- 1- - 2204767 METHOD AND APPARATUS FOR ADAPTI VE
FORWARD DI FFERENCE | N THE RENDERI NG OF CURVES AND SURFACES Field of the
I nvention The present invention relates to nethods and apparatus for
generating i nages on a cathode ray tube ("CRT") or other display device.
More particularly, the present invention relates to nethods and ) @aﬁgg?
for the accurate rendering of higher orded eurves and curved surfacel
vectors or_obj_ect “ or__8ther display. B R (\
I n many COrrpute d iAo A .' FARAL U i : A-H ; EAPSIh [ d B NG LD e 11 13Y . .
information to a user thRENRERING OF Ol ! 8k | rages may take a
variety of forns, such as for exanple, al phanuneric characters, cartesian
graphs, and other pictorial representations. In many applications, the

digital images are conveyed to a user on a display device, such as a raster
scan vi deo moni t:é?ﬁ-ﬁﬁm like. Typically, the images to be

di spl ayed are stored in fliedpte¥ent Ofnventiil Pallades ko R&holib inadipgpakadiad. |
Paranetric curves and curved surfaces are conmon functions which are used

in the conputer J§ErRSERHRIOIRAIER 1AL BsCathade FRE LR RTH OF| 8fPeEuch as,

for exanple, in aieshwnasdiceCOMavhPardiclAdrESitdd dreCdMY AnvdiRl b Fel HRS.
Since high speed hardware capabl e of rendering vectors and pol ygons is
known i n the pritQr®ehheds Angharp3Eatis ERESPPRFYFata FoRieriphes AiheEur ved
surfaces is usUajrh¥r dQRGed ¥nd WRH ¥d GuPEhREY VeRRIAS bBOHIREEE QR & RFTo@s a-
plurality of straight-lines or planar polygons. (For a nore thorough
under st andi ng of°tBe¥ ¥se¥ay-net hods for rendering curves and/ or surfaces,
see: Bishop, G and Winer, D., "Fast Phong Shadi ng" pp 103-106 Conputer
G aphics Vol. 20, Nunber 4, August, 1986; Foley, J.D. and Van [err], A,
1983 Fundament alBackground 'of the Invention : :

In many computer systems, it is quite common to

ackground of the |nvention
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represent and convey information to a user through digital
images. These images may take a variety of tozﬁs, such as for
exanple, alphanumeric characters, cartesian graphs, and other
pictorial representations. In many applications, the digital
images are conv#yed to a user on a display dev;ce, such as a
raster scan video monitor, printer or the like. Typically, the
images to be displayed are stored in digital form, manipulated,
and then displayed.

Parametric curves and curved surfaces are common z
functions which are used in the compthr generation of surfaces
and_objects on a display such as, for example, in mechanical
computer aided design ("CAD") applications. Since high speed
hardware capable of rendering vectors and polygons is known in
the prior art, high speed rendering of curved lines and curved
surfaces is usually done by subdividing and rendering them on a
CRT as a plurality of strajght-lines or planar polygons. (For a
more thorough understanding of prior art methods for rendering
curves and/or surfaces, sea: Bishup, G. and Weimer, D., "Fast
Phong Shading" pp 103-106 Computer ~:aphica Vol. 20, Number 4,
August, 1986; Foley, J.D. and Van {:a, A., 1983 Fundamentals of

Interactive Computer Graphics, Addison Wesley, Reading, MA.:
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I nteractive Conmputer G aphics, Addison Wsley, Reading, M ; Gour aud,

H., June 1971. "Continuous Shading of Curved Surfaces," |IEEE Transactions
on Conputers, Vol. 20, No.. 6, pp 623-628; Swanson, R and Thayer, L., "A
Fast  Shaded- Pol ygon Renderer," Conputer Graphics, Vol. 20, No. 4, pp

95-101, August, 1966.) However, with respect to-the rendering of higher
order curves_ and surfaces, prior art systens enploy recursive subdivision
met hods whi-Eh. are expensive to inplemeAt~in conputer hardware because of

t he high sp%éa stack nmenory requirenments. The present invention enploys an
adaptive forward difference ("AFD') techni que which overcones the problens
associated with the prior act, yet requires relatively sinple and '

i nexpensive circuitry using ordinary forward-differencing (advancing al ong -
a paranetric curve or surface in constant paranmeter increnents), as well as
a new adapti-ve 6Geuriand, dupctunerlsrd. fcparinacws stialingwe cudydd\suifecesnet hods of

