence basis functions which differ 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 . increments in : | g;)
approximately one.pixel stepg as_expla;neq below. The four -

forward difference basis tunctioné_as. B,, B, and B, are listed

below:

_ a t3-3t2 + 2t
(2) By(t) =  ——mem
' 6
| o t? -t
() By(t) =
' T 2
(4} By(t) = ¢

() Byt
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12, 14 and 16 generate t.he coordi nates which correspond to a partiular

pi xel on the CRT display. /If the x, .y coordinate currently cal cul ated by
thé-X and Y AFDU circuits 12 and 14 define a pixel |ocation on the' AT

di spl ay° which is nore than a single pixel increk~ftt ftobathe previ ously .
defined pixel, then pixel filter 30 ihsttutts: each, AFDU circuit to divide
dt by t;Wo (adJ ust down), thereby reduci~ng the x, y increments so that at -
each - cl ock cycle each AFi'Ucilrcu'it outputs coor di hat es whi ch define -

pi xel s al ong the curve in substantially single pixel tncrenents. In a.
mmlar fashion, if the X, y address dtep is less than a 1/i - pi xel

i ncrenent fromthe S| | ed (adj usted
up) to increase the C ar?gg |c¥1b€¢hh&%g°£ %gét)d %Riészng'ch gﬁatmagal n a

subst ant i al Igalonetgn xeﬂ:antep' by eactcmememmlat @he fout ock cycl e. To reduce
dt by halg, I.c fupctions, x( Y, act WW( are transforned as
foll ows: Xl c(’ffncy th/‘Z)g -y x'?+ %és "(‘?“8 Lﬁm CHW" Y321 - a" 83ib
82+c' Bl +d' B3aded-into-thé four coeffBciept registers . 34. sq Y62 ¥nd 72Y°t 0 a (t)
-z(t/2) a' 3+ +de'. B 2) | " 3+bV\B4 8D+d wi D
The coef fi ci®Bft ?‘IFB‘? °tt °“it§r%n§?‘b¥vﬁ§’t(f éie‘i" %ﬁ té:’ubclpg ung |°3§"‘5 gre gi ven by:
-15- a' -al Sigechd, thdpdranatdr tCindredsds- Hy/ 8t 4nd &ha6toudt’ coedtigiestsder to doubl e

dt, the coor%nu%tdgte%u@o a'f LLI’]C'[ | ong,

while the four AFDU circuits lo,
12, 14 and 16 qenerate the coordlnates uhich correspond to a

. partizular pixel on the CRT dleplay. '

1f the x, Y coordinate currently calculated.bi”tﬁe‘x

and Y AFDU circuits 12 and 14 define e pixel locetion on the CRT
display which is nore than a single plxel inctenént tronlihe
previously detined pixel. then pixel tilter 30 insttubts each
AFDU circuit to dlvide dt by two (adjust down), thereby reducing

R T T

tho X, Y lncrenents so thet at each tlock cycle ‘each AFDU circult.

Y o X W T N

outputs ooordinates uhich detine pixels alonq the curve in
substantially slngle plxel "{ncrements. In a ainllar fashion,'lt
the x, Y address step ls less ‘than a 1/2 plxel increment from the.
previously defined plxel, then dt is doubled (adjusted up) to |
1ncrease the change ln the x, y coordinaces such that again a ;

W - eubstantlally one plxel step ls 1ncrenented at each clock cycle.

' C To reduce dt by halt. the cublc tunctlons x(t), y(t). z(t), wit)

are transtormed as follows.

e __x' (t) - x(r./z) - al n’ +b‘xnz+c B +d'x '6

RANL IS /2) - » aly
:' (t) - z(t/:) =t 8 +b' B ey B +d'

33+b B +c! B +d yBO

v (e_)_ - \_\_v(tlz_) - e' e +b' B2 +c' +B1*4',Bo

"Ihe coetticlente ot the transtorned eet ot eublc

tunctlone ere qiven by.
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are transforned by: x'(t) - X(2t) y Ct) - y(2t) Z (tl. - Z(2t) v',

(t) - v(2t)
In the case of doubling dt, the present invention utilizes the follow ng
coefficient transformation: a' - 8a--- b' 4b+4a c- 2c+b. d' -d It the

current step size being used by the AFDU- circuits is correct, (i.e.
substantially a one pixel increnent), then the AFDU circuits generate
coordi nates . correspondi ng to -a new pi xel and-Step forward to that pixel by
cal cul ating the following transformation: x'(t) . x(t+l).y' -It) Y(t+l)
Z'(t) - 2(t+1) W(t) - The corresponding coefficient transformation for an.
-16- ' # I ncrenment of one pixel is: a- - a b- b+ta e- c+b d' - dc -*

";- Returning to Figure 3, in gsder to |nplenent t he above

. a' = a/8 : o R _. ' o .' \."

bt

b/4 -~ a/8 C e e e
.'\cl..‘ c,: -b/B » a/16 }
do = d

In o;@er_to double df, the coorﬁlnate cppic functions
are transformed by: Cem '
x(e) = x@e)
CY'(E) = y(at)
2(t) = z(2t)
wi(t) = w(ztj

In the case of dbubliﬁg dt, the prsent #nventioﬁ e
utilizes the follouinq-coetticient_transtorngtiﬁng

a' = ga o

bt = 4b+4aﬂf

C' = 2¢+b .

d* = a

IL the current step size beinq used by the AFDU-
clrcuits is correct, (1 a. substantially a one 'pixel’ lncrement),
then the AFDU circuits generate coordlnqtes corrgsponding.tc a
new pixel and step forward t§ th;t‘bixel:by calculating the
following transformation: | _ B _ e R
| X'(E) = x(t+1) N
PR CIE (G | "

