2204469 « 1-. METHOD AND APPARATUS FOR RENDERING VECTORS USI NG BRESENHAM
PARAVETERS Field of the Invention The present imvention relates to nethads
and apparatus for generating i mages on a cathode ray tube, ("CRT") or other

“di spl ay device. Mre particularly, the present invention reEﬁZg?Adgﬁgithods (
and apparatus for ‘the accurate rendering of gr gher order rved
surfaces, vectors or objects on a CRT or oth di spl ay.. Background of the

I nvention In many conputer systens, it is quite commobn to represent  and -
.convey information to a USeMETHID Agpﬂﬁuﬁg'xy.ofngnmeganmasgggngay take

a variety of forms, such aS Tor exanplH B BARMEERS  har act ers, cartesi an
graphs, and other pictorial represent atlons I'n many. applications, the
digital imges are conveyed to a user on a display device, such as a raster
scan video nonitor, printer or the like. Typically, the inmages to be

di spl ayed are storgq?hp°Q|g{§qu%Qﬂgg mani pul at ed, and then di spl ayed. :
"Paranetric curves re comon functions which are used

in the conputer generation Tfe pmsfeatdswamioob;eaetes &R xatdp&plaay ‘sppeinatas,

for exanple, in nmeghanical conppter alded X li cat,i ons.

Since i gh speed nAPAETErEESTL A8 FoRdALT T JR6 GRS CRRFROPEqIRET 5

known in the prior sdeprayhagficapeemre aadeiculgrof, ew ‘pedsdritnﬁsleaﬂﬂarﬁuémds

surfaces is usually done by subdividing and_rendering themon a as a
Doty of ‘otrai S TSRES DA TRRATAFIGH SR ECCERIE BT R AT

under st andi ng "of ploir@ér ukveL RO Auri&d sLEMHI0E] RIcEHsVES cBRELR! o W/ t-ﬂr:es,
see: Bishop, G ‘and Weimer, D., "Fast Phong Shadi ng" pp 103-106 Conputer
G aphi cs Vol . 20, Rtheedisplay. - . ' _ L

v

_ Background of the Invention
In many cqﬁpu;er systenms, it is quife common to
represent and éonVey.information to a ﬁser through digital
-images. These iméges may take a variety of forms, such as for
example, albhanuneric éharacters, cartesian gfaphs, and other
pictorial representations. In many applications, the digital
images are conveyed to a user on a displaybdevice, such as a
raster scan video.monitor, printer or the-like. Typically, the
images to be disblayed afe stored in digital form, manipuiated,
‘and then displayed. ' | | '
Parametric cuives and curved surfaces are common ' QZ:

functions which are ﬁsed in"the computer generation of surfaces
“and okbjects on a diéplay such aé, fpf examplé, in mechanical -
computer'aided design ("CAD") applications. Sinca high speed
hardware capable of rendering vectors and polygons is known in
the prior art, high speed rendering of cu;ﬁed'iinéé and curved

. éur:aces is usually done by subdividinq and rendg#inq them on a |
CRf as a plurality of straight-lines or planar polygons. (For a
nmore thoroughlunderstan&ing of prior art methods for rendering

~curves and/or surfaces, see: Bishop, G. ahd Weimer, D., "Fast

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

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



iAugust ,, 1986, Foley, J.D. and Van Dam A., 1983 Fundanental s of - 2-

| nteractive conputer G aphics, Addison Wsley, Reading, MA ; Gouraud, H.,
June 1971. "Continuous Shadi ng of Curved Surfaces " | EEE Transacti ons on
Conput grs, 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 higher order
curves and surfaaes, prior art systens enpt@-recursive subdivision nethods
~which are expensive to inplenment in conputer hardware -because of the high
speed stack nenory requirenents. The present invention enploys an adaptive
forward differengaterafifeiVe dofpitieir(ei@pitds; hhmeéﬁmSe)i,hkezm’iﬁbJ MKE;
associated with the prior art, yet requires rel atjvel

i nexpensi ve ci r cufoRF§ud siing "Bﬁillﬁlﬂ"y %‘?%Pﬂ“d?'?‘f"e‘f‘%r% ﬁb‘tg(%&dﬁ)ggﬂﬁ?g al ong
a-parametric curVieglrianeictiensd dnCEskphodts, PVs13NRS LHol NEGT pprsateg28;:as wel | as
a new adaptive met hod superior to prior art adagtlve subdi vi si on met hods of

recursively di vi B485¢heRof@cThaymE Loy i Faily, Fhaded-PRlyaeR Repder&rnl | er t han
one pixel. The pr&seited BYARESN vefaRbs Ndles [ Ppved-doslj bgust)Corasay amet er

|ncrerrent SO0 as t0 advance arong the curve or surface with a step size

(i.e., the di st ance. bet we!!‘PPGG'He- with iresRIcE t9 Ahm FEnderingoRhiieheraftierhe
current pi xel OCGEER it hRaldll VErf SH bpfank Undof SREEHAMY Vi Ch 1S
approxi mat el y equ to t he stance t ween two adj acent pixel's

(hereinafter ref esubdd\risioasn%h&!ﬁ ngiex are enpensiixe|to] heplemenh 1 coppper
adaptat i on | s Perd Qg Bedded 'y QLU IGh diRef WALE Windly LU ERAIESL 0 a7

i denti cal curve W eren ararre I on suc t'hat "t he step size is
[ nbeased or decreased sutie tplneaeﬁthhmeutnm pricgeca adaptdvs ifarvard) | y

difference ("AFD") technique which overcomes the prchlems
.“.associated with the prior art, yet regquires relatively simple and
inexpensive circuitry using ordinery forward di:ferencing
(advancing alcng a pareﬁetric curve or surface in constant
parameter increments), as well as a new adaptive method superior
to prior art adaptive subdivision methods of recursively dividing
the object until the resulting pieces are smaller than one pixel.
The present invention adapts the forward difference parameter
increment se as to advance along the curve or surface with a step
size (i.e., the distance between the previoaely drawn pixel
location and the current pixel locaticn of the curve or surface
k,/ being rendered) which is approximarely equal tc_the d;etance
hetween two adjacent pixels (hereinatter referred to as a “gingle
or one pixel fhcrement“). ‘“This adaptation is performed by
transforming the equation of the curve to an identical curve with
| different parameterization, such that the step size is increased
or decreased such that the curve proceeds in substantially
uniform increments from one pixel to the next. AFD differs from
prior-art recursive subdivision methods for rendering curves
because it does'nct require manipulation of the complex prior art

stack memory circuitry and therefore is simpler and more



uni formincrements fromone pixel to the next. AFD differs fromprior:art
recursive subdivision nethods for rendering curves because it does not
require mani pul ati on of the conplex prior art stack menory circuitry and
thergfore is sinpler and nore efficient. Further, the rendering of t
curve, curved surface or object yielded by the present invention is nore ™
accurate than it would otherwise be if rendered by the prior art ordinary
forward differencing nethod with piece-w se, straight-Iine or planar

pol ygon appr oxi mati on. - SUMVARY OF THE | NVENTI ON The present invention
over comes the obstacles and drawbacks contained in the prior art through an
adaptive forward differencing apparagBus for rendering a curve on a display
device (such as a "CRT") by actuating display elenents defining the curve.
The apparatus of the present invention conprises a nmeans for receiving a
plurality of data points representative of the display el enents which
define the images and a neans for increnentally rendering the curve in
substanti al | i.form er for ntaIIy
renderi ng th§£?{r#ai§3£| nggﬁ efé a’f'f V. u%gf 8?%%?%%9% pr xe'Tdns?rgfgg i ncl udes X,
Y, Z and W Adapsbjeet Ed.hmdjbﬂ m‘aepmawg.ntknmo AlsDhbreC aécitats thaw :
cal cul ating poi nt i n _honogenous coordi nates. The w AFDU
circuit is céﬁp‘?"é’da h&“i% g(fuﬁ"dfﬁ%ﬁ by B8 T RF P’é‘&“bf’bcal 1/ w of the
honpbgenous C@ewiracdfererentifig Gistfiod wath tﬁlec&aww,l rewalighsqm tolrp| ied by the

X, Yy, z coordinates to Xle|d t he
‘ planar polygo approximation.

j
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rational-,cubics x/w, y/w and z/w. The AFDU circuits are also coupled to a
pi xel filter circuit which, in cooperation with the AFDU circuits,

i fpl ements the AFD techni que- of the present invention by reparaneterizing
the X; y, z and w cubicfunctions such that. a curve is generated in
substantial |y uniformone pixel sized increments. The pixel filter circuit
of the present invention conpares the-current pixel location with the

previ ous pixel location calculated by the AFDU circuits and, if the current
X, Yy pixel location of the display neans is greater than-a one pi xel

i ncrement away fromthe previously defined4xs y pixel location, instructs
the X, Y, Z and WAFDU circuits to reduce the step size of the curve being
rendered. = Simlarly, if the calculated x and y increnents of the curve
bei ng rendered are |l ess than a predeterm ned portion (i.e. 0.-5 pixels), the
pi xel filter instructs the X, Y, BUMARY\OR\THE| INVEMIIONS to i ncrease the step

size of the curve being rgRdGegune Miant SIS0 LInYE thE cherddiSs AlRU Ci rouit

of the present invention.inpllenents the Bresenham al gorithm using many of
the sane circuit dxavbackmeontained Apdtheyprinr axtaphiaugh B adantivy fforvardce

met hod. The prese | | O P§AVi Ay 10 1.Qpi Ng
regi ons on a CRT g%fsép?%'&%g %@g#\‘s%gf of&n%%&;ﬁgnﬁnage&o%ln? géiggﬁ}gggs%??aces
and onto curves, ¢suthoasmaleri™)rbys Batiiating ddsplaynedemgntsfetisingthaces.

Qher features ang,advangaogs.phids QP%%Q%:%QQK?R%&E&#E&&Q%&’ia”ﬂea‘?;‘; the

foregoi ng specification.” ' _
for receiving a plurality of data points representative of the

(- . disélay elements which define th2 images and a means for
.igcrementally rendering the curve in substantially uniform single
. pixel steps. | '
' The means for incremeﬁtally rendering the image in
subsﬁantially nnifbtn single bixél steps 1n;1udes'x, Y, Zand W
Adaptive Forward Differencing Unit YAFDU" circuits for '
calculating x, ¥, 2 and w for a point in homecgenous coordinates.
The W AFDU circuit is coupled to a 1/w circuit that produces the.
reciprocal 1/w of the homogenous coordinate w. The output of the
1/w circuit is multiplied by the x, y, z coordinates to yield the '
rational cubics x/w, y/w and z/w. The AFDU circuits are also
coupled to a pi;el filter circuit which,_in cooperation with the-
[\ Arnﬁ'éiicﬁiéé, implements the AFD technique of the present .
1nvehtibh by reparameterizing the %, y, z and w cubic functions
S;eh that a'cuive ié generated in sﬁbstantially uniform one pixel
sized increments. ,
Thé pixel filter circuit of the present invention
: compares.the cﬁrtent pixel lécation with the previous pixel
location calculated $yﬂ;h§ AFDU circuits and, if the current x, y
pixel location of the display means i1s greater than a one pixel
increment away from the previously defined x, y pixel location,
instructs the X, Y, z.and W AFDU circuits to reduce the step size

of the curve being':endered.



BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1 illustrates an overall: bl ock

di agram vi ew of the present invention; Figure 2 is a block diagram of the
1/wcircuit of Figure 1. Figure 3 is an expl oded bl ock diagramview of the »
X AFDU circuit of Figure 1; Figure 4 illustrates a portion of the circuit”
shown in Figure 3 which is used in rendering vectors; Figure 5 is a flowe
chart illustrating a sequence of operations of the circuit of Figure 4,
Figures 6 and 6a illustrate an aspect of the present invention relating to
t he enabling of pixels on a display; and Figure 7 is an expl oded vi ew of
the pixel filter circuit of Figure 1. = DETAI LED DESCRI PTI ON OF THE

| NVENTI ON The present invention discloses apparatus and net hods havi ng
particul ar application for use in a conmputer sgstemused for the graphic
di splay of inmages. Although the present invention is described with
reference to specific ciggmilafly,bipeke adgirutea 52y Incrahemts bhrghe etcC.,
it wll be appreciated by one of ordi narghski Il in the art that such

details are di scﬁ“&%d’eéi‘?rﬁeydﬁfdp?ﬁ/llﬁ%’ B AePraISF SRIRe KA Ao ftrieng of

the present inveiPikels], thelpikbE @hede 1hoAROARRAIX,! @, Wendki | ARy I n the
art that the present invention nmay be practiced wi t hout’ these specific

details. |n ot heirenkhsate dacrease| st#p eilze 9t thegpurvehbrimgi yerderede di agr am
formin order not to ObfﬁH f)% Eﬁ(c?e%&orhmﬁ%ﬂti% SIYAEEE B2 Yredelle Fi OUT €

1 there |s shown an ove I agra
invention implements the Bresenham algorithn. using many of the

same circuit components utilized by the Adaptive Forward o
Differenéé ﬁethod. The pfesent iﬁvention also provides a means k_}
for defining clipp;ng regions on a CRT display, a means for

mapping imagery onto burved sqrtaces and onto Curvés, and a means |

for shading and trimming curved surfaces. Other features and
advantages will become apparent atter a reading of the foregoing

specification.-'



view of, the-present invention. In order to define inmages on a CRT displ ay
or other display device, it is necessary to manipul ate data at a hi gh speed
icn 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
knowt in the art that the location of each point to be displayed on a CRT
often is represented by digital values stored in a nenory device which
correspond to x, y, z and w honpbgenous coordi nates. The coefficients of the
equations describing curves to be rendered ¥ #he circuit of Figure 1 are
cal cul ated and supplied by a CPU 9 and are transmtted to the W X, Y and Z
Adaptive Forward Differencing Unit ("AFDU') circuits 10, 12, 14 and 16

which, in response, output X, prIpe SESERZP1GBRISH Dt DRAwFv@§pPectively, for
each plxel to be drawn on the drspray. Inhe w coordrnate outputted-by the W

AFDU circuit 10 is couple to th /me circuit 18 n_tur out put s
the current value of 1/v. g % uitgates Bﬁrﬂeﬁ&]t]\é\gi?ﬁl}ded{ﬂ%megé‘bfft he
honmogenous - 8the pmsredtrdabenﬂo(w e. multiplied by the current 1/w val ue
in order to obtain the ratio of two.cubic functions), by the 1/wcircuit 18
and the three multipliers 20, 22, and 24. More specifically, the X AFDU
circuit 12 outputs the cupigue x;ewmbmueagﬁnaomhalml &iredlk ogherein it
is multiplied by the correspondlng 1/w val'ue outputted by the 1/w circuit
18, such that a AAERt**x/w value is supplied to pixel filter ‘30. In 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,. 1/w circuit 18 and by the
multipliers 22 and 24. | Fiqusesd figstp emcn'edxbwk diagram ¥igy af rﬁ?‘?e’é of the

raQ/onal cubi ¢ f upedy EN%uE s Figure 1;

Figure 4 illustrates a portion of the circuit shown in

Figure 3 which is used in rendering vectors;

Pigure 5 is a flow chart illustrating a sequence of
operations of the circuit of Figure 4;

Figures 6 and 6a illustrate an aspect of the present

1nvehtion relating to the enabling of pixels on a display; and

Figure 7 is an exploded view of the pixel filter
circuit of Figure 1.



I nputted to pixel filter 30 and used to select the pixels defining inmges
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 c,'che'prew ously and instructs the\‘ﬁ;
X, Y and Z AFDU circuits to "adjust up" (i.e., advance the curve or curved
surface in |arger mcremants) by rTU|tIp| yi ng the parameter t by two or to
"adj ust down" (i.e., ] DREE 104, OF, QTEO™ce in smaller '

I ncrements) by divi d‘rﬂﬂ &Qﬁe&aiﬂﬁ?&ﬂn a:&uo&.s Qppm: £ ufi Jgegmrd" to the
next pixel such that the x, y and z coordi nates outputte y pixel filter
30 advance thevf@erwtbetkhg quépd:@}ed fon usecirCATCoAPySer systeml ysadn si ngl e

pi xel |ncre tod e re fully
described. T g*;‘."%e‘mf’gﬁ u?gpggga(f @lkec?%%‘lr‘\xahr%tﬁl %el%?nfol bows" [wherein
a curve sect dovention ig, ddsorlh;ﬁavﬂhereltehamw Gppaifdic ¢izruits( Iecki gure 6),

is replaced a curyve ;sect | aon, havin C nat es err] and [err] (see
" Figure 6a).] \Mﬁﬁ 285 SHATSe P tg‘\"/e £ "agpeg;iéncea?)‘?“f dder ed curve
by el i m nati ege tdfconithasy splmelln (theecartpthat! shahr ﬂ}tﬂhﬁwﬂ'elﬁsamae 6). The.

pi xel filter 30 .s, coupled, at o uts 33, 35 d 3 to a franme buffer
(not shown) \fgw ¢ PrPYAdR 2 more ShRTRRgh ‘g‘dﬁrﬁ-?fgg’? ?a’;"' BHe8 ot shown) or
ot her appr opiheémion.s Pk WwilE \thefetok® bedfppaent tbGiacsk it e iabineny, O
witing a color value at the pixels defined by the pixel coordinates

out putted by 3FFXBRtithe; RYeseRf drventipn may s PEEF‘&FRF Y¥thont theedigt h out put 31

of pixel fillspéci¥ecidecafiil! Ofh béhek instances, well known circuits are o
o’

shown in block diagram form in order not to obscu:e the present

invention unnecessarily.
In Figure 1 there is shown an overall block diagram

view of the present invention. In order to detine inges on a
CRT display or other display device, it is necessary to
manipulate data at a high epeed in order to select the pixels of
a2 CRT display that define the curve, curved surface, vector or
image i:hat 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 vaiues stored in a neuoty device
which correspona to x, y. z and w homogenous coordinates.

' The coefficients of tﬁa’ equations descii.bing curves to U
be rendered by the circuit of Figure 1 are calculated and

supplied by a CPU 9 and are transmitted to the W, X, ¥ and 2

Adaptive Forward Differencing Unit ("AFDU") circuits 10, 12, 14

and 16 which, in response, output x, y, ¥ and 2 coordinates,

respectively, for each pixel to be drawn on the display. The w

coordinate outputted.by the W AFDU circuit 10 is coupled to the

i/w circui\‘. 18 which, in turn, outputs the current valus of 1/w.

. The x, y and z coordinates are divided by the honrogenous



pai nt section 150 (not shown) which paints pixels in accordance with the
arc length value outputted by pixel filter 30 at output 31. The arc length
value is enployed in the drawi ng of textured (dashed, dotted, etc.) lines
and \surflaces. The drawi ng of textured |ines and surfaces does not, however,
f or Mran essential part of the instant invention as described and cl ai med
herein and a nore detail ed expl anation thereof is not, therefore,

necessary. In Figure 2 there is shown an expl oded view of the 1/w circuit
18 of Figure 1. The 1/wcircuit .18 of Figure 1 is ari*advancement over prior
art circuits for obtaining the reciprocal of win that the 1/wcircuit 18
of the present invention yields the reciprocal of wfaster, wth'less
conput ati onal overhead and | ess | atency than conparable prior art circuits.

Prior art 1/w ma&ayauﬁaéeyol G2kl Yuu18Ep13 ABY ORle ichBESHE D/ hORY th YFues P! OYi ng
a single |l ook-up table for the initial approximtion of the reciprocal of

w. These prior nbeb8§3in sheivesie odfatvp cubic fynatdensindby dhe Wanedrghit| ock
cycles to obtain g iﬂ"t th%& g%{rtqﬁi&gnﬁ asy, ahl&Present invention

requires only one c cycle e Iterafion conputation, thereby
greatly reducing | at encyﬂase corpifiical .y, t thep Xi AfDUaeircpbt H@deutpf®Ithe nor e

compl ete descri PLiaNkgly RLoltBld Ied NASPtonter 20 uallly 46V16 kL BIIGUS"

di vi sor reciprocation se uter ng, p
John Wley & Sonwy ﬁHe\Acdﬁmkporﬂmg 1/&9119;:) ompwﬂsaa\aethha/abﬂreuﬂesarl bed
superior resul ts, gﬂgresent Lpventi es a tr at ed Ta {l 2L 3S°erlxt"h

e

appr oxi mati on ut| B R x/f"oo 5[ 55?91# aﬁh"e}S
preferred embodi netmnalzlaehﬂ:ﬁ hgysw aﬂ(zgﬂtmemp@mdecﬁaotmrxemwipuir ehj |l e

taU 78 has 8 bi Lspoelilz Pvely?l%ye% rf.egn M‘rgvnc{:cui;s 10, 14 and 16, l/w .
circuit 18 and by the multipliers 22 and 24. 1In this fashion the
%, ¥, and z coordinates of the rational cubic functions are

. inputted to pixel :ilter'so and used to select the pixels
defining images of the raticnal cubic functions on a CRT.

The pixel filter 30 of Figure 1 compares the current x,

y and 2 gixe; 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, ¥ and 2 AXDU circuits to vadjust up" (i.e.,
‘advance the curve or curved surface in larger increments) by

i . ' _mnltiplying the parameter t by two or to "adjust down" (i.e.,
advance the curve or curved surface in smaller increments) by
dividing_the-pgrameter t by 2, or to "step forward" to the next
pixel such that the x, y and z coordinates outputted by pixel
f£ilter 30 advance the curve being displayed on the CRT
substantially in single'pixel increments. The adjustment
technique will later be more fully described.

" The pixel til;er 30 also detects and replaces “elbows™
fwherein a curve section having, for example, the coordinates
-(xo; Yo)¢ (X5e Y,) and xl,'ylj (see Figure 6), is replaced with a

curve section having the coordinates (x,, y,) and (x,, y,) (See



conputati on hardware to i nplenment the sanme in order to derive an

approxi mation of 1/w wi thout the costly, slower conputations required by
the prior art). Asis well known in the art,’ the Tayl or series

approgi mation is used to derive the reciprocal of the honpgenous coordinate
w. The Taylor series approximation states: [err] where [err] represents &%
pre-determ ned quantity of the nost significant bits of the w val ue and
where d represents a pre- determ ned quantity of the least significant bits
of the w value.. It has been discovered {hat” truncating the above |isted
Tayl or series approximation to include only the first two terns thereof 2
[err] renders a 1/w value which is sufficiently accurate for purposes of
obt ai ni ng t he rEkguEmAa) clibThis dmcddnento irprove/ thegpepearandopef e in the
rendering of i ny I : yrui 0, ig the
pref erred enbogllaér;r'g%fedog gf%e“%r%?‘éﬁ#@ﬁ%ﬁ?i%ﬂ%?% gg's&'zkiﬁ]lt so’ %e 13
nost signi fi canshoynt In Figumeedl) herein as "[err]") of that 21 bit value are
supplied to | ook-up tables 76 a /8. ook-u able 76 outputs th
reciprocal (1/[err]) of h%@zf?ﬁ ?g%teer’f 3 b‘v%ﬁ“ﬁ’ "li'nﬁht?% “?%te:?ét%'tad' regi ster
80. Simlarly,st0ek-aigrimbbatfad PhoxUslnving vhich/ [iar tion, isflcaepleartecsapondi ng