recursively divigl ject ' eyl eSSl t bng pieceg,ane snaller than
one pixel. The %%‘?i%ﬂhe ot Js})t#el'f gém%‘?a sgi e g?’eﬁé(’?g' par anet er _
i ncrenent so asSvansquy Racandathaygri He, C'W FestoshaledfBalggon Randerst g size

i.e., the dist kN&o i | 1, Ri J ' dth
Current pixel | SReer abALe okt 36 AE 4, SRTILIBL latee PHIaRT) TCh s
approxi mately equal to Hewevergsivihs reppeciets therenderivgmt plghersorder
(herei naf ter T elel/otalOpdraden SpLCAt oPiRndl difhod RELGHRN ") - ThI S

adaptation is perforne y transformng the equa curve to an
i denti cal curvesyhdivisfionfretdads yhichrereexpensive tosinmlendntt in lvonpitep si ze i s

oo o b BRRRY a3dElbel DEnb o6 ke HOSEGRT r ISR 1Y

recursive subdivi si on n@héquesérsr imentibm anploys \epsadaptive forward

' difference ("AFD") technique which overcomes the problenms
associated with_the prior act, yet requires relatively simple and
inexpensive circuitry using ordinary forward differencing
(advancing along a parametric curve or surface in constant
parameter ircrements), as well as a new a&abtibe method superiqr
to prior aru-adapéive 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 so as to advance along the curve or surface with a step

kvf _ 'size (i.e., the distance between the previously drawn pixel

location and the ;ufrent pixel location of the curve ar surface
being rendered) which is approximately equal to the distance
between two adjacent pixels (hareinafter rgterred to as a "single
or éna pixgi increment®). This adaptation ;s performed by
transforming the equation of the curve to an identical curve with
different parameterization, such that the step size is increased
or.éecreased ;uch that the curve proceeds in substantially
uniform increments from one pixel to the next. APD.dittcfs fronm
prior art recursive subdivision methods for rendarlhg curves
because it does not reguire manipulation of the complex prior art

stack memory circuitry and therefore {s simpler and more
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because it does not require manipulation of the conplex prior art stack
menory circuitry and therefore is sinpler and nore efficient. Further,
the rendering of.the curve, curved surface or object ylelded by the present
invention is nore accurate than it would otherwise be’if rendered by the
prior art ordinary forward differencing . method with piece-w se,
straight-line or planar polygehsapproxi'mation. SUMVARY OF THE | NVENTI ON
The present invention overcones the obstacles and drawbacks contained in
the prior art through an adaptive forward differenci ng apparatus @f-

render i ng a curve on a display device (such as a "CRT") by actuating

di splay el ements defining the curve. The apparatus of the present invention
conpri ses far receiyvin ural | of data val ues whi ch define the
mges anc RERRs (FUFCTTer St LIPS BhGb: FHVE OB ETEAS L ibot ant | ally.
uni form smgbﬁquxﬂuawm th‘ﬂwgrmaastnﬁaitibﬁdrnem atdupatenrbai i ng t he i mage
in substan iall m s_inclu Y, Z and W Adaptive
Forward Di tfg?"é%cfﬂb“flfﬁﬁg '%(?f? aﬁ"é‘pffﬁ“faf 'é%?‘ﬁ y, z and w for
a poi nt i ntdreany)andteresciowyChatabe it pd eby-Adiik) cuwghtqnncwpl ed to a 1l/w
circuit thala jols oo.} ces ghero;‘gcaltgr ocal I/w of the honbgenous coordi nate w.
The out put oMt M Y9N eSS el i plied by the x, y, z coordinates to

yield the ratlonal cubics x/w, 'y/w and z/w. The AFDU circuits are al so
coupled to a pixel filter circuit which, in cooperation with the
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AFDU circuits, inplenents the AFD techni que of the present invention by
reparaneterizing the x, y, z and w cubic functions such that a curve is
genetated in .substantially uni form.one pi xel sized increments.: The pi xel
filter circuit of the present invention conpares the current pixel |ocation
with the previous pixel |ocation calculated by the AFDU circuits and, if
the current x, y pixel location of the display nmeans is greater than a one
pi xel incr'erie"m away fromthe previ ou_sj,}y_defi ned x, y pixel |ocation,
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 being rendered are | ess than a predeterm ned portion (i.e. 0.5
pi xel s), the pixel filter instruéts the X, Y, 'Z and WAFDU circuits to

i ncrease the step .size of the cur Ry 0 ; en rendering- vectors,
the AFDU circuit of the present i bRy Gk & q ,91 '\{\{]he Br esenham