20 (t) = z(t+1)
wi(t) = wtt¢:j

The corresponding coefficient transformation for an _



~~~~~~~~~~ ~P transformations (adjust up, adj ust down, or

formard step) the - ”;:,. rfrooL
-~ , » pixel gilter 30 sends control S|gnals to mul ti pl exors 32, 44
46 54:, 56a osl eet an appropriate input into, respectively, -

adder/sgbtracter 45, 58, and 66. These nultiplexors select the approprlate_
transfoined values for the a'; b, ce -and d' coefficients. As stated, the
values a, b, e and d are 1nitiarly | oaded by the CPU 9 into registers 34,
50, 62 and 72. New coefficient values corresponding to the desired pixel

| ocation are updated and | oaded into registers 34, 50, 62 and 72 at each

C ock cycle, thereby incrementally conputing the parametric function x(t) a
U *+bxB +c 5B +d8 - If the x, y and w cdbrdinates X. 3  X2X

- - outputted by AFDU circuits 12, 10, and 14 correspond to a pixel

I ocat | onvadhi Glipcichedt Q2L GHe HIRAD f:0N€ pixel increment fromthe previ ously
defined pixel, the coefficients of a°, b', ¢ and d are selected as

a'ma/ B, bl- bl 4- a/8, ®'-:tA2-b/8+a/16 and d' - d. The Ja Input to rultiplexor
32 is wired with a lghtaghift of '3-bits-to: give the value Sa for use in the
above listed equations. Simlarly, the input a/8 i's right.-shifted three
bits to obtain the v&'ueca®S.. In general, dividing or nultiplying by an

i nt eger pomer of two gws. gegonpl i shed by a hard wired right or left shift.

The cosff'cients for an adj ust down operation are-~obtasnied:i-n two cl ock
cycles as follows: Flrst clock cycle, pixel filter:30Q.places _control _
signal s on bus 51, | ex0 nmul-ti pl exor

4 1o sel ect A8, mJI t| p exﬁ‘fﬁﬁ %L;Jsgf:%'tgﬁ%%, w 1??1e§‘EJé§§§E éggt o sel ect 0.

and nul ti p|epagpnq;4rgayigg! eqﬂjust up. adjust down, or :orvard step) the _ '

e
e L

" pixel. :ilter 30 sends control eignals to aultiplexers 32, 44, 46,

el

- FORT -

.54, 56 and 10, to select an appropriate input lnto, respectively,

adder/subtracter 45, 58, and 66. These nultlplexors eelect the )

R L A TR AT

o appropriate tranetorued values for the a', b', c' and ar

coefticients. Ae stated, the values a, B, € and d are 1n1t1a11y N
1oaded by the CPU 9 into registere 34. 50, 62 and 72.' New
coetticient values cprresponding to the eesired pixel location
are npdated and loaded'into reeieters 34, 50, szsaad 72 at each
clock cycle, thereby 1ncrementa11y compntinq the paranetric
_ . function x(t)-a B +bx82+cxal+dxso CIf the X, ¥ and d coordinates '
\;/ S outputted by AFDU clrcuits 12, 10, and 14 correspond to a pixel
locatien which is greater than a one pixel 1ncrement from the
previously detinee plxel. the eoetticients of a'. ‘b?, ¢* and 4!
are selected as a'wa/8, bt=b/4-a/8, G'uc/2-b/8+a/16 and a* = g4,
~The 8a input to multiplexor 32 is wired with-a-;ett shift of 3
bits to give the value 8a for use in the abeve:listed' equations.
sinilarly. tha input a/8 is right ‘shifted three bits tc obtain
the value a/8. ' ' !

In general, divldlng or multiplying by an integer power'j,
ot tvo 1a accomplished by a hard ulred right or lett shift. The
coafticients £or an adjust down operation are obtalned in two
clock cyclea as-follews: First clock cycle, pixel filter 30

places control signals on bus $1, which cause multiplexor 32 to



C/2. At the end of this cloeck cycle, -A-wA/8, B9.B/4-A/8, and C -C/ 2.° .
During the second clock cycle, pixel filter 30-places control .signals on
bus 51 which cause nmultiplexor 32 to select a, nultiplexor 44 to select O,
mul ti plexor 46 to select ‘b, nultiplexor 56'to select B/2, and nultiplexor
54 to select c. At the end of this clock cycle, ‘the result of the two

ci ock cycle operations is A - A8, B -B/4-A.8, C-C/2-(Bl4-A8)/2.

Adder s/ subtracters ‘45 and 58, as well as-adder 66, are controlled by pixel
- filter 30 in order to performaddition or subtraction operations necessary
for the above-described transformations. Similarly, as previously

di scussed, when a pixel increnent calculated by the X AFDU circuit 12 is
less than 0.5 of a pixel step, the coefficients a, b, c and d are .
transformed by: a' .- Ba, b - 4b#f® c' - 2cab and d' - d. To perform

t hese transformations, appropriate control signals from pixel f||ten_30 are

asserted at nulti exQrs 32, 44 nd 7 such hat the Qa, 4a
4b, And®*2EcEAL%t| E%é’g‘”f‘fftﬁ tt"‘ng‘nc'*('):rr pongg%‘l’;’ie"° Qgt or.§ l|tn§lconj uncti-on with
adder / sapt,r alitéprexéb 5656 aanlecﬁGo. Ahd emmatuw:edwsd Itfo gdlec®FDU circuit

cal cul ates an x. i ncrenent, bet 9, “jncrenment between 0.5

and 1, Fffin 2% 5he, eng of thig cioc o‘@'f Ftl e'r'ﬁ/g a“re s‘e'l“é%‘t &by nultiplexors 32,

44, 46, cbéiy2 56 pafidg Ehebyecop@raapek &@ew;opt:femltntgnabs;:mserted by the pixel
filter 30 such that register 50 51 % gluter 62 is. '
updat edSPRFral signalg ony ‘P%ﬁﬁs‘f’ﬁf"ﬁ“ﬁg mpleiphetery ﬁtﬁ Teé‘ﬁfgt ér 34 remains
unchanggehtipldxowidal tbepvmr efimal eipledst 40rtbysdilber @yt puts from AFDU circuits
X Y. anthPare used by the pixel filter to control the adj _ustment of al Iu

four AIBRFEPIEOFtY & ﬁ&é""t‘h 3/ LAY PAPE M FARBESS 6 £ xS ent |y -18 °

the end of this clock cycle, the result a}-thc two clcck cycie ’
operations is A'=A/8, a'-s/wva, c'-c/z-(aicii);;/i:
Adde:s/subtracters 45 and ss, as uell as adder 66. are contrcllod |
by pixol tiltor 30 in ordet to partorn addltion or suhtraction

- -

opetations necessary for thc above-described transtcrmatiors. )

a e —_—

Sinilazly, as previously discussed. when a pixel
'inthucnt calculated hy the X AFDU circuit 12 is less than 0. 5 of
- a pixel step, the coef:icients a, b, ¢ and d are transformed by:
_a' " aa, b' - 4b+4a. c' = 2¢+b and a' = d. To pertcru these
transtctnatious, appropriate control siqnals tron pixel filter Jo
are assertsd at nultiplexors 32, 44, 46, 54. 56 and 70 such that
tha 8a, 4a, 4b, and 2c are clocked into the cor:esponding
d_:egisters in conjunction with adder/subtrauters 45, 58 and 66.
: Alternatively. 1L thc AFDU clrcult calculates an x
--inctenent betvoan o.s and 1 and a y incrcnant between 0.5 and 1,
tﬁen tho a, b, e and d coefficionts are. salectcd by multiplexors
3, 4(. 46, 54, 56 and 70 by appropriate conttol signals asserted .
'by the pixal tlltar 30 such that register 50 is updated by
b® =béa, registorxsz-is_updated,by'cf_- ctb, d :eqister 72 by
d' =d+c and a register 34 souai;s;unChangod.c It'villibo '
appreciated that only tﬁo-cutputs:zsouTAqu circuits X, Y;'and.?
-are uscd by ths:pixal filter to control the adjustment of all
four AFOU clircuits sinco“tha x/vjacd_yiv coordinates sutticiently



*

.sS define pixel location. In such a fashion, the ArDu circuits 10, 12
and 14, -1.n cooperation MAth the 1/v circuit 18. multipliers- 20, 22, 24 and
pi el filter 30 ns . . rendered are increnented in
subst ant rfi al y ona pi'xel increnents. annry buffers 45 60 and 6B are used
to store a sequence of the last -K b, candd val ues, respectlvely, so t hat
the'prégerly dei ayei b coordlnate val ues aSSOCIated with the pixel filter