Lo A1 U1 1 oonpgl o S, Bt 4 B b, A 03t 57
to an 8-bit del sr seginihgrizddes bipi @abihig| §r deledng i wler glaluéd agsthe
signifi cant -bi tgixaells e&%&gedogytéhr;ep xue];.f ¢i:ocoirg rEatteg oav}zltlpgi\:,getdhl?y pivel filter
30 at outputs 33, 3s;and 37. .
Arc length output 31 of pixel filtef 30 is coupled to a \'J
paint section 150 (not shown) which paints pixelsiin accordance
with the arc length value outputted by pixel filter 30 at output
31. The arc length value is employed in the drawing of textured
{dashed, dotted, etc.) line§ and surfaces. The drawing of
textured lines and surfaces does not, however, form an essential i
part of the iﬁstant invention as described and claimed herein and
a more detailed explanation thereof is not, therefors, necéssary.
In Figure 2 there is shown an exploded view of the 1l/w
circuit 18 of Figure 1. The l/w circuit 18 of Figufe 1 is an

advancement over prior art circuits for obtaining the reciprocal

of w in that the 1/w circuit 18 of the present invention yields : X~}-

' the reciprocal of w faster, with less computational overhead and
less latency than comparable prior art circuits. -
Prior art 1/& circuits typically use a Newton
iteration algpritha employing a single look-up table for the
initi#l approximation of the reciprbcal of w. These prior
nethods require a large multiplier and take several clock cycles
to obtain a result. . In direct contrast, the bré;;nt invention
requires.only one clock cyéle for the iteration computation,
thereby greatly reducing latency as compared with prior art - ’

methods. (For a more complete description of prior art methods

L4



outputting of [err] by register 82, such that multiplier 87 nultiplies the
eight least significant bits, (terned herein as "d"), tines the contents of
régi ster 82 such that rmltlpller 87 outputs [err]  to subtracter.89 where
[err] i 4 subtracted from[err] in order to produce at ‘register 90 [err] - d
[err[”As stated, [err] Register 90; in turn, outputs the value 1/wto
multipliers 20, 22 and 24 as previously di f@ussed Wth respect to Figure 1.
Del ays 13, 11 and 15 are present to ensure“that the x, y and z coordi nates
outputted, respectively, by X, Y and Z AFDU circuits 12, 14 and 16 arrive
at nultipliers 20, 22 and 24 substantially coincident with the cal cul ated
correspondi ng 1/w val ue outputted by Register 90. Miltiplier 87 is an 8 bit
by 8 bit nultipliéer dietsionatidodglndévBsdyi rediprogation] ssee *Remputer e .
propagat ed t hroug Iy e nd r t i ne. cl ock
cycle. Fromthe a Bétgmg#lis)ccu?guogmﬁ’%f aw 2%9;%4&6)%@0‘?‘;1? Zd" £ E’é%)' %w 3rrp ‘oyi ng
the two, | ook-up Nab.l.essv?sﬁ)amb Zéhiehe they alsdvel-débcr tisadic etperddy refwts] and

[err] and conputipng those rod ce [er previ ously descri bed,
the present i nveangr?’ﬁﬁﬁﬂtdg gf‘?’bﬁﬁ Lfﬁ{)hﬁ%%g‘?f dfBut ati ons whi ch
were previously remomdauiantdﬂlﬁnaed@eﬁanedow-uprtaus devaracss (Lher eby

I ncreasing .the speed with which [err] is d In_the preferred

enbodi ment of the?'?L/W°c?’F°(,£ﬁf’E°d I&’ %‘Eflft!e? 1%%"\?31%‘%& 420 it
significant bits, oleputveRilei iazwal-ia Res appLe Guaps sk heditr ey en@ruhms bits

may be used as long as the values stored in the | ook-up tables enp g/ed are
adj usted accor di nﬁg’ﬁp"t?ﬁ% Brrdwaze tnofaplea-ak, the, sape é)?p?’fﬁ’tféd“/f’é’t’/&"&f R he X
- {‘/‘ approximation of 1/w without the costly, slower computations

required by the prior art).

As is well known in the art, the Taylor series
apﬁronimntion.is used to derive the reciprocal of the homogencus
coordinate w. The Taylof series approximdtionistates:

1/% % (1/vg) 12-a/wg _+'_(a_/w°$' - (d/wo) + (4t 4 amg)® ..

whgia'wo represents a pra-deternined quantity of the nost
signi:iéant.bits of thn;w,vaiug,and yhere'd reprasents a pre-
,detgrninedlqnantity of.the.least'siénificant'bits of the w value,
It has.beenﬂdiscévered thaﬁatrunéatinq the above listed T;ylot
series app:oxination to include. only the tirst two terms thereof
NS . (i.e. 1/wy- d (1/w ) renders a i/u value which is sufficiently

accurate for purposes  of obtaininq the rational cuhic functions
X/W, y/w and z/u £or use. in the rendeting of inaqes.'

. The w value outputted by W AFDU circuit 10, in the
preferred embodiuent of fhe present invention, cdmprises-zl bits.
The 13 nost significant bits (termed herein as- "w ") of that 21

~ bit value ato supplied to lookrup tables 76 and 78. Look-up _
table 76 outputs *he reciprocal (1/90) of the thirteen bit value
inputted thereto to_reqister 80. similarly, 1ook-up table 78
outputs a (1/\\1-..2 vnlue cdrtesponding to the thirteen most

)
o’ _
significant bits supplied thereto, to register 82. The eight -



AFDU circuit 12 of Figure 1. Y, 2 and W AFDU Circuits 14, 16- and 10 are !
identical in circuitry to the X AFDWcircuit 12, and therefore a thorough

understanding of X AFDU circuit 12 will also:fully convey the circuitry and |,
operagion of Y, Z and WAFDU circuits 10, 14 and 16. Each AFDU circuit
cal cul’ates a paranetric cubic function f(t) represented as: (1) f(t)= .

[err] For each x, y, z and w coordinate the paranetric cubic function f
is: x(t)=[err] y(t) =[err] z(t) =[errl yt) = [err] The above functions
[err] and [err] are forward difference bas functions which differ from
oné another as t varies fromO to 1 along a curve. The dt step size for t
IS automaticallé adj usted so that the curve increnments in approxinately one

pi xel steps as aPieed Lirang PLits TRk the (At PHY Wayaiuei d¥ecFupRided £oi an

functions [err]gand §&¥ayl réyigeds 3k SAdn2Oh RredyPhblaysdnd Bigdt fedst) [€77] 2

(4) T[err] (5) [err] - 13 - - ' '
significant bits a length of time sufficient to allow the
outputting of (1/\:0)2 by registér 82, such that multiplier 87
multiplies the eight least significant bits, (terned herein as
"q®), times the contents of registe; 82 quch that nultipl{e; 87
outputs d(l/uo)z.to subtracter 89 9he:o d(i/w;)zlis_subtzaqged
from (l/wo) in order to produce at register 90 1/wo -d (llwo)z.
As stated, 1/wy = d(l/wo)zssvllwa Register 90, in turh, outputs
the value 1/w to multipliers 20, 22 and 24 as previously 3 \-)
discussed with respact to Figure 1. Delays 13, 11 and 15 are
present to ensure that the x,.y and 2z céordinates outputted, . o
respectively, by X, Y and Z AFDU circuits 12, 14 and 16 arrive at
multipliers 20, 22 and 24 substantially coincident with the |
calculated_corzesponding 1/w value outpﬁtted by Register 90.

Multiplier 87 is an 8 bit by-a bltj#ultiélier. (1/90)2
and d are 8 hit_terms and ﬁgei;heggtprg wropagated thropgh ;o
subtracter 89.and th“?,:99$s§°?_9° in oniy oné‘c;ock cycle.

From the above discussion, it will se appfeciated that
by émplbying the two.lock-up tables 76 and 78 which yield,
fespectively. 1/w, and (1/w6)2.and computihg_those values to \;)
produce 1l/w as previously described, tﬁq'p;esent 4nvention avoids
the long latency'p;oducing comﬁutations vhich were previously
required in ﬁhe aforedescribed prior art devices, thereby
increasing the gpeed with which 1/v is derived. In the preferred
enbodiment of the i/w~circu1t, 18 produces a 1l/w value which has |
20 q;gnitigant bits, howevei, it will be appreciated that more Sr
less bits may be used as long as the vaiue§ stored in the look-up
tqyles employed afe adjusted'acCOrdingly.

In Figure 3 there is shown an éxploded view of the X



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 describe a
cubic curve are | oaded into:the four coefficient registers 34, 50, 62 and
72 ot dach AFDU circuit-at initialization by the CPU 9. At each clock
cycl™, the paraneter t increases by dt and the four coefficients are
updated to a', b', ¢', d while the four AFDU circuits 10, 12, 14 and 16
generate the coordinates which correspond to a particular prxel on the CRT
display. If the x, y coordinate currenttylXal cul ated by the X and Y AFDU
circuits 12 and 14 define a pixel location on the CRT display which is nore
than a si-ngle pixel increment fromthe previously defined pixel; then pixel
filter 30 instraEPY cdackitAFDOLCFigumetl.t oYdrzvmbaHdarlivyctmitadjtuslts gwin),
t hereby reduci ng,t h cI K, ycI each AFDU
circuit out putsqcoic}%d;{%% égacmhtlggqraertstﬁé%%gﬁéﬁﬁg r‘f‘ﬁ& 2El'rvegr n
substantially srthgteafopo mhhomqnmuéstahmm ef X kaw i:ashuonl,z will Aksax, vy
address step is s th@n S $ i.xel QeLene tge H g&rsly deflned
pi xel , then dt |s 1 SRrvY IR §“é&”ﬁﬁ}’ (PR °é‘a% ¢t h% @ é n the x,
coor di nat es suchafhﬂ&-agalM4anaun§tant|aIIy one pixel step is: |ncrenented
at each clock cycle. To reduce dt, by, ha the cubic fu ctro S x(t) y(t),
z(t), vv(t) are transf or FRGR D f’o‘f‘l’&éﬁt °21°"(1P5‘“ ‘xﬁr/‘?ft "I"’p' (t) -
y(t/2) [err] Zunétion=t @)t fepreseriteards:W (1) wt/2). [err] The

coefficients of the transformed set of cubic functr ons are %r ven by: a =
al 8. (1) £(t) = aB,(t) + bB,(t) + cB,(t) +d

U ‘
For each x, y, Zz and w coordinate the parametric cubic
function £ is: |
© X(t) = a B +b B +c B +d By '

y(t)-a3+b8+ca+¢18

Y3 ya2yl1yo

z(t). = a_B +bzaz+czsl+dzs° S i

w(t) L] awB +b B 2+C 81+de

The above functions 33(t)y Bz(t), Bltt) and BO(t) are
forward difference 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
Y approximately one pixel steps. as eiplained'below.' The four
forward difference basis functions'ss, 82. 31 and B, are listed

beibu:

_ 633t 4 2e

(2) By(t) = —
6

3) B,(t) = .

() By —

(4) By(t) = ¢t

(5) - By(t) = 1



- 14 - [err] ¢'=¢/2 -b/8 + a/l16 d' = d-In order to double dt, the ,
coordi nate cubic functions are transfornmed by: x'(t) = x(2t) y'(t) - y(2t)
z'(t) - z(2t) w(t) =w2t) In the case of doubling dt, the present
invention utilizes the follow ng coefficient transformation: a'- = 8a b' =.
4b+4a ¢' = 2c+b d'=d If the current step size being ysed by the AFDU ¢
circuits is correct, (i.e. substantially a one pixel increnent), then the
AFDU circuits generate coordi nates corresponding to a new pi xel and step
forward to that pixel by calculating the ¥kl owing transformation: x'(t) =
x(t+l) y' ' (t)=y(t+l) z'(t) - z(t+l) w(t) = wt+l) The correspondi ng

coefficient transformation for an increnent of one pixel is: a a

The above cublc functions x(t), y(t)., z(t), w(t) are
calculated separately by each AFDU circuit. The four -
coafficlients &, b, ¢, and d'which'deséribe'a cubic curve are
loaded into the four coefficient registers 34, 50, 62 and 72 of
each AFDU circuit at initialization by the CPU 9. At each clock
cycle, the parvamater t increases by dt and the four coefficients
are updated to'a‘', b', c*, d* vhile the four AFDU circuits 10,
12, 14 and 16 generate the coordinates which correspond to a ;,J
particular pixel on the CRT display.