al gorithm using many of t ke pxasenti fiouentich0opaxcendss thié iobstazde®\and he
Adaptive Forward Difference t hod. The esent .jnvention also provides a
nmeans for defini n‘g}ag}’fﬁﬁ ﬁﬁ"trgga?‘gﬂ’g %-)Eh‘ 59{315#%1 §b’f°é\7?. 2® h%%?ﬁi"’f g?“ﬁégpi ng

| magery ont o cur veétfftenedcingsappachtmat forc nendesingpadewarvasmns displaghaekieg and
trimmng curved suyrfaces. : feat ures_a dvantages w || ,becone
apparent after a 2R i:ﬁsg ao&%]‘ﬁi ?Yor"_“e’ag’?%g sgs a]I"i"i %Ha‘f‘?‘a"r{ Weh“é?ﬂége .

DESCRI PTI ON OF THeEubeAWMNESapragatus af ithk yniesait Inedhtdoie cabpribbo @aknelinagr am
vi ew of '

N

for receiving a plurality of data valezs

which detine.the irages and a means for
lnérenentally rendering the curve in substantially uniform single
pixel steps. '

' The means for ihctementally rendefigg the 1nage'1n
subséantiaily'unitorm sinélg pixel ﬁtéps inéludas X, ¥, Z and W
_ Ad?ptive Forwa:d'nitterencinq Unit YAFDU" circuits for .

calculating x, ¥y, 2 and w for a point in homogenous éaordinates.
The W AFDU circuit is coupled to a 1/w circuit that produces the
reciprocal l/w of the homogenous'coordinate W, The cutput of the
1/w circuit is multiplied by the x, y, 2z coordinates to yield the
ritional cubics x/w, y/w and z/ﬁ; Tha AFDU circuits are also

Y coupled to a pixel filter circult which, in cooperation with the

- AFDU circuits, implements the AFD technigque of the present
invention by reparameterizing the x, y, z and v cubic functions
such that a curve is generated in substantially uniform one pixel
sized increments.
The pixel filter circuit of the present invention

coxpares the surrent pixel location wiﬁh the pravious pixel
;ocatica caiculated by the AFDU circuits and, if the current x, y
pixel location of the display means is greater than a cne pixel
increment away from the previocusly de;lncd %X, Yy pixel locatioen,
instructs the X, ¥, z.and W Arbu circuits to reduce the step size

of the curve being rendered.
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the present invention; Figure 2 is a block diagramof the |I/w circuit - of
Fi.gure 1; Figure 3 is an expl oded bl ock di agram view of the X AFDU circuit
of Figure 1; Figure 4 illustrates a portion of the,circuit shown in Fi gu"re
3 which is used in rendering vectors; Figure 5 is a flowchart illustrating
a :sequence of operations of the circuit of Figure 4, Figures 6 and 6a
iltustrate an aspect of the present invention relating to the enabling of

pi xel s on a display; and Figure 7 is an expl oded view of the.pixeal filter
circuit of Figure 1. DETAI LED DESCRI PTI ON OF THE | NVENTI ON TRE present

i nvention +di scl oses apparatus and net hods having particul ar application for
use in a conputer systemused for the graphic display of imges. Although
the present invention is described wigh reference to specific circuits,

bl ock di agrans, signals, -algorithnms, "etc., it will be appreciated by one of
ordinary skill in the art that such details are disclosed sinply to provide
a nore thorough understanding of the present invention. It will therefore

be apparent to one skilled in the art that the present invention nay be

pract | ced wi thout ¢fgs (e clBbaubon x b 9 HRkehdiiEKESe Vel | known

racti 1306 t
circuits are shown in %gék di agram"?ormln o_rger not to obscure the
present i repgwe ibedng repdered caxie| yess| thaf yupreddtearpnénet pertdhowti.en overal |

DLk, el AR gt STE0L: ARG 01 Gelad § b | oS on &
circuits to increase the step size of the curve being_repdered. )
When rendering vectdrs, the AFDU ci;cuit of thé present \.) _
invention implements the Breserhanm aléorithm using many ét the
same circuit componenis utilized by the Adapti§e Forward
Difference method. The present 1nvgntion also provi#es a means
for defining clipping regions on a cﬁr display, a means for
mapping imagery onte curved surfaces and onto’ curves, ;nd.a means
for shadinq and trimming curved surtices. Other. features and

‘advantages will become apparent after a reading of the foregoing

specification.