30 control signal are used. ' This is necessary becal"se pixel tilter 30
deternines control decisions several clocks after the AFDU generates the
pi xel ' addresses. Menory buf fers 48, 60 and 68 store a sequence of val ues
so that the b value having a del ay -equal to the nunmber of clocks between
the AFDU and the pixel filter is used tet8onpute b’ o nmenory buffer is
necessary for register 34 since "a" does not change during a forward step
AFDU opegat ldemnembhabcaupﬁrtaﬁtsuaspeﬁ Mibnf e pmeueuitcuuweml on is '

Tt Forunr a8 PRckentt seprsrHR el LR PP e a¥h AR 00 0

over |I-oadi ng 20f zizhmragj pixRl St 186 3b Prensh @ EREE ERE cuiiedgaindefed he
coeffi.ci ent values -t he.p araneLrlcPcubLﬁrs}Qctlon used- for- calculatlng

the curve. 2&% Eﬁfﬁ“%“dl o é“’f’é@?'s‘t’éf" g8ef BERFPPART a coeffi ci ent reaches

capacity and overfl avﬁ;yaﬁ:@m@ta C btk odd are abed ko fraka@metric cubic
function will becone-i RpPossi b resent invention provides a unique
et hod and ABPAPSY 06 8 LBECH dnid AGH ALEH R0 PEEF YU P B, ¢ her cby
eNsUri ng Ccomrhé peopkrl p@eE@t D icoptare ailuas dﬁsoéi&e@aﬂan‘mhbl c cubic :
function for reﬂderfn%othe curve.. .The fol lowin |s an- expl anati on of this.

aspséet of tRE*Pr EBERE P SANETLAIIAY MR ihtes FRLE MORIRCARIY, registers 34
and SO of Flbﬂw&o?plhﬁ/Qi&&amahiéhiﬁs e&a&agaee{sxbbs eemmeger bits,

clocks after the AFDU qenerates the plxel addressas. Henory
.'huttots 48, 60 and 68 gtore a soquonco ot values so that the b
' value having a delay equal to the nunber ot clocks between the
AFDU and the pixel tllter is used to conpute b'. No memory
buffer is necessary tor reqister 34 s!nce "a" does not chanqe
- during a forward step AFDU operation. SR |
Another inportant aspect of the present invention is
hereinatter desoribed. ' 'FV.-'-MH. ' | |
A critical prooio;hwﬁiohiéfpiééiijhoooﬁfé“iﬁ'pffor"&rﬁ'"
| forward dif!erencinq rethods for renderinq curves ‘is overtlow of T
overloading ot the :egisters used for storinq tho 1nteger of ‘the
coefficient values of the paranet:ic cublc tunotion used for '
calculating the curve. oOf course, 1: a register used for stotinq
a coefficlent. reaohes capaclty and overtlows, aoﬂurate .
calculation of the parametric oubio_tuuction will beconme
1nposslb1o. The present invention. pfouidos'a'unlquo nothod”and..
apparatus for ptaventing such overflow . tron ocou:lnq. thoreby
ensuring continuous accurate’ inplemontatlon of the paranettic
_ ouhic tunction for rendering the curve. .- “ The tollowing is an
explanation o: this aspact of the prosont invention.
' In the present embodizent, registers 34 and 50 of
. Figure 3 have a oopooitylfor storage of three-integer bits,



whi ch, for purposes of convénience, vill herein be |ahelled, respectively,..
al, a2, a] and bN, b2 and by al and bl are the nost significant integer
bits. The nost significant fractional bit of register 34 will herein be -
.labeled a  Since Register 62 accunmul ates, on a forward step, the contents
of register 50, it has, In the preferred enbodi nent,-a-storage capacity
. offsnmore than three integer bits. The sost- S|gn|f|cant I nteger bit of
"register 62 is terme'd herein ''"s-c- 'Registirs' 34;-50"and' 62 are coupled
to-a control ‘eircuit 92 .of Figure 7 (a detailed description of the
operation of pixel filter 30 and' control circuit 92 -as shown iniFigure:7
will later be described nnre-fullﬁ&_mﬁthln the pixel filter 30 and outputs
thereto bits which indicate to the control circuit 92 that the I|nteger

storage Gajeg) tt¥r %t.r;{oega Pretdverfonc®) vl hefe {d2b@n8bdiie@yer f Low or could
possi bly overfl ow w the next cal culation.  Below are |isted the . -t

condi ti orEesPeFalMelh 3,000 5t 85 AnGPaNb 58N Pgnd 33 W P{ &L HBE herein as t he

"warni ng @sE"ngmxﬁbné nﬁéerqu?ttﬁt;he-rﬁ@%&@'u&ﬁﬁ%‘&rk Prackiodaie pixel filter
30 that the next adju up-wi Il result in an overflow of the integer

"storage cisaef gegister égu'sitlérlwsﬂn Sadlabeledraygr finny Beaister S3serted if: al 0
the sign Mn&%@;s.oa. reasé,&?é s%gp Okhe a.%n&n%aqn Pidiseir eeglister 34 or: a3 #

.sign bit.of register 34 or; sign bit of register- a Asign bit
of regi shass BOthe prmr#dsegwdbmntofa s&oage cFap3Sityy. ofmre tbiugn bit of
register lpof 11k £ S E0ne 8P A3 CONLENsesd ONAl s tO

mul tipl exéo‘rg.smggQe ﬁxﬁﬁg € gQ d’g {/ﬁ ;l,?] ??\Set%r u%te‘g{;h BIELJ!. circuit to
adj ust ups2 édjtsmeddmiurasscpp ﬂtﬁ%ﬂ# 34 BPandes@ are coupled: © \J

to a control circuit 92 of Figure 7 (a detailed description of
the operation ot pixel £ilter: 30 and controi circuit 92 as showns.
“{n Figure 7 uill later be described nore !uiiy) within the pixel
filter 39 and outputs thereto bits which indicate to the control
circuit 92 that the integer storage capacity of registers 34, 50
and/or 62 are in overtlow or could poes'hly overflow uith the
next calculation. Belou are listed the conditions in which
registers 3¢ and 50 send a bit (terned herein as the *warning '
bit") which instructs the control circnit 92 ot the pixel filter:
30 that the next adjust up will result in an overtlow of the
integer storage capacity of registers 34 and so. B | _ .
A warning bit is asserted if: _ R | _Q_J
a, # the sign bit (sb) of register 34 or; ' - |
aé’ﬁ sicn bit of register 34 or:
eJIf eign_bit of register 34 or:
4 ¥ sign bit of register 34 or:
b, # sign bit of register s0 or.-
by f eign_bit of register_so or:
by ¢ sign bit of register_ﬁq.

The pixel filter 30, as stated, sende“control signals
to multiplexors 32, 44, 46, 54 and 70, which instruct each ADFU
circuit to adjust up,-adjust'down_or etep torearc'to the next '



E)

-20- pixel. Wen a warning bit is asserted at control circuit 92 of pixel
filter 30, pixel fil ter 30.instructs .each AFDU unit to stop forward to the
next pixel (instead of. adjust up) when an adjust up is indicated by

cal cul ati dns nede by the pixel filter 30. Adjust dowi anhd forward steps
are not .affected by assertion of the warnirg bits. Instructing each AFDU
circuitito step forward does not cause registers 34 and 50 to overfl ow,
since stepping forward does not require multiplicatien of the coefficient:
"a" termby 8 or nultiplication-20- the Eb" teramby 4. The AFDU circuits
are thus prevented from adjustinC up until the curve It conpleted or until
t he war ni ng Rixels sWhes. adaEpingPitsigiapagured atheentrel GRTUAE 93sPf uct s pi xel

filter 30 thakei Re1dddt fElCp12l OFAYEr GBPARLIVELDT 0abR NFBl Qinie b sfp aNd 62 Wil
overfloww th next adjust up or forward step (termed herein as'- the

"over f | okwbiforyandste dhe mext| pikeindbastesd of adiust NPY when an addust sign bit of b

or ¢l U SiGp B Yn@fcated bYNGHEIRE 10V EIde! BYVeRk loiker 28FGEIRH it instructs
control cri:ct 92 Isrt- “control signals to the AFDU nul tipl exors whi 6cW
nstiiciict "AARIFARDD and daivard (staps ase nedviffechedt Mopseartion ofin adj ust upi or
a-step forwahd dasnifbedd. eok; hGUhASY 8 48 Lot fwRiace!l filter
30. An adj usht_ d%\%%?gfi@{avggngﬂ}ghgvgrfl Ob\D pogﬁg{m'.n- ' r.ggf%'rers 34, 50 and