It the x, y coordinate currently calculaied by the X
and Y AFDU circuits 12 and 14 define a bixel location on the CRT
display which is more than a single pixel increment from the
previously defined pixel,_théﬁ pixel filter 30 instructs each
AFDU circuit to divide dt by two (adjust down), thereby reducing

‘ the %, ¥ increments ﬁé-that at each clock cycle each AFDU circuit
outputs coordinates which define pixels along the curvé in

' substantially eingle pixel increments. In a similar fashion, if
the %, y address step is less than a 1/2 pixel-increment_from the
previously defined pixel, then dt is doﬁbled'(adjusted up) to
increase the change in the x, y coordinates such that again a (o
substantially oqefpixel step is incremented at each clock cycle.
“To reduce dt by helf, the cubic functions x(t), y(t), z(t), w(t)
are transformed as followgs '

X' (t) = x(t/2) = a' B,+b° B, +c' B,+d' B

x"0

y' (t) = y(t/2) = a'yns+b'ygz+q-ynl+¢-ya°

2z (L) = z(t/2) = al B +h! B,+c! B +a" B,

w' (t) = w(t/2) = a'w33+b‘w82+c'w31+d'wso
The coefficlents of the transformed set of cubic
functions are given by:

a' = a/8



b' .- b+ta c' : - ctb d = d+c Returning to Figure 3, in order to inplenent
t he above transformations (adjust up, adjust down, or forward step) the
pi xel filter 30 sends control signals to nultlplexors 32, 44, 46, 54, 56
and:¥0 % o select an appropriate input into, respectlvely, adder/ subtracter
45, ¥88, and 66. These nultipl-exors select the appropriate transforned
values for the a', b', ¢' and d' coefficients: As stated, the values a, Db,
c and d are initially |loaded by the CPU 9 into registers 34, 50, 62 and 72.
Rev coefficient values corresponding to the q55|red pi xel location are
updat ed and | oaded into registers 34, 50, nd 72 at each cl ock cycle,
thereby increnentally conputing the paranetric function x(t)=[err]. |If the
X, y and w coordi nates outputted by AFDU circuits 12, 10, and 14 correspond
to a pixel location which ps gpgateasé han a one pixel increnent fromthe
previ ously defined pixel, the coefficients of a', b', ¢' and d' are
selected as a =a/8, b' =b/ 484/ B/ =/ *P¥%/ 16 and d' = d. The 8a input to
mul tiplexor 32 is wired wiigh.aa eft shift of 3 bits to give the value 8a
for use in the above listed equations. Simlarly, the input a/8 is right
shifted three bits to obtain the value a/8. In general, dividing or
mul tiplying by an integer pRWRepftol #sur1s @@cawhb&aﬂawcabr@&dnwaﬁéﬂ
right or left shift. The coefficients for an adjust down operation are
obtai ned in two cl #%% teanafersmesibyy| | ows: First clock cycle, pixel filter 30
pl aces control signals on gu5351 Mﬁ5ch cause nultiplexor 32 to select A8,
nul tiplexor 4 to select A mul t1pl'exor 46 to select

. : y'(t) = y(at) .

z' (t) = z(2t)
W (t) = w(2t)

N

In the case of doudbling dt, the prgsenq invention
-utilizes the following coefficient transformation:

a' = 8a

b' = 4b+4a

c' = 2¢c+b

ar=a

it the current step size being used by the AFDU
L‘) . _circnits is correct, (i.e. substaptially a one pixel increment),
| then the AFDU ci:cuitg_gené:ate coo:ﬁinates corresponding to a.
“new pixel and step forward to that pixel by calculatinq the
following transformation:
x'(t) = x(t+l)
Y'(t) = y(t+l)
2'(t) = z(t+l)
wi(t) = w(t+l)

The corresponding coefficient transformation for an

_increment of one pixel is:



- 16 - B/4, nmultiplexor 56 to select 0, and nultiplexor 54 to select C.2.

At the end of this clock cycle, A =A/8, B =B/4-A/8, and C =C/ 2. During the
second clock cycle, pixel filter 30 places control.signals on bus 51 which
causel mul tiplexor 32 to select a, nultiplexor 44 to select 0, nultiplexor .
46 to select b, nmultiplexor 56 to select B/2, and nultiplexor 54 to sel eci
~c. At the end of this clock cycle, the result of the two clock cycle
operations is A -A/8, B =B/4-A8, C=C2-(B/4-A/8)/2. Adder s/ subtracters 45
and 58, as well as adder 66, are controlled_by. pixel. filter 30 in-order to
perform addition or subtraction operation$ ﬁ%cessary for the
above-described transformations. Simlarly, as previously discussed, when a
pi xel increnent cal cul attce 8y the X AFDU circuit 12 is less than 0.5 of a
pi xel step, the coeffig&pqgﬁ*;n b, cand d are transforned by: a' = 8a, b’
= 4b+4a, c¢' - 2c+b an ' To performthese transformations,
appropriate control sigetl=secfsom pixel filter 30 are asserted at

mul ti pl exors 32, 44, 46,.54,.56 and 70 such that the 8a, 4a, 4b, and 2c are
cl ocked into the corres%ond?ng registers in conjunction with
adder/subtracters 45, 58 and 66. Alternatlvely, if the AFDU circuit

cal cul ates an x increnent beh¥een 5 and } and a éc#gcrenent bet ween 0.5
and 1, then the a, b, cR&f® %ng%"ﬂ’r'%r?t's e aeWtrﬁﬂetﬁﬂ"éxors 32,

44, 46, 54, 56 melsi&nbuo’iﬁpraghhat@.cmhaoldoehgml soxassersteﬂ kye t he pi xel
fllter 30 such that glster 50 is updated by b' = b#+a, register 62 is

updat ed by c' =Pixep “d' £E FOs BN 7RSOl "'%16 E‘P}d‘“h"ﬁ’é@ﬁ‘%‘ﬁei’zeﬁ‘f éfai ns

unchanged. It %, ke MpdcPPraCidleet dnappreptiathhnpb! fiths dekpaBedlbddy, Circui ts
X, Y, and Ware used by the pixel flltaiepr tBo contrpgl the%oﬂ%ﬁtneﬁty of al |

four AFDU  ci r cRA%eS/SbRERCteRedSe/ P 8 \f6 CBUFEI Tt LRI cxens pelastt TP def i ne
pi xel locati on. appripsidth Gah8fdined va1i6s 26PUne! £CULI S c10ang ar

coefficients. As stated, the values a, b, ¢ ang 4 are initially |
loaded by the CPU 9 into registers 34, 50, 62 and 72, New
coefficient values corresponding ‘to the desi:edzpixel location
are updated and locaded into.registers'34, 50, 62 and 72 at each
clock cycla, thereby incrementally computing the parametric
tuncﬁion x(t)-ax33+bx +°xsl+dxso If the x, y and w coordinates
outputted by AFDU circuits 12, 10, and 14 correspend to a pixel
location which is greater than a one pixel increment from the
previously detined'pixel,Vthe-éoetficients of a', b, ¢ and d° _
are selected as a'=a/8, b'=b/4-a/8, c'=c/2-b/8+a/16 and &' = d. N/
The 8a 1npgt to nultiplexor 32 is wired with a left shift of 3
bits to give the value 8a for use in the above listed equations.
Sinilarly, the input a/8 is right shifted three bits to obtain
the value a/®. _ | | ' .
In general, dividing or nultiplylng_by an 1ngeger power
of two is accomplished by a hard wired right or left shift. The
coetticients for an adjust down operation are obtained in two
clock cycles as follows: rirst clock. cycle, pixel filter 30
" places ‘control signals on bus 51, which cause multiplexor 32 to '

select A/8, multiplexor 4 to select A/a,-nultiplexor 46 to select



Y

- 17 - 12 and 14, in cooperation with the 1/w circuit 18, multipliers 20,
22, 24 and pixel filter 30, ensure that the curves rendered are increnented
i substantially one pixel i-ncrements. Menory buffers 48, 60 and 68 are

useq toistore a sequence of the last N b, ¢ and d val ues, respectively, so
t hat=t he properly del ayed b coordinate val ues associated with the pixel
filter 30 control signal are used. This is necessary because pixel filter -
30 determ nes control decisions several clocks after the AFDU generates the
pi xel addresses. Menory buffers 48, 60 armil68-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 durlngva forward step

AFDU oper ation, AMdrhBRISipkenarant taspriert i an mpiripdexcr Y &Rt 194t s

hereinafter descrghad. ad ehbi dracat erioRheok Wpesd) AYV4/82d uB LAY S ahd)- i OF
art forward dlfferenC|ng nmet hods for rendering curves is overflow or

over | oadi ng of th&'%Cédi sPuring, $hel seEPnd; LGN EYI9e Rixelfddter 3P HRlaces
coefficient valueg,fifof 'ﬁgﬂ@f@%ﬁtﬂds‘?sf u.mf% Wl hRTtipeSbe’ &4 coaleiEtahi Ng

the curve. O course, If regi ster used r storing a coefficient reaches
capacity and- overml@mlemcm doecsaizet . apuliipbéxorhes sarse¥ect Pe cubic

function will beCIRLIBAISLY!S: sdilRe M35 otHa SILERILARN &Y Qxiaqﬁéc@cunmue

nmet hod and appara preventi ng su over rom occurli ng, there
ensuring conti nuotise aod rfatkis whpdbaentlat, i the gésulhecopihertwortlock dycte

e e orcBbS e g WAL B AL o0, o L1
an 0 of . Adders/subtracters 45 and 58, as well as adder 66, are controlled
| by pixel filter 30 in order to perforn addition or subtraction
operations necessary for the above-described transtormations.
sinilarly, as previcusly discussed, when a pixel
increment calculated by the x AFDU circuit 12 is less than 0.5 of
.a pixel step, the_coefficients a, b, c_and 4 are transformed by:
al = Ba;'h'.- 4btsa, c' = 2c+b and a' - d. To perform these
transtornations, appropriate control signals fron pixel filter 30
are asserted at nultiplexors 32, 44, 46, 54, 56 and 70 such that
the Ba, 4a, 4b, and 2c are clocked into the corresponding
registers in conjunction with adder/subtracters 45, 88 and 66.
W N | Alternatively, it the AFDU circuit calculates an x
increment between o 5 and l and a y increment between o 5 and 1,
' then the a, b, c and & coefficients are selected by nultiplexors
32, 44, 46, 54, $6 and 70 by appropriate control signals asserted
by the pixel tilter 30 such that register 50 is updated by
b! -b+a, register 62 is updated by c* = ¢ctb, d register 72 by
at -d+c and a register 34 renains unchanged. It will ba
| appreciated that only the outputs :ron AFDU circuits x, X, and W
are used by the pixel filter to control the adjustnent of all
.tour AFDU circuits since the x/w and y/v coordinates sutficiently
detine pixel location. In such a fashion, the AFDU circuits 10,



Figure 3 have a capacity for storage of three-integer bits, which,. for.

pur poses of convenience, will herein be |abelled, respectively, al, a
a3 and [err] and [err] a, and [err] are the most significant integer bits.
The npst significant fractional bit of register 34 will herein be |abeled a
Si nce Regi ster 62 accunul ates, on a forward step, the contents of registéw
50, it has, in the preferred enbodi nment, a storage capacity of nore than

t hree integer bits. The nost significant integer bit of register 62 is
termed herein as [err]. Registers 34, 58 phe 62 are coupled to a control
circuit 92 of Figure 7 (a detailed description of the operation of pixel
filter 30 and control circuit 92 as shown in Figure 7 will |ater be

descri bed nor &2f asd g}, viint héqpet'heiqni wisih £he v dOculitdldukpltiplidmsreto bits -

which indicatg.to,jh tr uit, 92 that t nt eger sto capacity
of registers ?ﬁ? ?3% gﬁ g %fl #;;ﬁ B FTER g‘ B8 8§§‘*B15§F% verflow -
Wi th the next aral iidraiérted Bebﬁust:anﬁalmstm ishmcmaﬁ}eﬁémas i'n which

registers 34 and 50 send a hit med herein as the "warning bit") WhICh
instructs the control '6?’“}"5%%‘"5% m“'t 78 rd. &P ‘FPI‘F@F’ % stera gt he next

adj ust up Wi | Isegéndet ot hanadeex i, 0w At d RAlbdH, e%'pesfﬁreﬁﬂ seafiaei ty of
regi sters 34 and 50. A warni ng b|t is asserted if: r the sign bit (sb)

of register 3408, Properly delayec b} cog¥dinabe é’t‘é‘?e%ﬂsiﬂ‘ Fith th%l gn bit of

register 34 OlpixkErdihtst 80 Rinkrof si@H1ShAd udéa 0" 'rhi[seié Inecesta@p bit of
register 50 or; [err] sign bit of register 50 or; [err] — sign bit of

regi ster 50. ‘H‘F&“ﬁﬁ%(?lb“ﬂ Filer3yp da‘se@e‘lasle&on%rehd%ecéa#msoqsevgrghal s

clocks after the AFDU generates the pixel cddresses. Memory ' Q;J

buffers 48, 60 and'sa store a sequence of-values so that the b
value having a delay equal to the number of clocks between the
AFDU and the pixel filte* 1s used to compute b‘ No memory
buffer ie necessary for register 34 since "a® does not change
during a forward step AFDU operation. '

| Another_important aspect' of the present invention is

L P T

hereinatter described.