mahi pul ate data at a high speed in order to select the pixels of a CRT

di splay that define the curve, curved surface, vector or inage that is
desired to be displayed. It*is well known in the art that the |ocation of
each poi‘ht to be displayed on a CRT often is represented by digital values
stored if a nenory device which correspond to x, y, z and w honpbgenous
coordi nates. The coefficients of the equations describing curves to be
rendered by-the circuit of Figure 1 are calculated and supplied by a CPU 9
and are tradasmitted to the W X, Y and Z Adaptive Forward Differencing Unit
("AFDU")_.circuits 10, 12, 14 and [err] which, in response, output X, y, w
and z coordi nates, respectively, for each pixel to be drawn on the display.
The w coordi nate outputted.by the W AFDU ngcuit 10 is coupled to the | /w
circuit 18 which, in turn, outputs the cufrent value of |/w. The x, y and z
coordi nates are divided by the honogenous -8- coordinate w (i.e.

mul tiplied by the current |/w value in order to obtain the ratio of two
cubic functions), by the I/wcircuit 18 and the three multipliers 20, 22,

and 24. Mre specifically, thkiXr AeBthidrigitior Tha Siawpidss t he current x
coordinate to a nultiplier 20, wherein it Is nultiplied by the
[

corresponding | /w val ue ou t,t Gl G UL h a
current x/w value is sup[gﬁn’gg 1t gﬁp‘f%ié"{‘ﬁs H \g}'gf(}?%fr?cg%éf%ﬁ%a}’{ﬁé%i on, - y/w
and z/w are supphecpresenpilngentiipht er 30, respectively, by W Y, and Z AFDU
circuits 10, 14 and 16, |/wcircuit 18 and by the nultipliers 22 and 24.

In this fashion the x, y, and z coordinates of the rational cubic functions
are\ie/nputted to pixel fiFigure30iaradbieekidiagron|afcthe Rdv siixedis eef i ni ng

i mageés of the ra;tiiggpglucubi c functions on a CRT.

Figure 3 is an exploded'block diagram view of the X
AFDU circuit of Figure 1; |

Figure 4 illustrates a portion 62 the circuit shown in
Figure 3 which is used in }endering vectors;

-~ Pigure 5 is=a-flow-¢hart illustrating a sequence of
operations of the circuit of Figure 4;
W, - Figures Giand-sa-iilustrate an aspect of the present

invention relating to-thelenabling of pixels on a display:; and

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



The pixel filter 30 of Figure 1 conpares the current x, y and z pi xel
coordi nates which are.fed thereto by nmultipliers 20, 22 and 24, with the x,
y and z pi xel coordinates which were fed to the pi xel filter 30 one clock s
cycle previously and instructs the W X, Y and Z AFDU circuits to "adj ust
up" (si+ e.,’ advance the curve or curved surface I n Iarger increnents) by
mul tiplying the parameter t by two or to "adjust down" (i.e., advance the
curve or curved surface in smal4 @ —increnents) by dividing the parganeter t
by-2, or to "step forward" to the next pixel such that the x, y z
coordlnates outputted by pixel filter 30 advance the curve belng di spl ayed
on the CRT substantially in single pixel increnents. The adjustnent
technique will later be nore fully described. The pixel filter 30 al so

detects and repl aceRETAILIES \BESCRYFRION; OF ZHE INVENTIGR( | on having, for exanple, -
the coordinates Erﬁ& re ent 1n§%@1£r{3'&§lc‘osaé %@Eazl:ggf' a‘ﬂdq)e’th% repl aced with a

curve section havin e coordinates [err] err] ee Figure
6a).] Thhaving m#écttl@rl agpléeativhefaapprrainre gomfutensystsndosetl curve by

elininat | {1 [ rds..Sh i n Figure 6). The

pi xel fi teri‘gggrggﬁcoup e§9 {igu eﬁgt ?Eig‘é‘f“%és,“"aﬁgﬂg?f to g frarrze buffer
(not shownentker lis described with cefeykock to @eMCdli:is:ph&t,s (Bd=®s not shown) or
olher 2PELAMLRE! S1HAR, MoEHhGE, okl dET4N G WIRARIaR BP0 1O, Of

witing a or value at I'xels de |ne ‘by t coordi nat es
olt put t edndpEponddhary skbrl 39 ﬂ!te wrht poats sgh dQEﬂ%ﬁoh@?“S@%Mengt h output 31

of P xel o{htele 3ol eCOUMLE bl o AP BIa AR Be 1R LQL,ENOWN) whi ch

pai nts pi I'n accor ance wt en t e outputted by pi xel\s/
filter 3@neentder. pult will thgretore be apparent to one skilled in the

art that the present invention may be practiced without these
specific details. 1In ether.instancgs, well known circuits are

‘_shown.in block diagram form inlorder not to obscure the present
invention unnécessarily. _

In Figure 1 there is shown an overéll block diagran
view of the present inventisn. In order to détlne images on a
CRT display or other display device, it is necessary to
manipulate data at a high speed ;ﬁ order to select the pixels of
a CRT display that define the curve, curved surface, vector br
image that is desired to be displayed. It is well known in the
art that the lpcation of e;ch_point to be displayed on a CRT o/
often is fepre;énted by digital values stored in a memory device
which eorrespéﬁé £$ x,.y,'z and w homogenous coordinates.