62, thereby dsasJiotigcanse xegisters 340ind Hd to\averfion, hince stappiogn bit of

regi sters 3 - 62 - : ENRL N B0 ' 0w bite wll
be 'asserteddﬁofs%?zg%ﬁt é%]éer;“ﬁ%rg?iuggé%?yﬁég&ﬁtf%@ éoteg?gcdt(g%‘ﬁeraei nis getting
too | arge i rterhebypdirt anigipliicationost ¢he t"bt termlty 4n The AFRYat i ve direction

NP0 S COTRRITRN! ada B FN Bhele k! adfubb1- RSP RRESCLY Blida?sne SKilled
' completed or until the warning bit is de-asserted. . _ s : =
| sinilafly, thé'blt:qhich ingt;ucts pixel tilter 30 that
the integer sﬁorage capacity“ot':egiitgts'nc; 50 and 62 will
overflow with next adjust uﬁ'br !orward'step'(gefﬁéd'ﬁéféiﬁ as -
the "overflow bit") is assettgd whenever a, A sign bit of a:
. bi y sigﬁ bit of'b or e, ¥ sign bit ot:é;' When the overflow bit
 is asserted it instructs contréifbiiéiffﬁﬁfiﬂi%EEEifféénttol-
_signals to the AFDU multiplexors which ‘fhetrict each AFDU circuit
to adjust down, y;eﬁhe§ or né@iig adjust up or a-step forward is -

1nd£c;ted by.the;calculatldns made by the pixal filter 30. An

]

S | adjust dowp"gel;QQeQ éhémbv;rflbﬁ"ﬁfogieiiiﬁ registers-34, ‘50 and
| 62, thereby caqgiigydizigigrtion of the overflow Sit. The sign _
bit of regist.ei:sl:u; S0 and €2 is ‘Used '$O thAt the warning bit -
. and overflow bits will be asserted if the integer portion of the -
nunbei stored therein is getting tco large in the positive
direction or too si#l; in the negative direction in two's
' - complement :eprééhntatlon. ' . _ . .
: It will be appreciated to one skilled in the art that
registers having a storage capacity for more or less'integet

values may be used in plaee'ot'reQQsters 34 and 50 without



registers having a storage capacity for nore or |less integer values *ay. be
used in place of registers 34 and 50 w t hout -21- departing froamthe
‘concepts of the present invention hereln disclosed. It will also be L
appreciated fromthe above description that a criti.cal- proble whi ch occurs
in prior art forward differencLng circuits (i.e. overflow of the curve
rendering units) |s hereby avoi ded by the above described features of the
present invention,' The above-described functions of the AFDU circuit
pertain to the dramnng of curves. Figure 4 shows a sinplified circuit

di agramof the X AFDU chip 12 (shown in Figure 3). illustrating only the
conponents which are used for_draw ng vectors. Figure 5is aflow chart
illustrating the operation ofzkhe circuitry shomn in Figure 4 and

perfor exanpl e operati on of dramnn ma vector using e
Br esenh&ﬁg‘éfg'&?r FEIR-Bh SBPCSPES B Fhac RERATOF it "ﬁ'éuﬁf’t R 9\{‘fén t he render |/trh
" vect or issdighéd.at ed, -vt he Br esenham al gorithm par ameters dx (the change | n

x), dy (the chan ), t he Dresenham error ter Inc- 1 (a first
i ncrenent), and? r\"élb % °sbé’c e {AFR fEAR ) Che pRovA %‘Ffr‘rﬂ)é‘f be di scussed -

not e f ukhat Wi dhtI@EHIBLES vhicH b&HTe fn paicr 64 Quhirad by the CPU 9. The
CPU 9 | oads reqlsters 34, 38,  and 50 with I'nc1, Inc 2, and Err '
r espect PHERegenclsy clrenits’ ti-er quastiov, Wyt sUrve THRdeRiBct or endpoi nt val ue

x0 and LRpdy fdRefiby G@oSAG bHAndi dtbvi MRs¥Albde RaturbicoORREation of the
- ci rcuitr¥ .of _Figure 4 in the renderi ng of an xwsnmmjor vector in conjunction
with th& ‘H‘Bﬁv‘&?’%fb‘t"a’l‘n of Figure 5, will now be expl ai ned. '

The above-described functions of the AFDU circuit .__ S ;‘)
peteain to the drawing of curves. Figure 4 shows a slmplitieé -
eircuit diagram-of the X AFDU -chip 12 {shown in Figure J)

_111ustrat£ng only the coqponents thch arg,usgd for d;awinq _
vectors. Figure 5 is a flow chart illustrating the operation of
the circuitry shown in Pigure 4 ;nd pgifornihg the example |
operation of drawing an x najof vector using thelaresenhaﬁ'
algorithm which is well known in the aft; . o

When the rendering of a vector is initi#tgd;ithe
Bresenham algorithm parameters dx (the.chaﬁge:in x);'dy'(the
change in y), Err (the n:escnh§n e:tof tern); Inc 1 (a tirst _
increment), and Inc 2 (a second increment), wh;ch.wgll-later be |

" aiscussed more tully-ﬁith'references to Fiqu:?:gr';t;-;;léai;ied . ' _\f/
.by the CPU 9.. The CPU 9 loads :egisters 34, 38, and 50 with Inc |
1, Inc 2, and Err respectively. The CPU 9 also loads tegister 72
with véctor cndpoint value xo and loads the e registcr 62 with_
‘the value 0. The operation of the cizcnit:y of Figure 4 in .he
‘rendering of an x-najor vector in conjunction with the flow
" diagranm of Pigure 5, will now. be explained.
_ A conditional circuit 64 outputs a 1 bit uhenever the
tign bits of register 50 and 62 are the same. Therefore, circuit
64 will provide a 1 1nput to adder 69 only vhen register S0 and
62 have the sanme slgn. As stated, since register 62 is loaded

with a zero at initialization time its sign is always o. As



A conditional circuit 64 outputs a 1 bi't whenever the sign bits of register
50 and 62 are the same. Therefore, eircuit 64 will provide a 1 input to
adder 69 only when reglster SO and 62.have the sane sign. ‘As stated, since
registert62 is loaded with a zero at initialization tinme its sign is al ways
0. As -22- such, circuit’ 64 will output a i to adder 66 whonever t he '
sign U{t fron1reg|ster 50 is zero (i. the Err Is-greater-than zero).
When the rendering of a vector is |n|t|ated the €PY 9 commands 't he pixel
filter 30 to assert a control signal to the AFDU.circuits so t hat o
mul tiplexor 44 is control to the sign bit =&t put of reglster 50. Wen the
'sign bit . of register 50 I's o., multiplexor 44 then- channels through the
out put of regist aucltgcivgudn Gehrel 13 YiEPhE (3. bitor addostes viBmever the miibn i pl exor

44 sel ecls the. Otﬂxi?uirfogfr Eod Ly 1%‘&:; YWind N9p OB § Qsa zgk'ie‘i Phant €

Bresenhgm par aneters vect or between e I 'nni ng end- 1 ngf curve
coor di nd¥es xo, yxereind Wien thasrenderingrofia vqczbd li'ylnlﬁweas the tede i 1 bl ock

160 of Figure S. clog3L &l j&ngﬂ:ﬁ{d@ 20 o RlsGH ' Eéhepth RRGTHPLHOT BT -

-1/2 dx + dy wherern dx - ck the -' .
"piiel havinLg tH@D'émierﬁoamtyﬂmbnmnaﬂesh( gentgol itor v signr bi;p ster 72

of Figure 4 and y,l gsgprggghggﬂ,&ﬁ@edl Sp.lﬂgépcu%ﬁh'lgt Jz@EePQo {i€o,Y AFDU

circuit 14) l's vvrlt n on en proceeds to-step -
164, wherein it imyleiplexqri sbdhethchérmels threught the Gutput tafcregdbter B regi ster.

50) i greater tiag, QueldighlieSid PhoisppdsE3ct, t.nfgéeé,wwt,ei&gggg&he si gn

bit of register 50 I's als ow t hep. .proceeds. t step_ wherein .
Err is updat ed’ by’“m A register Mo the previ ousl y : '

Turning now to Figure S, thc Bresenhan patametc s for a
vector between beqtnnlng.and_andingfcurve.cocrdlnatcs-xo, Yo and |
Xye ¥y, Brﬁ initialized. by CPU.9,. a8 1isted in block 160 of Figure -

: 5._ The error tern (Ert) 13 calculated by tha equation Err n =1/2

[aai= FEFPETRE N

” dx + dy whezein dx - *x'xo and dy - yl = Yo ‘In block 162, the
- ""bLXel havinq the current x and Y coordinates (x is stored in
;aglstar 72 of Figure 4 and y is stored in the ccrtespcnding