A critical probtem which typically occurs . in prior art
forward diffe:encinq methods for reﬂaeting curves is overflow or
overloading of the registers used for storing the integer of the
coefficient values of the parametm;c cubic function used for
calculating the curve. Of course, if a register used for storing [
a coefficient reaches capacity and overflows, accurate .
calculation of the parametric cubic function will become
impossible. The present invention pzovides_a unique method and
apparatus for preventing such oyertiow from occurinc, thereby
ensuring continuous accurane implementation of the parametric
cubic function for rendering the curve. The following is an =
.exp;anation of this aspect of the present'invention.

In the present embodiment, registers 34 and 50 of
Figure 3 have a capacity for storage of three-integer bits,

which, for purposes of convenience, will herein be lahelled,

$
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to.mul ti:pl exors 32, 44, 46, 54 and 70, which instruct each ADFU circuit to
adj ust up, adjust down or step forward to the next pixel. Wen a warning
bft is asserted at control circuit 92 of - 19 - pixel filter 30, pixel
filtér 80 instructs each AFDU unit to .step forward to the next pixel

(i nstead of adjust up) when an adjust up is indicated by cal cul ati ons nade
by the pixel filter 30. Adjust down and forward steps are not affected by
assertion of the warning bits. Instructing_?gqh AFDU circuit t.o step
forward does not cause registers 34 and 50 t® overfl ow, since stepping
forward does not require multiplication of the coefficient "a" termby 8 or

mul tiplication Di,termpby 4. AF Ly quit h vent ed
from adj usti ng %shgﬁﬁvg%ﬁegébrﬁ’é T aggﬁhﬁl'e%dg%i %éht-?ﬂa%ﬁeb%val&?ﬁ%% bit is

de-asserted. Simds&rsignitivanbiinteperhitsst ThemestpisignifBedntefr8Gionadt t he
| nt eger storage %ngls'%éf)&%fr g‘glwgiﬁrhseréflﬂ béqtﬂ%gfLﬂG% W %%'\’,&O'\é%‘;‘l)'gx\" Wbt h next

adj ust up or for : ernme erern as over f I I'S asserted
whenever [err] sicgomiliatesf on; a[forwirdsstep,btke cbntents off régisten sbj titof c.

When the overflqow bi} iis assertedq it instructs _control -circupt. 92 to assert
control signals ‘ﬁf't%’é tiﬁlﬂﬁfﬁfﬁ‘f?p?“é’)?g?%”\fhi%ﬁt?rrﬁfr‘ﬁ?@t'cg%'cﬁkﬂﬁf)ﬂt PPcuit

t o adj ust down, sHrekhiritegér Bats.aNTrdjmust significantsistegesrhiar df irsgistdr cat ed
by the cal cul ati onz made by the pixel fi Ig.éer- 30. An_adj.ust down rel.ieves
the overflow proHf Fh‘f’ﬁ“f%éﬁeﬁ 8% 5y SRPIARTRTELI4 4 ﬁgr'ééﬂys%éﬁgi%phd

de-assertion of gha esreibl @urbift sTha BighRebi ttaQfethepias B&dcEiPtlon 56k and 62
I's used so that the warning bit and overflow bits will be asserted if the- -

i nteger portion B1® PRRFASEEIHEF RiXEEHIEER AT MY SOREPLI Tt o OF A%GEPIYR t he
posHive direct iGN refuie0? iTR! latieP Bd@etABLd WBralihenh) QIR {10pSxeL

filter 30 and outputs thereto bits-wﬁich-indicate to the control
circuit 92 that the integef.storage capacity of registers 34, 50
and/or 62 are in overflow or coulﬂuppgsiply oveftlbw witﬁ the
next calculation. Below are listed the éondition; ih.which
registers'i4 and sb send a bit (terned'hereih #Q'the “warning .
.bit") which instructs the céﬁtrol circuit 92 qf the pixel filter
30 that the next adjust up'wiil result in an oﬁertlow'ot'the
integer storage capaéity of'registers'BQ andlso.
' A-warning bit is asserted if:' .
a, f the sign bit (sb) of registe;.34 or;
W, ~ a, f sign bit of register 34 or;
a, o sign bit of register 34 or;
T a, # sign bit of register 34 or;
| b, 4 sign bit of reéigter 50 or;
b, # sign bit of register 50 or;
b, # sign bit of register 50.

The pixel filter 30; as stated, sends control signals
to multiplexors 32, 44, 46, 54 and 70, vwhich instruct each ADFU
circuit to adjust up, adjust down or step forward to the next

" pixel. When a warning bit is asserted at control circuit 92 of



a

conpl enent representation. It will be appreciated to one skilled:in the art
that. regi sters having a storage capacity for nore or |ess integer val ues

may be used in place of registers 34 and 50 without departing fromthe ’
concgpts of the present invention herein " - 20 disclosed. It will !’p
be appreciated fromthe above description that a critical problen1mh|ch
occurs in prior art forward differencing circuits (i.e. overflow of the
curve rendering units) is hereby avoided by the above descri bed features of
the present invention. The above-.descri bed=fltheti ons of the AFDU circuit
pertain to the drawing of curves. Figure 4 shows a sinplified circuit

di agram of the X AFDU chip 12 (shown in Figure 3) illustrating only the

conponents whi Gl,gf &148&d 359, &ﬁf\vﬂm&ysetﬁ&éﬁu&hw& ReouSuif L@geepart

illustrating the operatlon o e clrcuitry shown in Figure 4
perforning the foxwand to ghermaxtopixsl (Areteady ofredjuphjup) wheot oy adhistg t he

Br esenham al gor t 1\‘3‘?%& dsb \/\@chlig ,%Lndteh%gq:“ i%frk&}@% gnderlng of a

vector is initiate an1a gori mevers he' change in
x), dy (the chmdgesh Koy anErfor(ati‘ﬁa sBems end ot cxffectddeby)assertdod oo first

increnent), and,lnc 2 cong_i.ncr sich, will later he di scussed
nore fully with FeY‘e'f‘é'ﬁl%é’zg 21" 5‘?@:'% %'73' gg%‘%ﬁf‘%ﬁuég %@'sfﬁegfﬂjr . The
CPU 9 | oads r e@oss afor SéhseSBegiaﬂikﬁ@‘ \inahsd g6 dverklow,2simtedstepping
respectively

[err] and | Oadgofﬁggiy?%gglgfs%’ %éﬁl’ﬂcation ° éhrl \égettx'?cientdpo' nt val ue

tern by 8 or pultiplication of the “b" term by 4. The AFDU .
circuiis ?te thus ééeveﬁted from idjusting.up:until ;he curve is o
cempleted or until the warning bit is de-asse:ted.
Similarly, the bit which instructs pixel filter 30 that
the integer storage capacity ot reg;sters 34, 50 and 62 will
" overflow with next ﬁdjﬁst up or forward step (termed herein as
the “overflow bit") is asserted whepevex'al_f-sign bit of a;
b, # sign bit of b or <, f sign bit of c. When the overflow bit
is asserted it instructs control circuit 92 to assert control
signals to the AFDU multiplexors which instruct each AFDU circuit

o‘ﬁfc -

to adjust down, whether or not an adjust up or a step forward is
indicated by the é:I;ulations made by the plxel tilter 30. An
adjust down’ relieves the overflow problem in registers 34, 50 and
62, tﬁéiéﬁy'éauéing'dé;igééréién of the overflow bit. The sign
bit oi.registefs 34, 50 and 62 is used so that the warning bit
and overflow bits will he_asserﬁed if the 1nteqef portion of the
nunber stored therein is ge:ting too large in the positive
direction or too small 1n-the negativ§ direction in two's.
complement representation. - : _

It will be appreciated to one skilled in the art that
reéiéters having a storage capacity for more or less integer

values may be used in place of-registérs 34 and 50 without

departing from the concepts of the present invention herein -



t he val,ue 0. The operation of the circuitry of Figure 4 in the rendering of
an Xx-maj or vector in conjunction with the flow diagramof Figure 5, will
now be expl ained. A conditional circuit 64 outputs a 1 bit whenever the

si gn= bilts of register 50 and 62 are the sane. Therefore, circuit 64 wll
prowde a-1 input to adder 69 only when register 50 and 62 have the sanme
sign. As stated, since register 62 is |loaded with a zero- at initialization
tinme its sign is al ways 0. As such, circuit=&0 will:output a 1 to adder 66
whenever the sign -21- bit fromregister 50 is zero (i.e., the Err is
greater than zero). Wen the rendering of a vector is initiated, the CPU 9
commands the pi xediskidded, 30 to assert a control si gnal to the. AFDU
circuits so that nmultiplexor 44.is control to the sign bit output of

regi ster 50. Wen the sightMidlgrlepcha spryecigteds fxpn fPpyeefetcrintionen

channel s through e QLE:RUfcanpf&ﬁhﬁ%&cﬁ%ccmﬁnt&‘ié'é}@ Bilaf I el Ster

50 is 1, multiplexor 44 selectS the output of register urning now to
Figure 5, the Bretidffaesncing mivceits {bre.ovarslon obcthneeyrvcxsndering and

. di
et od Po b ook B8] o Ak AAaLEa) o Bobil SR BRY o)
equation Err - (Zrigesentbd)wentioﬁ.V\Inerel n dx -[err] and dy [err]. In block
162, the pixel having theE a ‘e“rrlt_d?% rr}%ex ujolnnat!eihpgg %g‘h%d in
re | ng

register 72 of Figure 4 a fe correspon ster of
the Y AFDU ci rcuuberi:&).nla me at-anlngnoi herﬁi‘l’ Bigpta. stdve ilsanplﬂméu

proceeds to step 164 iy d(;.r%é% |8% ﬂ%sﬁnghrlgdnvwzgﬁo%rm hg“ol;e ;he Err (the

val ue in regl ster '
illustrating only the components which are used for drawing

vectors. Figure 5 is.a tiowichart 111ustrating the operation of

" the circuitrf shuwn in Figuru'4 and pertéruing the exanple
operation of drawing an x major vector using the Bresenhan
algorithn which is well known in the art.

VWhen' the.rendering of a vector is initiated. the
Bresenhan algorithn parameters dx (the change in %), dy (the
change in y), Err (the Bresenham error tern), Inc i (a first

" increnment), and Inc 2 (a second incremgnt); which will later be
dircussed nbré'fully with references to figuré 5, are calculated
by the CPU $. The CPU 9 iaads registers 34, 38, and 50 with Inc
1, Inc 2, and Err respectivéiy,' Tne CPU 9 also loads register 72
with vector endpoint value xd and doads the ¢ register 62 with
the value 0. The operation oi the tircuitry oz”rigafe 4 in the
rendering of an x-major vector in conjunction with the flow
diagran of Figure 5, will now be explained.