The coetfiéients of the equations describing curve# to
be rendered by the ciréhit of Figure 1 are calculated and
supplied by a CPU 9 ana are transmitﬁed to the W, X, Y and 2 -
Adaptive Forward Differencing Unit ("AFDU") circuits 10, 12, 14
and :s which, in response, 6ﬁﬁput X, ¥, V¥ and.z coordinates,
respectively, for each pixei to be dra&ﬁ on the display. The w
coordinate outputted by the W AFDU circuit 10 is éoupled to the
1/w circuit 18 which, in turn, outputs the current value of l(w.

The x, y and 2 coordinates are divided by the homogenous
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31. The arc length value is enployed .in the drawi ng of textured (dashed,
dotted, etc.) lines and surfaces. The drawing of textured |ines and
surfaces does not, however, forman essential part of the instant invention
as described and cl ai med hereln and a nore detailed explanation thereof is
not, therefore, necessary. In Figure 2 there is shovwn an expl oded vi ew of
the I/wcircuit 18 of Figure 1. The I/m/ ircuit 18 of Figure 1 is an
advancenent; qver prior art circuits for oBtaining the reciprocal of win
that thd | f=f circuit 18 of the present invention yields the reciprocal of w
faster, With | ess conputational overhead and | ess |atency than conparable
prior art circuits.. Prior art |/wcircuits typically use a Newton iteration
al gori t hm enpl ayposginatsinghece.l ﬁmieippiddab} &hfao&uzt:m L tviadhe aﬁp:smr mat i on of

t he reciprocal ,of se rlo s require a_large |er and
t ake several cItSCRb%B 'B? 8b? tﬁ"a" g fipe %hf"h’ 'dPYeti'g b’d’nfi’é\ t he
present inventiwnaneeHé rmwrﬂuytmeefd Q6K 20ycdm@ 2Qr the-iterati on

conput ati on, thereby greatly reduci n)gt | at ency as corTEare W t h r| or art

met hods. (For a nore cdffffctreciticatt *'B'h.xoP FiFeudF (12, 8PEPYG8 B _10- for

di vision thr ouginxslé:w' fOdoor@iriale Ofahi Ml tSSer’ ﬁqm&:ﬂp Akl 11RRitipliedlal
Hwang, pp 259-264; John Wley & Sons, New York, N. Y., 1979.) To achieve the

above- descri bed¥s Hie CPEReSPRRIINE 51/ v YRt us, B L4k R oWy §§§“é“ t*funcat ed

Tayl or series abhOeHalBd icQPrest Jc/»zwg.etwssgﬁiﬂealapmm e8hle®s10/6 BNd 78
(i.e. in the preferred enbodinent, table 76 has SK entries and 20 bit

out put while t pF&RIRRTHEAShEONy ¥/ 3R A/Y a%ISRRIRS EonPiKedt FidkeRedwar e t o

| nphepent the saEBeddivel¥Cby iQ @Flany ez aan@lamfaﬁwvid ofy Qhda!de) yhi hout the
costly, slower conputations:
circuit 18 and by the multipliers 22 and 24. 1In this fashion the

) X, y, and 2 coordlnates of the rational cubic functions are
inputted to pixel !ilter 30 and used to select tne pixels
defining images of the rational cublc functions on a CRT.
The plxel filter 20 of Figura l compares the current X,

Yy and 2 pixel coordinates which are fed,thereto by rultipliers
20, 22 and ?4, with the x, y and z pixel coordinates which were
fed to the pixel filter 30 one clock cycle prevlously and
instructs the W, x,'v and 2 AFDU circuits to.“adjust up" (i.e.,
advance the curve or_curved.surtace in larger increnents) by
nultiplying the parameter t by two or to *adjust down" (i.e.,
advance the curve or curved surface in smaller increments) by
dividlng the parameter t by 2, or to "step forward" to the next
pixel ‘Buch that the x, y and 2 coordinates outputted by pixel
filter--30 advance the curve-beino displayed on the CRT
substantiall& in single pixel increments. The adjustment
technique ulll later be nore fully described. _

| ‘The pixel fllter 30 also detects and replaces "elbows"
[whereln a curve section havlng, for example, the coordinates _
(xo,:yo), (%g+ yl) and;xl, yl)_(see Figure €), 1s replaced with a