register of the Y AFDU clrcﬁit 14) is written on the CRT display.
The flow ?h°"wEF9°°§§§,§9,FF°P,4§!!-“hﬁiﬁ;ﬁ it is determined
whether or.noc the_tcf-(the 9a1ua.in register 50) is greater than -
0. | | o
K_/ - ': If the error is greatec_than.or'acual to o,'tha.;igh
bit of register 50 is also O and the flow then proceeds to step
1ss'whare1n Err is updaced_by-addlng Inc 2 to the previcusly
calculatad Erz. ihe sign bit o!”reglstar 50 controls multiplexor
44 cuch that the Inc 2 (input at multiplexor. 44 which is stored
in register 38), is selected then clocked through _
addar/aubtractcr 45 into tcgistar 50 whenaver the aign bit of
:aciste: 50 is zero. In block 168 the x and y'ccchSnatcs are
' upcatcd in the X and Y AFDU circulta bycadding'l to the contents .
. ot':aclstcr:12 in X AFDU 12 and the cortesponding register in Y



calculated Err. The sign bit of register-50 controls .nultiplexor 44 Such
that the Inc 2 (input it sultiplexor.44 Wiich is storid in register 38), Is
sel ected then cl ocked through adder/subtracter 4S 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 | to the contents of
register 72 in X AFDU 12 and the corlLesponding register-.In Y -23-. AFDU
circuit 14. As described above, this addition is pertormed by . adder 66

whi ch-adds the output of ircult 64 #20+he previous contents of register 72

only vgs dib&yiti ) bid aplcriB@i béve, GhisSaddtin w pePoriégn bit of register
50. On the other hand, if the Err is less than 0, the flow then proceeds to -

step 1E6addsRchleMmichhadds: the QutpyE (Rft alFopdt 154 R, &he Previons previ ously

- cal cul@hecheErde (-@%i%i&d7b%nﬁ§gin%hﬁ.rhe591)gnp“ésoi Hogfstestddr 66l in register 34)
and x I's increnen one. (Note: In this exanple operation, t he 3

coor diegseke tpmh?o!iqnn'e#tenéme&ﬂien $-ep 166 because the adder in the Y AFDU
circuit 14 corgy eéﬁoﬂﬂﬁghirﬁ agdefe @0 %@d&stsh&aquép%e Qhofi rcui t 64 (which:
é

i's 0) to the contents of 't register-in Y AFDU circuit 14 correspondl ng to
I egi stthen froteddscty stephil 66y HBEMOI‘Q‘G Exy po@fiussed 38 b4 s sel ected by

-mJ't' pquﬁég o2 apﬁevqg.ﬂsqgtéﬂcames Fe{&w 15%%?4:&& & by adder 45

wheneve I's gre or equa When the sign bit of register
So is q:laslltmvla (steiedr ir6 Beglager RE apdtpus Yicremented byghet o the contents of

regi st&rct? ?qu.h gg‘l‘( 1l %f;e%p&gh %|JI£L%R£t7QsI'&%O register 72. The

fl ow conpl et es .ste en X 1s greater than X - In V|ewof t he
above _t!ﬂcsmsfdmp qtepvmﬁlﬁl bechuse the adder in the Y AFOU circuit-

14 corresponding to addor 66 adds the output of circuit 64 (which S-J
is 0) to the contents of the register in Y AFDU clrouit 14
corresponding to register 72.) .
_ Inc 2, which is storeo in reglster 38, is seleoted by .
nultiplexor 44 and added to the contents of registor 50 by adder
45 whenever the Exr is greater or equal to 0. When the sign bitr'
of register S0 is positlve, adder 66 adds the output of circuit .
64 to the contents of register 72 and olocks it ;hrough
multiplexor 70.1hto régister 72. The flow completes.at'step-17o
when x is greater rhan Xy
In vievw of tno above discussion, it will ﬁheretore be )
approciated that, when'drawing-rectors, the AFDU oiroult'provideo o . \uJ _
: a unique nerhod for accurately implementing the Brosenh;m | |
algorithm, which algorithm is well known in the art. It should |
" also be appreciated in view of tho-oooﬁc discussion thot with -
aporopriate initiaiiiation,'tho AFDU eirouit nay'also implement
'the well known generalized version o! the Bresenhanm algorithn
which calculates the closest pixel to an ideal line in between .
the beqinning.and ending points,-yot_generates_ooly one pixel
| location x, ¥y for each unit incremeno-ln_y. These generalized

‘versions of the Bresenham algorithn are widely used for



appreC|ated t hat, when dramnng vectors the AFDU circuit provides a unique
nmet hod for accurately |nplenent|ng the Bresenhan al gorithm which algorithm
is wellknown in the art. "It should al so be appreciated in view of the
aboye discussion that with appropriate initialization, the AFDU circuit nay
al so inpl enent the well known generalized version of the Bresenham
algorlﬂhn1mh|ch cal cul ates the cl osest pixel to an ideal |ine in between

t he begi nning and endi ng points, .yet generates only.:one pixel location x, y
for- each unit increnent iny. These ggnerallzed ver sions of the Bresenham _
al gorithm are widely used for |~ 't o-24-

‘i ncr enent al AYCTEReRTIR bty sheRPART t*‘he"qe&ma edge afpl)lpyqunlim seuﬂlime order and in

anti-aliasi die\ée“cprintﬁem&w%g ve(:&?retmﬂigdegl d’(See %F‘Eﬂ?@& Li near

I nter pol__at i-on,"™ ACM TransactionS on 2raphi s, January. 1985;
Akira Fuji mERFrapRItad LipgaraIntespejatiane” |amgm_mueg_mrs Slyput er

& aphi ¢S Thegy v.¢ A, APIO{;A&%L%&. %01 FlsTHotkORad/ 381 AU bsa b1 ! ShEd by

Springer . Verl ag, i gure e e I's shown an eXp ed view of the
pi xel fil terr@oxofqemgmetaster CRT."sComppte Qraphics Mhédryt&a when drawi ng

bor for m t ho BRaEarisaty Sikeed b TTARL Rt biks1Blea OF spbiRael | Vet er ence. (o
Figure 4. | Menlags 19839 the 1/v circuit 15 and the W-. AFDU 10 are not used.
VSIS, (e S 50 AT ki ik S, FSR0 LB ressei?dtz,v

Fi gure 3 toppeif tiltendiovst Iﬁmtrs a-nd'tf dsvanpdriainepo nélagiesdtersenl 02, 103, 104,
105 and 10669&'15& %&&:Z, ﬁxel tilter 30 transfers oontrol of the

AFDU circuits to perform the Bresenham elgorlthm. as previously

described with reterenoe_to Figure 4. In this case the 1/w
-olroolt 18 and the W AFDU 10 are not used. However, when drawlog
. curves, pixel tllter 30 controls the X-Y, Z and W AFDU circuits.

10. 12, 14 and 16 as previously described with respeot to Figure

3 to perfom adjustnents and forward steps. :

Reglstere 102, 103, 104, 105 and 106 of. Figure 7 store

coordinate velues x. to Xn+s uhioh are supplied thereto.by X Arpz

circuit 12 and multiplier 20) (of Figure 1) in tlve-ooneecutive

‘previous clock-cyoles; Similarly, y registers 120, 121, 122, 123 -

and 124 store y values_yn to Ynige Likewise. register 134, 135.

— 136, 137 and 138 store z value z_ to z, ' 'Registers 148, 149,

+4°
'132. 154 and lss,,as well as adder 156. and comparator 144, also
o operate in oonjunotion ‘with the atore-desoribed componente, as '
vlll later be dlscussed. '
Registor 102-106 store. sequentially, each x ooordinate
supplied thereto by the X AFDU circuit 12 such that Xne 1s the
' most reoently'oalouleted coordinate. At each clock cyole
comparator 94 compares-the value xn+3 +4
 in register 106, and oomparator 112 compares the value Ynea in

in reqieter 105 with x,



coordi nate values xn to xn+4 which are supplied thereto by X A°D" circuit
12 and nultiplier 20) (of Figure 1) in, five consecut]ve previous clock
~ Simlarly, y registers 120, 121, 122, 123 and 124 store y values @
Y. tp Yn+4  Likew se, register 134, 135; 136, 137.and 138 store z value Z

'Regi sters 148, 149, 152, 154 and 158, as well as adder 156,
or 144, also operate in conjunction with the afore-described