A conditiohal clrcuit 64 ocutputs a 1 bit Whenever the
sign bits of register 50 and 62 are ‘the sane;' Therefore, circuit
64 will provide al 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 sign is aluays 0. As
such, circuit 64 will output al ‘to adder 66 uhenever the sign

e



If the error ‘is greater than or equai to 0, the sign bit of register 50 is
also 0 and the flow then proceeds to step 168 wherein Err is updated by
adding Inc 2 to the previously calculated Err. -The sign bit of register So :
conty ol s mul tiplexor 44 such that the Inc 2 (input at -multiplexor 44 whith
is stored in register 38), is séelected then clocked through 5
adder/subtracter 45 into register 50 whenever the sign bit of register 50

is zero. In block 165 the x and y coerdjnrates 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 AFDU circuit 14. As described above, this
addition is perforned - 22 - by adder 66 which adds the output of

circuit 64 to bhe fpoe\HeglisStox050 dBt ferof (1.@9) XherExk? 16 Yryavdrcthdme sign bit

of register. 62 is equal to the S|g%lmt of register 50. On the other hand,

if the Err is PBRR) -t Fgnothe; Kender Pﬁ%'ﬁ?%eéﬂé“l"ﬁ“&%p thecCPfer ei n t he

Err is adj ust edodanis muﬂxelontxher ROCYd QESdrt &alonbtall 8lgrdail td thered in
register 50) plus Inc 1 (stored in- reglster 34) and x is .increnented by’

one. [Note: |nAfPH sieutp e Shas BiltdRlexaredy, iéo?ﬂ"GFﬂ’atte the Aign bier enent ed

in step 166 beG@tﬁﬁ bPSegfiiRl 4d) titfen e BhE bi€ Wet :JﬁsGDJ lsgSPPYli ng to
adder 66 adds the output of circuit 64 (which is 0) to the contents of the

register in Y REEPAp¥qsuf4 than chapredsobhongh tthe raukput of TEHistemasy, which
is stored in realslRk 3 dst SE!ragifdr Do o™l & Bl lor 44 3ufecddag to the

contents of register by adder ~45 whenever t rr 1s greater or equal
to 0. Wien theoutmpt bf iregisteggdster 50 is positive, adder 66 adds the ‘

output of i rcuit 64"t qutlECRn 2! 8ke sS0kA BlestAndl abbREkss el LT OUON

vector betueen beginning and ending curve coordinates Xgr Yo and
%y Yl are initielizeq by CPU 9, as listed in block 160 of Figure
5. The error_tern (Err) is ealeulated.by the_equetion'Err =
(2dy - dx) >> 1 wherein dx = xl-rb and dy = y; = y,. In block
162, the pixel having the current x and y'coordinates (x is
Istored in register 72 of Figure 4 and Y is stored in the
corresponding register of the Y AFDU cirsuit 14) 1s written on
the CRT display. The ‘flow then proceeds to step 164, wherein it
is deternined whether or not the Err (the value in register 50)
| is greater than O.
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 wnerein Err is updated by adding Ins 2 to the previocusly
calonlated Err. The sign bit of register 50 controls multiplexor
44 such that tne Ine 2 (input at multiplexor 44 which is stored
in register 33). is selected then clocked through
edder/subtraeter 45 into register 50 uhenever the sign bit of
register 50 is zero. 1In blook 168 the x and Yy coordinates are
updated in the X and ¥ AFBU oirsuits by adding 1 to the contents
of register 72 in X AFDU 12 and the corresponding register in Y
| AFDU eirouit 14, As described above, this additios is performed



nultlplexor 70 into register 72. The fIOM/coanetes at step 170 when x is
greater than [err]. The above described circuitry of Figure 4 also permts
the reanring of a three-dinensionl vector. For exanple where. dz > dx
> dy ‘such that the z*axis is the mgjor axis and the x axis is a m nor
aX|§¥ the initialization of appropriate registers takes place in accordance
with the follow ng conditions: The residual of z. herein terned "RESZ" is
set to equal the integer portion of [err] TR Temainder of z, herein terned
‘remZ is set [err] equal the integer portion of [err] -23- The contents
of the c¢' register of the Z AFDU circuit, (terned herein as "reg cz") - the

conpl ement  of RES ad&l\pgg uhicg a%gnpt ha ou ugfo'zz "iigculﬁegl It.g the h' 3 a

because t he value he “exanp Pe operdation herern descri ecreases
as the vector is remdenw)ox f&qesuanmhwheerﬂmr sigr bit toﬁrraistnr 62 risas

"ERRZ" - (2*ren¥Z - ' notes a right shift by 1 |
bit): Increnment 1 ?‘B‘Vé %1 "2"&]'—‘5‘(\‘)\,% r%ﬁltfg%“fﬁlda *Z") = renZ, incr2Z = rent -
[err] The contents of the o thagétieerhami, thtRaNEDuxz'nawithaxi:n sile tipwequal
the initial value of z at the startlrggrx)rn of .t he victor bei ng rendered.

The residual of y,h3ERRPceeds e £1AP LGS, PR9TEIBhr ET% AP 2URBE: B8y is 0
in the exanpl e opeéqialote e Girdvikifelyi ddBulteaUsxd (stoFeddh register 50)

" plus Inc 1 (stored in register 34) and x is incremented by one.
{Note: 1In this example operation, the y coordinate is not
incremented in step lss-hecausq the adder in the Y AFDU circuit
14 corresponding to adder 66 adds the output of circuit 64 (which

| is 0) to the contents of the register in Y AFDU circuit 14
corresponding to register 72.)

Inc 2, which is stored.infreqister 38, 1s selected byf
multiplexor 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 :égister S0 is positive, adder €66 adds the output of circuit
64 to the contents of register 72 and clocks it through

" multiplexor 70 into register 72. The flow completes at stgp 170
vhen x is greater than Xy - _i o

'. The above descrihed circuitry ot rigure 4 also permits
L_/ : the rendering of a three-dimensional vector. For example where

dz > dax | > dy such that the z axis is the major axis and
the x axis is a minor axis; the initialization of appropriate
registers takes place in accordance with the following
conditions:

The residual ot'z} herein termed "RESZ" is set to equal
the integer portion of ldzl /7 laxi: -

The remainder ot z, herein terned rem Z is set .> equal

the integer portion ofldzl / |dx|.



The remai nder of y, "renm¥™ - the integer remairnder of [err] (Note: remy
Is dy in the exanpl e operation herein described because dy < dx). The
contents of the c¢' register of the Y AFDU circuit = RESY (Note: 1In the
exanp] e operation herein described y is not conplenmented because y -
I ncreases as the vector is rendered). The y Bresenhan error, "ERRY" = e
(2*remy - dx ) >> 1 (wherein '>>1'" nmeans shift right by 1 bit); incrlY =
ren¥; incr2Y = reny - [err] The contert33ef the 'd register of the Y AFDU
circuit is set to equal the initial -value of y at the starting point of the
vector being rendered. The results of the above stated conditions are then
| oaded into the C.0rfesﬁﬂﬂ%naer&-%ﬁth’e%‘Dk&l_glhiwlotzsgheTheAmxreuw 24 -
incrl, incr2 and c¢' register 62 of the X AFDU circuit are set to 0 and the
d' register 72(%tnmedhegeiarpy tregcer™) theorerpdeninthof BESE nj t (Neteval ue of x
at the starti. ' t bel _ f ' ep in the
renderi ng of Pﬂ:aaoggﬁlgrg,énét Eg %agr%ﬁs-&?géé %gggrﬁ%ﬁiﬁjg???ﬁﬁ?&iugs;added to
t he correspondimghd’ exagples cperatismdddein desdribed decinases asathw veekded t o t he
appropriate d' 11@%&4:‘2& ;f the sign bit of the error and the sign bit of
the ¢c' register have't E same value (ternmed herein as the 'carry
condition'). .It is inpohéanbrésenhot @rror thoms,crergedchemén aisi BERRAR | N
descri bed t hat carr ond(tio | wa resepts .a i,n_t X AFDU circuit
and therefore &%5?%* r%té"\r}a}ﬁel "ﬁ‘rf‘t K’Z’lgx‘g‘r'r'ﬁ 85 a right shi EEy 2 '
. bit); S . i

Increment 1 for the Z AFDU circuit ("INCR1Z") = remZ; _
incr2z = remz - jdx|; . : _ o/
The contents of the ‘d rsgister of the 2 AFDU
circuit is set to equal the,1nltial-valu§_oz,z.at the starting point
 of the vector being rendered. _ '
The :esidual of y, "RESY" = the integer port;on of
jay] 7 Jax] (Note: RESY is 0 in the example operation herein
' descrihe& because dy < dx). _
| The remainder of y, "remY" = the integer remainder of
[dy] / |dx| (Note: rem y is dy in the example coperation herein
described because dy < dx). _ - '
The contents of the c* :egistér of the Y AFDU circuit =
RESY (Note: in the exuample operation herein described y is not o
complemented because y.increases as the vector is rendered).
- The y Bresenham error, "ERRY"™ = (24remY - dx ) >> 1
(vherein '>>1' means shift right by 1 bit):
incrly = remY;
incr2yY = remY - jdx
The contents of the 'd registcrupt.;he Y AFDU circuit
is set to equal the initial value of y at the siarting peint of
the vector being rendered. B
The results of the above stated conditions are then

loaded into the corresponding Z and Y AFDU circuits. The ERR,



operati.on herein described, will always be increnented by 1. The carry
condition in the Y AFDU circuit will present a 1 when the Bresenham error
iss positive. In the situation when the Bresenffamerror in the Z AFDU
circuit{ is less than zero, the carry condition presents a 1 because the
sige’of the ¢c' register thereinis 1. The sign of the ¢' reg in the Z AFDU
iIs 1 since it is |loaded with the conplenent of RESZ. Since the carry
condition in the Z AFDU circuit is 1, -RESZ is added to the d' register of
--the Z AFDU circuit. Wien the sign of thq_ﬁkrgr i's 0, the carry condition
is 0 and -RESZ-1 is added to the d"-registe of the Z AFDU circuit. From

t he above exanpl e operation it will be appreciated that once the first axis
is chosen the other axis may be conputed using the above descri bed net hod
regardl ess of -whet inmrli Honco? hed e eegimter &2 ng therXiAFou dimciitcatasreas®i Ng

other axis 19 groad dnd:sh 46 /BB, ke hne Ao At PN R 0 8

other axis is greater an or Tess than I'T St

- 25 - In view of iiieiaboadudioZcxiati the stamtiihy polist etotia bectappseingat ed

t hat, when draw ng v%pto s, the AFDWcircuit provides a uni que nethod for
accuratel y i npl eneft1°fif*t'he Bresenham al gorithm which algorithmis well

known in the art. |t shoul gufiingOedth Stup £X ithefbnddriigett Ghe (VeetadOYRe c*
di scussion that with a rggriate initjali the AFDU circuit may al so

| .
i npl ement the wel 1¥%818 ntAch| AP C é%%'l g?r:“‘t’h?é%s‘é’ﬁﬁ%ﬁwaw‘arithm

whi ch cal cul ates tdereh0Rsl Rnx&laitfodll ¢4ie|bitl 1€ a2Bo RRALYERB e
begi nni ng and endi ng points, yet generates only oneém>«ﬂ | ocation x, y for
each unit increnen®PRERPIAate 'S Tegiatey 4L $he sign bit of the error and the sign

A bit of the c' register have the same value (termed herein as the
‘carry condition').
It is important to note in the example operiticn herein
described that a carry condition always presents a 1 in the X
AFDU circuit and therefore coordinate value x in the example
operation hé:ein described, will always be incremented by 1. The
carry condition in the Y AFDU circuit will present a 1 when the
Bresenhanm error is positive. 1In the situation when the Bresenhan
“error in the Z AFDU circuit is less than zero, the carry .
condition presents a 1 because the sign of the ¢' register
theréin_is 1. The sign of the c' reg in the 2 AfDU is 1 since it
W , . is loaded with the complegent of RESZ. Since the carry condition
in the Z AFDU circuit is 1, -RESZ is added to the d' register of
~the 2 AFDU circuit. When the sign of the error is 0, the carry
condition is 0 and -RESZ~1 is added to the d' register of the 2
AFDU circuit. f
. From the above exaﬁple opefation it will be appreciated
. that once the first axis is chosen the other axis may be computed
using the above described method regardless of whether the other
axes are being rendered in the increasing or decreasing
‘direction, and regardless'ot.whether the change along the other
axis is greater than or less than the change along the first

axis.