. curve section having the coordinates (xo, Yo) and (%, Yy) {See



required by the prior art. As is well knowt in the art, the Taylor series
approxi mation is used t-o derive the reciprocal of the honbgenous coordi nate
w. The Taylor series approximtion states: [err] where [err] represents a-
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 that truncating the above |isted
Tayl or series approximtion to lQFLUde only the first two terns %g§reof
(i.e. I/[err]- d (I/[err]) render’s a |/w value which is sufficiemrefy
accurate for purposes of obtaining the rational cubic functions x/w, y/w

and z/w 9urdS€a).] $Aes'QNEENd BE QbrbViP YRS a E&'@raﬂéé’%‘tuﬁx_eou'f putted by W AFDU
circuit 10, in the preferred enbodi nent of F e -present invention, conprises

21 bits. ropered qwy¥e byj eificinatdng tet coxper nixel Hdrei Pixel Kgr ¥y) of that 21
bit val ugnghe 1s4RBhi£dy 0 1 ook-up tables 76 and 78. Look-up table 76
outputs the reciprocal (l/[err]) of the thirteen-bit value inputted thereto
to register 80. Shaipixel filteoROuls reurleds@toentputs 33, [3nrindval ue

corr espoqgli g i q 5i,0nk.f i cAa i L0 Lsi thereto, to
regi stergng-gT&g&té‘?grﬁw*&t ﬁ§%s$%§n+%2één% gﬁ:ﬁ,% c_?ﬁ%%gl? "t w val ue are
suppl i ed kD HAPBYh(*1agehety shewn) ser otley, appropkiater display|deytea.he ei ght | east
signific ' : e, SULf.Gi Atosallow b out putting of
[err] byQ?ég‘%%%’?r"%i@&%%%ﬁﬁl%l '?II.p :ﬁggx@g? %?%l%ﬁlrgers}%t ee_ ei ght | east.
si gni f i catxelsi defingd diynthek héxedi poomidndtds) putiputiesl bhelgenttéites of regi ster

82 such tagagt gyégdtgl:{ae:rz@?angq.ﬁuts dlerr] to subtracter 89 Wn(__ar'e dlierr] s
subtracted . - . . - . S o’/
Arc length output 31 of pixel filter 30 is coupled to a

paint section 150 (not sﬁown) which paints pixels in'a:cordgnce
with the arc length value outpﬁtted by pixel'tiiﬁér 30 at optpﬁt
31. The arc length value is eméldye& in the drawing of textured
(dashed, dottéd{ etc.) lines ﬁnd surtaégs; The drawihg of
textured lines and surfaces does not, however, form an essential
part of thr instant invention as described and ciaihed.he:ein and
a more detailed explanation-thereof.is not, therefore, necessary.
In Figure 2 there is shown an exploded view of the 1/w
circuit 18 of Figure 1. The l/w circiit 18 of Figure 1 is an
advancement over pribr art circuits for obtaining'the tecipfpcal B
of w in that the 1/w circuit 18 of the present invention yieids W/
the reciprocal of w faster, with less computational overhead and
less latency than comparable prior art'circuits. -
B Prior art 1/w circuits typically use a Newton
iteration algorithm employing a single look-up table for the
initial approximation of the reciprocal of w. These prior '
- methods require a largé multiplier and take several clock cyéles' 
to obtain a result. 1In direct contrast, the present invention
requires only one clock cycle for the iteration computation,
therébqureatly reducing'Iatbncy as compared w;th'ptIOr art

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



2°from[err] in order to produce at register 90 [err] As stated, [err]

| /w. Register 90, in turn, outputs the value I/wto nultipliers 20, 22 and
24 as previously discussed with respect to Figure 1. Delays 13, 11 and 15
afe present to ensure that .the x, y and z coordi nates out putted,
respectively, by X, Y and Z AFDU circuits 12, 14 and 16 arrive at

mul tipliers 20, 22 and 24 substantially coincident with the cal cul ated .
corresponding |I/w val ue outputted _% Register 90. Multiplier 87 is an 8 bit
by 8 bit ZaAtiplier. [err] and d are 8 bit terns and are therefore
propagated through to subtracter 89 and thus register 90'in only one cl ock
cycle. Fromthe above discussion, it will be appreciated that by enploying
the two | ook-up tables 76 and 78 which yield,- respectively, [err] and [err]
and conputing those values to produce |/w as previously described, the
present i nventfondiisien thheughodiy isar aeeirnecationi sre:colfomputterons which were