cycl es.

to Z
conpar at

conponents; as wi Il later be:discussed. Register 102-106 store,

sequent i

- register,
~with Yn'

| ncr ementone BE of

circuits

val ue of
IS gr eat

and

ally, each x coordinate supplied thereto by the X AFDU circuit 12
such that xn+4 is the nost recentl32xal cul ated coordi nate. At each clock.
cycl e conpHsteroizdaitonpay 48 nenbsteg| 124 - x M3 the) apaqiute ¢aluQBfwith xn+4 in

106. ,and .%ermrﬁ}ssa{uélea&.qnp@;,es Lhe vallepoiitieds!

reglster

123

AN CegdSter 124 the ab8th ut @alue of Kn+4 - xn+3 aJ;Ld t he
abol ute ¥Veanue.%opt wmqwmixehrsecmwm &he q"hmlc)us?bfnadsmgl e pixel’

|n!tlr PJ ?f (%gr %?Q&I%lgcvﬁqgt [nQLnﬁJt hé Qa

f our AFQU -

InStrUC?I ng the sane 10O increase mﬁkm zegl( "81 ust up) as -
previ ousll}crdesq:#h«beuemttp nmstuwoaﬁflpgemessm déscghepd3with f - t he absol ute

er ‘than 1, e contr r then asser a con

&Q}%ﬁ :oxﬁ 551 " ei‘ﬁ«fl et 31 Qi;sotxtl?S@Qﬁﬂ' {‘%& value of Yn4 - ¥n+3

roré si gnal -

at all

AFDU ci rs;,u,t &s mcmrlmomot thiecatsakute valimcoLage, the,, st &P size (adj ust
th ref 1, 2 and 3.
2hrRee BLEY WE! JordeSil Nade o Dt SLRREG Loy es T 2 an

down) ,.
Val ues z

In registers

€ not used to

‘det er mi nelWifet:h FDW Firvatts Bicat eqlﬁtsuae thiaGiaka dyedeuj-pw ese upwar dly or

downwar dLg %%Ri da;xl"kepwna}n 1xmc;)sorp(‘j_le %g ye?uffléé‘= aﬁ_ define a pixel-

| ocation  on

MBVEF regrs S

del ay butéﬂmne;otd Iraﬁurulues and 3.

Values zn+‘ and Z.43 stored 1n regiscers ‘138 and 137
are not used :5 4eternine_ﬁhether or not the step"size should be "
adjusted upvardly or downwardly because the X and.y coordinates
sufficiently define a pixel location on a CRT d!splay. However,
registers 138 and 137 tunctlon as delay buttets 80 that values

20427 Zne and z, (which are stored, respectively, in reqisters
136-134) will correspond to the values of Yne2! Yn#l and Yn
{stored in, respectively, 122, ;21, and 120) and to the values of
Xns2r Xpey 20d X (stored in reglsteis‘104, 103 and 102); :
and

Alterqatively. it the abeolute,value of Xnuq ~ xnfs

the absolute value of y . . are both between 0.5 and 1.0

e = Yn4a
pixel units, then the comparators 94 and 112 instruct control
circuit 92 to instruct all four AFDU circuits .to perform a°

forvard step operatlon as proviously described.

It is important to riote that all four AFDU circuits 10;

12, 14 and 16 of rlgure 1l are adjusted upwardly, dounwardly. or
toruardly in synchronicity by pixel filter 30..
Elimination o£ redundant pixels in a dléplayed image

will now be described. Comparator 96 conpares the value x n+2
which 43 stored in register 104, with tbe Xn4y Value stored ln

37 functlon as.

f our.

v



Zn+2D Zn+ and Zn (which.are stored, respectively,, in registers 136-134)
wi |l correspond to the vaJues of yn+2' Yn+.l and yn (stored in,
respectively, 122, 121, and 120) and to the val ues of xn+2 xn and xn
(stored ®n registers 104, 103 and 102). Alter natlvely, if the absolute

val ue of xn+4 - x and the absolute value of y -y +, are both between ..

0.5. and 1.0 pi xel units, then the comparators 94 and 112 instruct control
circuit 92 to instruct all four AFDU circuits to performa- forward step
operation as previously described. I+28s inportant to note that all four

AFDU ci rcul tré?l:Lger 16y, 18oidafache Ay EA@H[—& tndly ‘in?f'l;USt &4 4&%@ gy,

downwar dl vy, orwardly rn synchronicity by pixe iter Ellmnatlon :
of redundantiZiplwxel’n she: rvaaquvﬁpll dyewglstegeladi-| | Itheyybe wgs o, Conparator

96 compases tpe VaAGliR WIER 13 SRLELiCH ol rcllet D LhE X141

val ue st ] ed ster rator npar es t he val ue
y 12 In regpst@riclﬂ.zxn\muth bmuv-aéuénvfllid ninet @ghstoepaQ\leectMn xn+2 -nl andy

Yol COMRBS BMGhe 28 BNe e FPRLS B AIAL O BBAIQpIREUL L 192 uhi oh,

in turn, outp an I nva pai nt “sect such that paint -
section 150comnaborulanq3$otm ixel fﬁaeatnq @hq; coordigspasnderrgspandime pi xel having
t he coordi nqée% S TAACE ponding to Xn+l. and Yn, limnation of "elbows* (se.
figures 6 an a} I'n a‘*éh spl ayed i mage will -now be disclosed. Conparator
96 conpares the int &jsingdpt off "elpeva’tl(aee Xigyres s anglGastiar 2104 with the

compar et ne ekl s@le fudha bl B9pSiciha, DEPeiC CRERGEDT e
i n{eger par thefintégervmirtiotythd malwgksicln F2gisterfiosheith the
lnteqer.part_ot the value x, in register 102 and the comparator
114 cdmpﬁ:es the-integér'pirt of the.valua Yne2 in-réqlster 122
', with the integer part of the value Yn in register 120. If the
absclute valng of X .0~ x is equal to 1 and the abscluta value
of yﬁ+2 - yﬁ is equal to 1 then comparators 96 and 114 assert
signals at control circuit 92, whicﬁ,'ln-tutn,_outputslan 1nvaiid '
pixel bit tq paint section 150, such thaf-paint'sectlon 150 will
not“paint the pixel whose coordingtes correspond tc-xn+1_aﬁd |
_- yn'l').' | . | | |
' Detlnlng a clipping region in the dlsplayed screen will
now be described. Preloaded into registers 100, 118, 132 and 146
K,/ - are, reSpegtively. x minimum and x'ngxinum values, y mininum and
'y maximum vaiues; z'h1n1mun'and_z naxlﬁuu'yalués and t minimum -
and t naxlnun values. COAparatbr'sg ls-ééupled_to tegistgr 103

and couparos the value x with % maxinum and x uihinun; It

+
X1 is not within x nln:n:n and % naxlnun value, comparator 98
asserts a control signal to control circu;t 92, whlch, in turn,
..instructs'paint qaétion'lso to iﬁvalidate the modifications
corresponding.to the pixel qgfinedfby'tbe coordinate xh+1, Yh;l‘-

Zoey? t6+1 which'pixgi.is outsida_ét the ylndow-éotined by x pin."'



absol ute value of xn+2 - x, is equal to 1 and the absolute val ue of Y -
Yn is equal. to 1 then conpar at ors 96 and :114 assert .signals at control
circuit 92, which, in turn, outputs an invalid pixel bit. to paint section
150G, such that paint'section 150 wi Il not paint the pixel whose coordinates -
correspond to xn,+l -and yn+,- Defining a clipping region in the displayed -
screen Wi Il now be described, Preloaded into registers 100, 118, 132 and
146 are, respectively, x mnimmand x maxi mum val ues, y .mninumand y

maxi mum val ues, 2 m ni nrum and -@74raxusi m val ues and t mni mrum and t maxi-mum

val Uegng x%mlﬁﬁﬁrst%dl Fn Q-QHQJ:@P' 100. I e84 Shié aLQaman&aaerpar es the val ue x
+, with X maxi nrum and X m ni hrum [f.Zn+l .is not within x mni mum and X

maxi nYAFRVERSRECt &9 YpRINIAYR a9g naxdmim seistemiihl 2sRMAPR #8d control - circui t

92, WoixaRiauhrdgthtbe u&shamtﬁunawt.n&%hma dedilatdt hiwal idate the -
modi fi cati ons corresponding to the -pixel- defined by the coordinate xatl,

Ynli S9sesdinghy. L6u¥nche ﬁhk‘él 13 ptotads iRl deststend by nifodetfef i ned by x min

=27 apd esenﬁmxmdae\s.ﬁt.ocszeqrmez "Rl the'y A0AmudNR1GATE act|ons occur with
respect to y .mnimm and naxi numregister 118, -z m.ninumand z ‘maxi mum

" regi at%red 38 zAgdsternd i nERRPATRECRAAISTANEEI MY ©cantrpAGsignat or di ngly, Li Yfl,

whi ched Somird & riute! SALoh &R Eﬁ%aa%éylﬁaﬁnfcli@rhhkhfﬂhm ni mum val ue or.