versions of the Bresenham algorithmare w dely used for increnentally:
steppi ng along the edge of a polygon in scanline order and in anti-aliasing
vectar technique.. (See Dan Field, "Increnental Linear Interpolation," ACM *
Trangactions on G aphics, Vol. 4, No. 1, January |9BS; Akira Fujinoto and
Ko Iwata, "Jag Free Images on a Raster CRT," Conputer G aphics Theory an‘d‘
Applications, edited by Tosiyasu Kunii, published by Springer Verl ag,

1983.) In Figure 7 there is shown an expl oded view of the pixel filter 30
of Figure 1. It is inportant to note that when drawi ng vectors, the pixel
filter 30 transfers control of the AFDU"d3XCuits to performthe Bresenhan
algorithm as previously described with reference to Figure 4. In this case
the 1/wcircuit 18 and the WAFDU 10 are not used. However, when draw ng
curves, pixel filter 30 Wertookbe tabeovi digcubsdoml, £ AHDU thereforiesbd 0, 12, 14

and 16 as preyiqu egcribed with.respect to,Fi 3 to perform
adj ust ments afdb %P\//\t/aergd&s tép‘é‘.“%@"éf'%r‘?”ﬁ?ﬁ' &%9%&§rﬁg pzfﬁHPJfUG of
Fi gure 7 store& wdquemetlic et wesufatiely impldmphting/\bhe Brasemhsmippl i ed thereto

by X AFDU circuit 12 d ltipli 20 f Fi 1) in fi ti
725 pr ovi oussiiogsfn, Bheh sigeRHE 15 Yo dngracls B pt.'s 3k eSS " 105 G

124 store y valsicbe [fdptédciated GhlYiew of ithaVdbobe diGBhsdioh thad witRS, 136, 137
and 138 store z val ue [err£ to Lerr]. Regi sters 148, 149, 152, 154 and 158,
as wel | as adtRREopsinte initiplizariony, the AFDY cigcyitopay alse, impiementti on with

the af ore- desgnd Reth GABROREALSL1A6 Yetdicha£knd Brdismua SdorRagi St er
102- 106 store, sequentially, each x coordinate supplied thereto by the X

AFDU circuit Ypicheatcupates) the clpsesthpixel to an ideal line in between w

~the beginning and ending points, yet generates only ona pixel
location %, y for each unit increment in y. These generalized
versions of the Bresenham algorithm are \.videly. used for

" incrementally stepping along the edge of a polygon in scanline
order and in anti-aliasing vector techniques. (See Dan Field,
"Incremental Linear Interpolation,” AcM Transactions’ on Graphies,
vol. 4, No. 1, January 1985; Akira Fujimoto and Ko Iwata, "Jag
free Images on a Raster CRT," Computer Grag. hics Theory and
Applications, edited by Toéiyasu Kunii, published by Springer
Verlag, 1983.)

In Figure 7 there is shown aﬁ exploded -v.{ew of the

pixel filter 30 of Figure 1. It is important to note that when o
drawing vectors, the pixel filter 30 transfers contiol of the '

. AFDU circu;_lts to perforr the Bresenham algoritha, as previously -
described with reference to Figure 4. In this case the 1l/w
circuit 18 and the W AFDU io are not used. However, when drawing

© curves, pixel filter 30 controls the X Y, z-'and W AFDU circuits
10, 12, 14 and 16 as previously described with respect to Figure
3 to perform adjustments and forvard steps.

Registers 102, 103, 104, 105 and 106 of Figure 7 store

coordinate values X, to t S which are supplied theréto by X AFDU
circuit 12 and multiplier 20) (of Figure 1) in five consecutive




most recently cal cul ated coordinate. At each clock cycle conparator 94
conpares the value [err] in register 105 with-[err] in register 106, and

conparator 112 conpares the value [err] in register 123 with in
registex 124. |f the absolute value of [err] and the absol ute val ue of
[ ers] are both less than 0.5 of a single pixel increnent, the controller

92 sends a control signal to all four AFDU circuits instructing the sane to
i ncrease the step size (adjust up) as previo@ély described with respect to

Figures 1, 2 and 3. If the absolute value of [err] - [err] is greater than

1 or the absolute value of [err] is greater than 1, the controller then

asserts a control signhal at all four AFQU circuits, which instruct the sane

to decrease the sPERORSLIogK;qyctetoufinilarlys B Iepiakers APy Hdecti2metRnith

reference to Fi guaas tha gtoraly Yaldell yestd @Il allkebfid,] ragigtard s, 19 sters
r

138 and 137 are not used to determ ne®whetNer .or not the step size should

be adj usted upwar dP§: Ir7 RATIAE GEFFDECHRISR 3hEC Znaatl VeRRSPES F4P 49,

sufficiently defing2p yByX&la how,2hk W12 hsPaddl U865 PhAY cokfRMBYSY 144 CELES € S
136 and 137 function as delay buffers so that val ues !&err] and Lerr] (whi ch
are stored, respe®Prratieyincenjungtionwith the pfore-geseribed cospeneiitso 28he

val ues of [err] 4 bt lbel gijn respectively, 122, 121, and 120)
and to the val ues o?gl[‘ “f‘? -?I%g?r-d and [err] (stored in registers 104,
103 and 102). AlternativelRegistext heR-3D€ gitare, sajueatifllyereach xcdordinate

absol ute val ue of [ r el YesnO : ixel ynitg, .then the
conpar at ors .94 ancguﬁggdﬁdngfe%ﬁg?%@o%ﬁol Cl r%ufﬁfgflt%cghéﬁrtu&“aﬁ t&gur
AFDU circuits to pestarereatlyocatzudatsidepoarddnatie. Oatasagh elackusyasledescri bed.

—

comparator 94 compares the value x in :egistér 105 with Xo+d

n+3
in register 106, and comparator 112 compares the value Ynes in
régister 123 with Yn+s in register 124. If the absolute value of
Xnes " *n+3 and the gbsoluto value of Yn+q = Yn4a Bre both less
than 0.5 of a single pixel increment, the controller 92 sends a
control signa; to all four AFDU circuits instructing the same to
increﬁse the step size (adjust up) as previously described with
respect to Figures 1, 2 and 3. If the absolute value of Xpig =
*Xn+3 ié greater than 1 or the absoclute value o£~yn+‘ = Yne3 is
greater :han 1, the controller then asserts a control signal at
all four AFDU circuits which instruct the same to decrease the

o ' step size (adjust down), also as previously described with
reference to Figures 1, 2 and 3. ' '

valges 2 and Zh43 stored in registers 138 and 137

. n+4
are not used to determine whether or not the step siza should be

. adjusted upwardly or downwardly because the x and y coordinates

- sufficiently detine a pixel location on a CRT display. However,
registers 138 and 137 function as delay buffers so that values
Zo42¢ Tney and z, (vhich are stored, respectively. in registers
3115-134) 9111 co:;espond to the values of Yneat Yne1 and Yn

(stored in, :espe;tively, 122, 121, and 120) and to the values of



It is inportant to note that all four AFDU circuits 10, 12, 14 and 16" of
Figure 1 are adjusted upwardly, downwardly,:or forwardly in synchronicity
by pixel filter 30. Elinination of redundant pixels in a displayed i nage
wi | Iinow be described. Conparator 96 conpares the value [err] which is .73
storéd in register 104, with the [err] value stored in register 103. -
Conparator 114 conpares the valwue [err] in register 122 with the val ue
[err] in register 121. |If [err] and [err] conparators 96-and 114 assert
signals at control circuit 92 which, in tugp,-output an invalid pixel bit
to paint section 150, such that paint section 150 invalidates the
nodi fi cations corresponding to the pixel having the coordinates

cor r espondi ng t:qHFentrn],,I_and kpristored! inriragistens di04; elddoamd 102be figures 6

and 6a) in a displayed Aﬂa? tw['%b'n9|¥vné?'e a|ss6 *'195?8}# ggr;par at or 96 3 gonpar esi

the integer part of theVva regrster H e mﬂager part
of the val ue [elnfe] abetmagwah&r ot 07, aremxethabetvedid 4.6andar s t he

t t of | t 12 t t of ..
the val uo. [ er 7 PLh bt S tape fbe'c%?%%gser 808 by <SlEPH T s Gqual

to 1 and the ata&buizee!awenﬂm&ernh t&rentnﬂ cirtultd enpar@spmmat ors 96 and .
114 assert signals at control circuit 92, which, in turn, outputs an

inval i d pixel DIOFwaEs ghemePeratioh as1Brevicwtly fesaribed-nt section 150 wil |

not paint the pixel whoge sgOoQilrEHtCEo GRES THRE ML SodrChfu dDrbuies r,_}, )
28 - Defining a clipping region in the displayed screen will now be

descri bed. Prel¥adtH andtls pEFignrs 3 avp adjusted Npyapdiy, |demupxdly, or o

respectively, XedlRidiy MR AYncn BRILIEY By LS 213eed $6.TUM and v}
Elimination of redundant pixels in a displayed image

will now ba described. Conparete: 96 compares the value x

n+2

which is stored in register 104, with the x value stored in

n+l

register 103. ~COmparetor 114:compares the value Ynea in register

122 with the value y .. in register 121, If xn+2'- Xpey 804 Yoo
* Yni1? comparators 96 and 114 assert signals at control circuit
92 which, in turn, output an invalid pixel bit to paint section

. 150, -such that paint section 150 invalidates the modifications
corfespondinq to the pixel haviné'the coordinates corresponding
to x,., and ¥, 5. '

Elimination of "elbows" (see figures 6 and 6a) in a
displayed image will now be disclosed. Comparator 96 conpeeee
the integer part of the value x in register 104 with the
ihteger part of the value x, in regieter 102 and the comparator
114 compares the 1nteger part of the value Yne2 in register 122
with the integer part ot the value Yn in register 120. If the
absolute value of x +i - x is equal to 1 and the absolute value
of Ynea = Yn is equal to 1 then comparators 96 and 114 assert
signals at control circuit 92, which, in turn, outputs an invalid
pixel bit to paint section 150, such that paint section 150 will .

not paint the pixel whose coordinates cbrreepond to x and

n+l

Ynsr®



y maxi num val ues, z mninmum and z maxi num values and t m ni num and t

mexi mum val ues. Corrparator 98 is coupled to register 103 and conpares the
value [err] with x maxi mum.and x mininmum If [err] is not within x mininmm
and x gaxi mum val ue, conparator 98 asserts a control signal to control
cirguit 92, which, in turn, instructs paint section 150 to invalidate the
nDdlflcatlons correspondlng to the pixel defined by the coordinate [err]
[err] which pixel is outside of the wi ndowddef i ned by x min and x nmax

val ues stored in register 100. The sanme actions occur with respect to y

m ni mum and maxi-mum regi ster 118, z mninumand z maxi mum regi ster 132 and
t mnimum and nmaxi mumregi ster 146. Accordingly, [err] which is stored
in register 121, is | ess Defiminghe %iHP#ﬂgnﬂ?ﬁi\?aI’d’e%‘F dreiared screar vhHe y

maxi mum val ue st Qpgq,d Eei&%é& el prlehBadé TREY b stdid 108! 118! 852 Bnd0LKe' O!
signal to control _circurt 92 ‘which ulti mat el y instructs the pai nt section