previously requlkaghdiQet h&i%‘uﬂh&dﬁaﬁcfﬂﬁg&.%i: wildy Eeééing?snewt eby
i ncreasing the speed with which®1/w s derived. ITnthe preferred énmbodi ment
of the |/w cir®i-t,61978. hr Gdiashdeve [they abayerdes#iibpd saped@rsiagui$d.cant bits,

hovever, it wiily BEaRARET GLbALRY lu@ta;@glﬁﬁca(%redl'1|%§§oe€isk§iegay be used as |ong

as the values stored in . the |ook-up t es enpl oyed are adjusted
accordingly. |&PeEPyinesicn uhbkizing tyhwmelhntoekpiroticklesi tvaed 78hel-R. - 12-
AFDU circuit 12, Qhe R QBLfred: enboafnddRd ALALLY fld Gk“etnir%a%’ a.?@ 28N 10 are

identical in circuitry to the X AFDU circuit 12, and thererore a thorough
under st andi ng edtpit ARDLE diablei76 M4k 8ibit edtpotf WnBynimon\aeppitegien rcuitry and

Op@t ion of Yhar%wg‘ped t\évﬁ‘n';?yment the s;me in order to derive an
approximation of l/w without the costly, slowé: computations
required by ﬁhe prior art. :

As.is well known in the art, the Taylor series.
approximatioh'is used ﬁo derive the reciprocal of the homogenous .
coordinate w. The Taylor series approximation states:

1/ (1/vg) [1-d/wg + (d/wo)z - (d/w°)3 " (q/w0)4 + (d/wo)s eed)

where W, represents a pre-determined quantity of the most
significant pits of the w value and where d.represehts a pre~
determined guantity of the least significant bits of the w value.
It haslﬁeen discovered that truncating the above listed Taylor

U series épproximaticn to include chly the flrst two terms thercof
(i.e. 1/w°- d (1/w°2) renders a 1l/w value which is sugficiehtly
accuratg £or;purposes of obtaining the rational cubig functions
xX/v, y/w_and z/w for use in the rendering of images.

The w value outputted by W AFDU clrcﬁit 10, in the
preferred embodiment of the present invention, comﬁrises 21 bits.
The 13 most significant bits (termed herein as "w,") of that 21 |
bit'valué are supplied to look-up tables 76 and 78. Look-up
table 76 outputs the reciprocal (l/woj 6: the thirteen bit value
inputted thereto to register 80. Similarly, look-up tahle 78
outputs;a_{l/wojz value cerrespondlng'to the thirteen most

signiticaht bits supplied thereto, to register B2. The eight



circuits 10, 14 and 16. Each AFDU circuit cal cul ates a paranetric cubic
function f(t) represented as: f(t) = [err] For each x, y, z and w
coordinate the paranetric cubic function f is: x(f) = [err] y(t) =[err] =
z(t) =[err] W(t) = [err] The above functions [err] and [err] are
forward difference basis functions which differ fromone another as t _
varies fromO to 1 along a curve. The dt step size for t is automatically
adj usted so that the curve increnents in approxi mately one pixel skeps as
expl ai ned bel ow. The four forwadd €ifference basis functions [er r% and
[ert] are listed below (2) [err] (3) [err] (4) [err] =1t (5 [err] =1
-13- 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, c, and d which
descri be Adeasbisigatficantirtdtsostiete i21t bit lveviluer acoahppliieanto ragi sters 34,
50, 62 andB each AFDU circuit at