greater than the y maxi mum.vatuestored in-regis 11s, caiparatt 1.is

i Lf t Lsqckien BEQ GOk rtol Palingnthe Eb“éofﬁ,npl 76i yCBdy » ey WA ch -ui l t | *at*Y
Iniigidielayt g pal nt, @Rt's@?} 180 ediQe 2204y, 158 4BL )&gé Cxnl D Tnvl® Znl |

~tn4l) Simlarly, "R zn I's storedlnreglste _|slessthanaz
. moni nurA inigus yalygy eam#a!#aﬁl!ﬂhﬁhealmthvmauetméri@d in register 132 \.ﬁ

co rrpa{%tigéerlgﬁ ag %%Lﬁ&a@op q3b rﬂ'nt%sgp %ﬂ@:tol signal at =

control cltcuit 92, which in turn insttuc:s the paint sectlon 150
not to paint the plxel %, +1' Yn+1' zm-l.' tnu" Flnany.- it
tn+1' which is stored in register 150, is less than t mininum or
greator than t naxinua -tored in register 146, comparator 144
asserts a signal at control circuit 92, which in turn instructs

. paint_section 150 ndt to paint the pixel (xn+1, Yne1! Zneye |
tn+1,'. The minimum and maximum v#lues stored in régisters-loo,
118, 132 and 146 are preloaded by CPU 9 in order to define a
deslred *window" or clipplnq reglon on the display screen. ..

A pre-computed value dt ‘which cqrresponds to the a; b, - -1. ‘ _
€, and d parameters of the ;u:vc_belng.rendgred {which are séored‘dJ' c.' B - \~/_
in register 34, S0, -s_'z and 72) is calculated by the CPU 9 at | ' |
initialization tima.and_lpaded into register 1s8. _t-is given a
valﬁo equal to 0 at.initiazization tinc. Since dt iepresents the
pa:annter ntep size, it must be adjusted npva:dly or dovnwa:dly |

'in order to coincide with the adjustments tothe X, ¥, Z and W
AFDU circuits which were prevlously described vith :eterancan:n
?iguresll and 3. Acco:dingly, at is’ -httted one bit to the 1e£t
to obtain 24t at uultlplexor 153 when an adjust up is required in
order to correspond dt to an adjust up in the AFDU circuits. .



control*circuit 92, which in turn ihstructs the paint section 150 not to
pai nt the pixel (Xn+le yn+l' zn+l tnl) .Finayif t,+1 which is stored. in
register 150, is less than t mininumor greater than t maxi mum stored.in
regi ster 146, conparator 144 asserts a-signal at control circuit 92, whi.ch
in-turn instructs paint section 150 not to paint the plxel (xnflw. Yn, 1,
Zn+l ' £tn4,1,) The m ni num and mexi num val ues stored in registersl| 100.,

118, %32 and 146 are preloaded by CPU 9 in or der t.0o. define. a desired

"wi ndow' or clipping region on the display screen. A pre-conmput ed val ue dt
which corresponds to the a, b, c, and_d parameters of the curve being
rendered (which are stored in reglste?&34 50, 62 and 72) |s cal cul ated by

the CPU-9 at iginii@hiy7adti O chifE8a6H Lmdectaﬂenimﬁem st €P8btatln 1S given
a vdlue_equal to Oat jnitialization tin.. - represents the

paraneter st epitd? A "Pltlm'b’é’adjﬂt%dﬁﬂ/\/&ml‘?‘%ﬁ e RAndBRAPY AR or der to
coi nci d€~wi t h ¢daeréds a5 s e it BIE cdntr¥l e&z&m WYY A Dhd 1@l prestot aswhi ch were
preV|oust described wth referenca sto Fi 1 and 3. Accordingly,  dt

is' shifted onth Brder; to wpErqspend db toptha ad ‘%Rt’z'ﬂﬂ"t"l £t &48 X183 Znhen an

adj ust up is rgauErRyidlresids!. TR GANLE BRON ldtodtﬁu&lad%ﬂ W&derupsd N t he AFDU
circuits. Bluilarly. dt i shifted one bit to the- rlgﬁ:lrlorder to -

obtain dt/2 at“hightadds e Shenetp andoshores the, rosylts Sheveet ol BSaLabth opriate

control signal ﬁs@ssa{gtmphv £egL8tae! 191 [ Weiayed @Jvem t-.wuuexm.-am i n-order
to correspond dt to the a iustrrents made to the X . and WAWU -

CI rcuits. Thedeidy geddster 132589 thatiih,qg 4nd 'é.d&'éf“’hl%‘ \R,ﬁ??r‘f adds t - thereto

QdStoreS t herasp@stiviesy ! hﬁrﬁgisﬂeﬁ'nrﬁ@Eﬁ:ﬁﬁ.lﬂ-sgﬂnclda_m eldepUL L €gi ster 154
| n~del ayed several clock cycles in delay regllter so that..t =~ ~and t91

whi ch fre stor eMyeBdpagt 9898 Xas ﬁnre@nté“ E:BG"a'H‘d" YAckee in ti me

with - vill be an appropriato value tor compatatot 144 to compare
o agaimt values t . a_nd t

Iﬁ will be'appt@cldted that the above~described
lhvention inay be enbodied in other: specltlc torms without
departing from the spirit or essehtial chatacter!stlcs thereot.
The present embodimonts: are. there!ore. to be cons!dered in all
aapactc as {1lustrative and tot restrletlve. the scope ‘of the
irivention being indicated by the appended claims tather than b;
‘the foregoing description, and’ 11 changes which come within the

K./ . 'aeanlng ahd tangc of equlvaleney ara. theretore. lntehded to be '
| | _'embraced thereln. ' ' ' '

In our copendmg U K. patent appllcation No. 8925215
| (Divided out of the present application), there is descrlbed and
claimed an apparatus for deriving a reciproc_:al of the homogenous
" coordinate w for use in obtaining rational cubic ftmctions x/w, y/w
and z/w coordmates, said apparatus. comprismg° o
means for calculating a Taylor series approxlmatlon of said
) rec1proca1 of said homogenous coordmate Wy :
means for multlplymg said rec1procal of w by correspondmg
Xy Y and z coordinates, thereby obtammg the ratlonal cublc
functions x/w, y/w and z/w. '



val uei angle and YTn4l Yin' tn4l and an so that the-.value tin Viii be an
Appropriate value for conparator=:144 t,o conpare agai.nst val ues thin and

. tmex. It vill be appteciated that the Above-described invention may be 7.
,“embqdi ed in other specific.forns Vithout departing fromthe spirit or
essential characteristics thereot. The present Enbodi nents are, therefore,
“to be considered in all aspects to illustrative and hot restrictive, the
~scope of ti. Invention being indicated by the appended cl ai ns tather than
by the foregoi hg description, And ail changea which conme within the neaning
ahd range of equival ency Use, thetefore, intended to be enbthced therein,
In our copending U K patent agplication No. 8925215 (Divided out of the
present application), there is described and clained an apparatus for ,
deriving a reciprocal of thecbgﬁggenous coordinate w for use in obtagkning

- rational CUbIC functions x/ w coor di nates, said apparatu;a

conpri si ngt* neﬁhgp‘f‘GP“t?aFEﬁPHf ‘l‘?b“qa"f’a‘)ﬂ“B?’“géY'i"és“dﬁb? oxi mation of said |

reci pr Qedprochi cratrd hmgmu&&ag—r,dbnatger\u“rmaa& for multiplying said
reci procal of w by corresponding x, y and z coordi nates, thereby obtalnlng
the ra¥SndpEing Afoiradea R ro#gmweww A4 APRATAUS D9 CLAIMS 1. An -
appar agdaprfflhgoPbt ai ni ng an: approxi mation of the reciprocal of the
honogenous coordinate v Cor use-in the rendering of images on a display.
devi ce: sai d abFaFek deokBRFapLe Hg'"‘a‘?’t' Fefeivaes auf)"-’[“ébl e means for

recei Vhdi@ién bk lealla v cocrdinate; _
‘a second look-up tabla means tor recelving saia tirst Q;J
portion of said v coordinate; . _
a :aqlstor neans for racelving a second porticn of said
v cocrdinate. ' _ _ _ ‘ L
' said.tirst look~up table neans putpuffing a first value
co::esﬁéndlnq to gaid first portloﬁ. said second. look-hb'tahie
outputting a second value also corrcspondinq to saiq;tlrst ’,;3-’
portion, said reglster means outputting said second portion which ~
is multiplied by said sgcpnd va;uar_the;product of said ;econd
“value and said second portion b?;nq subtracted from said first