150 not to paint arpe !pﬁmﬂti[-'e'm.] x Siimilkyy ppd ¥ payiaup|vaiiesmHhyimindeun ael | n
ister 135, i m
regrster IS I)eglaﬁfnlexgq}%ége? o YT ‘Qﬁh%eiggﬁiﬁke@iﬁﬁs lﬂ@”ﬁ tngﬁ%n{mﬁaﬂ mu

val ue stored in ‘a“conpar at or asserts a con st gnal at
control circuit S84 teaginunvilnes. | nstpmt.ex Bheiqoaounlesem regist&d 10t to

pai nt the pixel [err] Final i err| ch_is, stor | 150, is
| ess than t mini %‘ﬂ @f'@a%‘f vf’;l‘é% xn'l-n%ﬁ’fi@?ma’ n rg’ﬁh"&é I%46

conpar ator 144 asee %tﬁ fiots wtitin Rimindibd @hd Of Raxlinim SHhlue)icobparatdtivg :
I nstructs paint section 150 not err],. -The m ni num

h
and. maxi mum val ufSsexySs éo"‘i”ﬁ'?‘eQﬁ‘%’f‘g’?gg%ﬁgtg%ggrqﬁge’gng“%&% dpct Plel oaded

by CPU 9 in ordefinkend®hi gin® section?350 tdesivagfda 'ado%amcsdibayl ng region

on\the display screen.
corresponding to the pixel defined by the coordinate x

n+l’ Yn+1'
LY tn#l which pixel is outside of the window defined by x min
and x max values stored in register 100. The same actions occur
with respect to y minimum and maximum register 118, z nininum an&
z maximum register 132 and t minimum and maximum ;egister 146.
Accordingly, if Yn41v which is stored in register 121, is less
. than the'y nininun valué or greater than the y maximum value
stored in register 118, comparator 116 initiates a control signal
. to conﬁrol circuit 92, which ulitimately instructs the paint
section 150 not to paint the pixel (“n+1' Yne1? Znart n+i,'.
Similarly, it Zpayt which is stored in register 135, is less than
\y/ a z nininum value or greater than the 2 maximum value stored in
register 132, a comparator 130 asserts a control signal at
control circuit 92, which in turn instructs the painﬁ section 15n
not to paint the pixel (x Wy Yne1! Zne1’ Ener)e Fina;ly, it
her? which is stored in register 150, 'is less than t minimum or
greater than t naxinuﬁ stored.in register 146, comparator 144
asserts a signal at control circuit 92, which in turn instructs
paint section 150 not to paint the pixel (x +1, Yne1! Zner?
| n+1)'” The minizum and maximum values stored in registers 100,
118, 132 and 146 are preloadéd by CPU 9 in order to define a



A pre-conputed val ue dt which corresponds to the a, b, ¢, and d paraneters
of t-hé curve being rendered (which are stored in register 34, 50, 62 and
72) is calculated by the CPU 9 at initialization tinme and | oaded into
regisger 158. t is given a value equal to O at initialization tinme. Since™
dt ri%resents the .paraneter step size, it nust be adjusted upwardly or °
downwardly in order to coincide with the adjustnents to the X, Y, Z and W
AFDU circuits which were previously described with reference to Figures 1
and 3. Accordingly, dt is shifted one bit-txg +he |left to obtain 2dt at

mul ti pl exor 153 when an adjust up is required |n order to correspond dt to
an adj ust up |n t (S I rcult |n1IarI I.fted one bit to the
right in order ﬁal’[')#m{: w/t'2 af §%ﬁﬂ§f'? ‘ieg °T5§'e a%ﬁ"q‘? TP s sel ected
by appropriate cont rol srmahaapnsaewhm Ry wiieh rodrrésponds ttoOtheih, b,

mul ti pl exor 153 in grder to _corres ond dt to the adjustnents nade tQ the X,
T 7 Bnd W AFDLP AP Peranpress, aF heorurye beng, Resdebe (PRAHIbEY SYeduni ch

adds t thereto ange§isteesad,nso; @3Udras7)escnficirate@ds thé cbde athe out put
register 154 is deI ayed several clock cycles in del ai/%regl ster 152 so that

[err]-and tn whitfiatigation tire sogdepiebipto rraiassr st%8-s uds eiven Mg

coincide in tingveldyuidl teed d€hitiandzdt3bh ltine ANG1A&H Gt SR rédlats idhe Val ue
t will be an appropriate value for conparator 144 to conpare agai nst val ues

[err] and [err]Parppetsin ptepesizmr dtimet o pdiusted upNenAlydes deymegdhihvent i on
may be enbodi edj B 84heb SARELde Qa.éh?'i:ﬁ@ a\é@&m%tsdﬁgaiﬁe' RO TR spirit

or. essential characteristics thereo he pr esent enbod |rrents ar e,
t heref ore, to DAFD¥oetxcdste which were prpeiouslydesddibed with \zefarricn dto

restriotive, thegaeeps ela 0 AMYRALE), e W ah I8 UATIY LG pRE"ISC ~

cl ai ns rather t
to obtain 2dt at multiplexor 153 when an adjust up is required in

= order to correspond dt to an adjust up in the AFDU circuits.

Similarly, dt is shifted one kit to the right in order to;obtain
dt/2 at multiplexor 153. 2dt or dt/2 is selected by appropr;ate
control signals asserted by control circuit 92 at multiplexor 153
in order to correspond dt to the adjustments made to the X, ¥, 2
and W AFDU circuita. The value of dt is outputted to adder 156
vhich adds t there:o and stores the results thereof in register
154. The output register 154 is delayed several clock cycles in
delay registér 152 so that t

n+l
respectively, in registers 159 and 148 coincide in time with W/

and tn which are stored

values X1t and Yne1' Ynr Zneys and z, 80 that the value tn-l
will be an appropriate value for comparator 144 to compare

against values tain and toax®

It will be appreciated that the above-described
invention may be embodied in other specific forms without
departing from the spirit or essential characteristics thereof.
The present embodiments are, therefore, to be considered in all
aspects as {llustrative and not restrictive, the scope of the

1nvention.being indicated by the appended claims rather than by



3

- 30 - the foregoing description, and all changes which cone within the
meani ng and range of equivalency are, therefore, intended to be enbraced
tsher ei n; - 31 - CLAIMS 1. - An apparatus for rendering curves,
curyed Qurfaces and vectors defined by mmjor and mnor coordinates
on &“di spl ay device having a plurality of display elenents, said apparatus
conprising: neans for rendering curves and curved surfaces using
adaptive forward differencing;. means for rendering-vectors conprising: -
means for receiving Bresenham paraneters defini‘rig an ideal vector

bet ween begi nning and endi ng display el ement coordinates [err] and [err]
means for initializing a Bresenhamerror to- Bg < he change in the major
coordi nate of the ideal vector multiplied by one-half, plus the change in
the m nor coordinate of the ideal vector; means for di spl ayi ng

i nst ant aneous 'coor di nat es of said vector being rendered; means for

conti nuously updat?’ﬁg@??@"ﬁ_‘%é’éfﬁﬁﬁfm Andatishandes chleh some natRin the s d
i deal vector and Oﬂm.wqadlmgsw%mmn@i a¥8) knéPeideh, NRkiaecactipe ed
conprising: neans for determning et her -or not said Bresenhamerror is
greater than or ectmbraces shexeine cach one of said instantaneous

coor di nat es; ' -



i f said Bresenhamerror is greaterthan or equal to zero, means for .
updating said Bresenhamerror by adding a first predeterm ned increnent
to said error; if sai.d Bresenha han zero, nmeans for

updat i ng said Br esenham error bymmmmu"H pr edet-er mi ned i ncrenent 1o
sai d Bresenham error; 32 - it said Bmesenh error is greater than O
equal to zero, neans for adjustlng the incrementation of said vector being
rendered by increnmenting said major and 4y nor coordinates of the :

I nst ant aneous coordi nates by a predetermned value; if said Bresenham error
is less than zero, nmeans for increnenting said major coordinate of the

I nst ant aneous coordi nates by the predaiggred val ue. 2. A net hod
for rendering curves, curved surfaceS—and vectors defined by ngjor
and mnor coordinates on a display device having a plurality of display

el ements, sai d.nethod canprappagatas Staps renderdng vcngvesurveurvéarved
surface or ve a e Jidgled e co | sjy

Br esenham par gtﬁg?grggg ta?xdﬁl r?; anq{%eﬁeﬁéﬁ%r%}e}t V\nggei&[‘)egﬁén ng and endi ng
di spl ay eIeneﬁ?°€§éﬂétﬁ§ta9[Qw@}SEhQY[éPV}CGehGE#H%;QPEQE!#L@EYaﬁﬂ curve

surfaces usingiagapyi ¥eehenea!dsdihf appacheds esﬂaﬁsﬂagt he vectors

enpl oying a form of the Bresen m al gorith sai d nethod comprising_the
SFEpSy g means E%r enderTng curves anén)curvg

surfaces using adaptive forward differencing;
means for rendering vectors comprising:
means for receiving Bresenham parameters .

defining an ideal vector between beginning and ending \/

display element coordinates xo; Yo and Xy, ¥Yyi
means for initializing a Bresenham error to
. be the change in the major coordinate of the ideal
vector multiplied by one-half, plus the change in the
minor coordinate of the ideal vector; o '
means for. -displa&ing instantaneous
coordinates of said vector being rendered; '
means for continuously updating the Bresenham
error between each coordinate of said ideal vector and
corresponding coordinate of said vector being rendered
comprising:
means for determlning whether or not said
“Bresenham error is greater than or equal to zero at
each one of said instantaneous coordinates;

) if said Bresenham error is greater than or
equal to zero, means for updating said Bresenham error
by adding .a first predetermined increment to said
error; _

if said Bresenham error is less than zero,
means for updating said Bresenham error by adding a
second predetermined increment to said Bresenham error;

~
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of: initialirzing a Bresenhan1erro#—%a~be*”fﬁ"€ﬁange of the mgjor

coordi nate of the ideal vector multiplied ,  plus the change in
the m nor coordi nate of the-ideal Eﬂ“ ww I nst ant aneous

coordi nates of said vector being re ) Isnueusl y updating the

Br eSenham error between each coordlnate of said ideal vector and
correspondi ng coordi nate of said vector keiBg.rendered conprising the steps

of : - 33 - determ ning whether or not saild Bresenhamerror is greater
than or equal to zero at each one of said instantaneous coordinates; if

sai d Bresenhamerror is ghafatgdid haﬂeﬁénﬁﬁiﬂa|eztr(bziei§) gltad%b&ngaﬁai dor

Br esenham error F% 3dq§ng a first % r |ncr to said erro | f
sai d Bresenham &8, I%§§°thﬁﬁ [éﬁﬁq n%%ﬁ EPEEEﬂﬁﬁﬁ?té??or

by adding a ﬁcoadldr et o ﬂned.ngncrenéeredo by dnBresemnitimger said | f
sai d Bresenham ﬁ{a 48 | Sarfll 3lfHod Nk, dé?ée%é%t OoEerEheadLiiéEhHEaRESus

i ncrenentation-of “sai d vector elng ren y 1 hcrémenting sald maj or and
m nor coor di nat £9°FAinpdeisn byt predeserBinadn¥edyepy a predet er ni ned

val ue; if said Bresenham qier ogai beesehhan 4&&%rrE@ﬂae§@'ﬁKKHeBBBBLng
sai d maj or coordlnate Pf t he |nstantaneous go nat es bg t he prege grn1ned
val ue. incrementing said major coordinate o e

instantaneous coordinates by the predetermined value.

2. A hethpd for rendering curves, curved
surfaces and vectors defined by maJor and minor
coordinates on a display dev1ce having a plurallty of
display elements, said method comprising the steps of:
receivihg curve, eurved surface ~or vector
data to be rendered, said vector data comprising
- Bresenham parameters, defining an ideal vector between
beginning and ending display element coordinates Xg, Yo
and xl' y1i
rendering the curves and curve surfaces using
adaptive forward differencing;
_ rendering the vectors employing a form of the
Bresenham algorithm, said method'comprising the steps
_ of:
N\ ‘ initializing a Bresenham error to be the
change of the major coordinate of the ideal vector

c—

muitiplied by one-half, plus the change in the minor
-coordinate of the ideal vector; '

displaying instantaneous coordinates of said
vector being rendered; '

continuously updatlng the Bresenham error
between each coordinate of sald ideal vector and’
corresponding coordinate of said vector being rendered
comprising the steps of:



_—

R

determining whether or not said Bresenham
error is greater than or equal to zero at each one of
said instantaneous coordinates, '

if said Bresenham error is greater than or

equal to zero,'updating said Bresenham error by adding
a first predetermined increment to said error;

if said Bresenham error is 1less than zero,
updating. said Bresenham error by adding a second
predetermined increment to said Bresenham error;

. if said Bresenham error is greater than or
equal to zero, adjiz'sting one incrementation of said
vector being rendered by incrementing said major and
'minor coordinates of the instantaneous coordinates by a
predetermined value; '

if said Bresenham error is less than _zero,
means for 1ncrement1ng said major coordinate of the
instantaneous coordinates by the predetermined value.
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