value such that én,approxiha;ion of 1/w is thereby obtained.

2. The Qppafagus according to claim 1 wherein saia. o U
approximation of the homogenous cogtdinate'w.conptises a .
- truncated Taylor series approximation.
3. The apparatus accordinq to clain ) & whercln said '
approxination ot 1/w is obtained within tvo clock cycles.

4. An apparatus nccording to clain 1 vhgreln said flrst_

- -

portion conprises a ptedeternined quantity o! the nost _

significant bits of the homogenous coo:dinate v and wherein sal&

* [ L M S *



—

«portion of said v coordinate: a second | ook-up table nmeans for receiving
said first portion of said w coordinate: a register neans for receiving a
second portion of said'w coordinate; said firrst | ook-up table neans
‘outputting a first value corresponding to said first portion, said seeonda
l ookc-up table outputting a second val ue al so correspondi ng to sai irst7
portion, said register neans outputting said second portion which- |s
mul ki pli ed by said second val ue, the product of said second .val ue and ‘said.
second portion being subtracted frommai'd first val ue such that an
approxi mation of.- 1/v is thereby obtained. 2. The apparatus according to
claim| wherein said K. approximation of the honngenous coordi nate w

“conprises a truncated Tayl or series approximation. 3. - The apparatus
according to claim | wherein said approxi mati on of 1/m1|s obtained wi.thin
two.closk cycles. 4. An apparatus according to claim1l wherein said first
porti egsconprises ‘a predeterm ned quantity of the nmost significant bits of
t he honbgenous coordi nate v and whérein sag-| | L 1112  Tiii! 1111111
second portion conprises a predeterm ned quantity of the.least S|gn|f|cant

bits of said csebi pai€ion.codpristht pRetaidined quantirpdbet eneCh@dst | wheréin
said first val ue conprlses |/wo and wherein the product of said second 2

portion conpri%gatthcant,bits 7k sald roprdinate Masponds to a predet erni ned
quantity of the npost significant bits of said hosogenous coordinate w and
vherein d corresposds The epparatus according to clainm 1 vwherein sald first

value comprises 1/v, and wherein the’ product of sald second
-\/, -. portion q:onptlscs d(l/uo.]. ..whercin_vo ‘corresponds to a N
predeternmined quantity of the most significant bits_ of sa__ld
" homogenous coet;unate w and u_herelb d"eorres'pon.ds' toa
'pr_e_détemiried quantity of the léast '__sigtp!.!icar_llt bits of said

homogenous coordinate v.

5. A method !or obtaininq an approxinatlen ot the ..
teciptocal of the homogencus coo:dlnate w for use in the
rendering of inages on a display device; said nethod comprising

the touoving steps-
lnputtlng a tirst portlon of said v coordj.nate to 2

ﬂrst look-up table means? .
1nputting said first portlon of aald w coordinate t° a

oLl



predeterm ned quantity of the |east 5| gn‘i ficant bits of said honpbgenous
. coordinate v. 6 . A nmethod-for obtainihg an approxi mati on of the reciprocal
of the honogenous coordinate v for use In the rendering of Inageg on a 2
di spl ay device;. said nethod conprising the followi ng steps: inputting a
first portion of sald:v coordinate to a first |ook-up table neanse | '
‘nputting said first portion of said v coordinate to a .~ ~ ~~~~~~~~~~ Co '
. e ... 2180111 1) "--31 - second | ook-up table nmeans; inputting
-a second portion of said w coordinatg to a register noans; outputting a
-first value corresponding to said Tidst portion fromsaid first |ook-up
tabl e Ngglicha PSR teaBfle Fesond 'val ue al so corresponding to said first
portion fromsaid second | ook-up-table neans: nultiplying said second .
portion by said second val ue:- subtracting said product of said secogd,‘_
portion and sai q,5649R4 & 2kdial SN SRbLE JaithS) gl,z Sugh L hat an’ L
appr oxi mati on of n?lw ?‘g aLhereby‘g"o_bt‘ﬁa{langd;-a; - 7¥ ga met hrd accor di ng\'F;B_
cl ai m 6 romister megpsid net hod for rendering an approxi mation of the . _
honbgenous coor ¢, g xoJar oIl ' Tavl or., seri,es approxi mation.
8  The net hod aCCOI’SIi:AI(I&gC&t gf%k;‘ﬁin“gé; q\%g%ﬁ’g\g‘gﬂ'ga%sg%dpr%gﬁtmtion of I/wis ~
obt ai peoovﬂ:itohi fronvmldl figiet chookesp _t_@bla némnsyret hod according.to claimé6:
wherein said fi %ﬁ&putt!nq a sécond value'£1§6 corréspohding to said ' o )
first portion from said second look-up table means: T

ﬁultiplylnq.sald second portisn"b§ said_pecdnd value; .

Bubﬁtactinq sa{d hroduc; og_sild'secbnd poftldn and "__ . e

sald second value from said tirse:vaiuk such that an

o —

approximation of 1/w lp_threbx obtained.:

. et : ~ .
Pl

7. The metherd accprd;ng.to claim'G.thereih said method for
rendering an approximation of the homogenous coordinate w
comprises a truncated Taylor series approximation.

8. The method according to claim . 6 wherein. said
approxlﬁatlon of 1/w is obtalned within two'clock.cycles.

C. The method a2ccording to claim 6 wherein said first
portion gémprises'a_predetermined quantity of the most
significant bits of the homogenous coordinate w and wherein said
second portion comprises a predetermined quantity of the least

significant bits of said coordinate w.

10,  The method claimed in claim 6 vherein said first value
comprises.l/wo and wherein the product'of said second and £h1r¢
values comprise d(l/wo)z wherein w, corresponds to a

predetermined quantity of the moét s;ghiticant bits of said

T
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portion: conprises a predeterm-.ned quantity of the nost significant bits of
the honbgenous coordinate v and wherein said second portion conprises a
predet erm hed quantity of the l|east significant bits of said coordinate v.
10. The nethod clained in claim -6 wherein said .first value conprises I/mu
and wgerein the product of said second and third 2 val ues conprise d(I/wo)
wher ekn w - corresponds to a predeterm ned quantlty of. the nost significant
bits of said I 11111111 111111 111111111111 . . - 32-
hompgenous coor di nat e w and- wher ei-n d-c@gr-esponds 'to a predeternlned _
quantlty of .the least significant bits of said * ~<honbgenous coordi nate W

g@ﬁ;atus for obtaining an appreoxi mation of the reciprocal of -
the honogeﬁlﬂ?@ YP Rt inatie opnd, yhetedn id, gorresaudentP 8f i nages on a di spl ay.

devi ce subspraétetmlyed§uditi ey BRI foad€ S1GhDAdantl Bits of salaet hod for

obta|n| , an agprOX|nat|on of th& -reciprocal of the honogenous coordlnate-
w for u§é i BPPPBRnoME RASFAHYte Vi mages on a di spl ay -device substantially as
herelnbefore descrlbed 111111 1111111111 111111

il. An apparatus for obtaining an eppruximatiun of the

recipracal of the honogenous coordinate w fur use in the
rendering pf images on a display deyice substantially as
- ~ hereinbefore described.
12. A method for ubtaiﬁing aﬁ approximatiﬁnfuf the
. ‘reciprocal of tﬁe anugenous cunrdinaté w fnr_use in:the _
rendering of images on a display devicéISUbstaﬁt;ally.as

' hereinbefure'dgscribed.-'
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