cl ock cycl e',ﬁf' ge“ﬁ%r‘aﬁ%f%ﬁ" ?4_1 ﬁ'ﬁ#‘é’h?@é&tﬂéﬁly&ﬁg&% %gg‘lf)%&tfg%bgf ;J i 2 i eﬁt segfg
updat ed t csighifizant dbitsda Mehytie off Neinkosut AAEDIALC k6 Glllbs tha, . -
outputting of (i/wo)z'by register 82, such.that multiplier 87
multiplies the eight least slgnlficant bits, (texrmed he;eln_as
“d"), times the contents of register 82 such that multlﬁlier 87
outputs d(;/wblz to subtracter 89 where d(l/wo)2 is suhﬁxacted
from (1/wg) in order to éroduce at reqistér.so 1wy = d tl/wo)z. ' ;_y
As stated, 1/w, - d(1/w,)2% 1/u. Register 90, in turn, outputs
the value 1l/w to mﬁltipiiers 20, 22 and 24 as prevlou#ly
discussed with respect to Figure 1. Delays 13, 11 and 15 are
present to ensure that the x.'f and z coordinates outputted,
respectively, by X, Y and 2 AFDU circuits 12, 14 and 16 arrive at
multipliers 20,.22 and 24 sgbsﬁantially coincident with the
calculated cortespondihg 1/w vélue_outputted by Register 90.
~Multiplier 87 is an 8 bit by 8 bit multiplier. (l/wo)2
and 4 are 8 bit terms and are therefore propagated through to
subtracter 89 and thus register 90 {n only one clock cycie.
From the above discussion,'it“bflt'be“appréciaﬁed that
by employing the two look-up tables 76 and 78 which-yield, - o
respectively, l/wo_and.(l/woy2 and computing those values to
produce 1l/w as previously described, the present 1nventidn.avoids
thg long latency producing computatiohs which were prﬁvi&ule“
required'ln the aforedescribed prior art devices, therebf
increasing the speed with which 1l/w is derived. 1In the éreterred
embodinenﬁ of the l/w circuit, 18 producés a 1/w value whﬁch has
20 significant bits, however, it will be appreciated thatgnore or
less bits may be used as long as the values stored in theélook—up

tables employed are adjusted accordingly.

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



3

12, 14 and’16 generate the coordi nates which correspond to a particul ar

pi xel on the CRT display. If the x, y coordinate currently cal cul ated by
the*X and Y AFDU circuits 12 and 14 define a pixel location on the CRT

di splay which is nore than a single pixel increment fromthe previously
defined pixel, then pixel filter 30 instructs each AFDU circuit to divide
dt by two (adjust down), thereby reducing the x, y increments so that at
each cl ogk-.tycle each AFDU circuit outputs coordinates which define pixels
al ong th%_Gﬁ%ve in substantially singllé pixel increnents. In a simlar
fashion, if the x, y address step is less than a 1/2 pixel increnment from
the previously defined pixel, then dt is doubled (adjusted up) to increase
t he change in the x, oQrdi,nat es. such_t hat ain a substantially one

pi xel step is i“rf??e%ﬁ't‘éd??at“eﬁ%?’l“&’()’ckytfcf'"é‘f‘ T‘bmr"eﬁffcféfﬁ By Waft® the
cubi c functi onsoxéte iaytiiral Ant ¢gircuftsy 66 anbraasbwrcaechiasif,obhdws: x' (t) =

x(t/2) =[err ' - t/2). = [err] z! (t) = z(t/ = [err].w (t) =
vv%t/ 2§ = [ [er ]r ]&fﬁétt')é'ﬁe'f ﬁ’&’f%f's‘"&f’?%@dﬂ";ﬂéf’bf‘ﬁéﬁ °§%>‘i“151[120513’[10‘f'éﬂ12:t i ons
are given by: afully aoBvey tié ddrawithf and ddeBaCion—of /¥ z adnl8¢ aref 16 d° = d In

order to double dt,.the coordinate cubic functions are transformed by:
circuits 10, 14 and 16. - . -

Each AFDU circuit calculates a parametric ctuibic
function £(t) represented as:

(1) £(t) = aB,(t) 4lb82(t) + eB,(t) + dB ().

—

For each x, y, 2 and w coordinate the parametric cubic
function £ is: '

x(t) = a B,+b B,+c B,+d B,

Y(t) = a Bytb By+c B +d B,

z2(t) = ‘z33+b252+°z81+d250

w(t) = aw83+bw82+cw81+dw30_

The above functions.aa(t), Bz(;), Bl(t) and Bott) are
forward difference basis funhctions which differ from one another
as t varies from 0 to 1 along a curve. The dt step size for t is

\_J automatically adjusted so that the curve incfgments in

approximately one pixel steps as'oxpl;ined'below. The four
forward difference basis functions B,, B,, 8, and B, are listed

below:

: t3-3t2 + 2t
() By(t) = '
_ 6
t2 -t
{3) B,(t) = ———
2 .
() By(t) =t

(5) By(t) =1



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 follomﬁng coefficient
transformation: a' = 8a b' = 4b+4a ¢' = 2c+b d' = d Jf the current step °
size being used by the AFDU circuits is correct, (i.e. substantially a one
pi xel increment), then the AFDU circuits generate coordi nates correspondi ng
to a.new pixel and step forward to that pixel by calculatlng t he follomﬁng

transformation: x'(t) = x(t+1) y'(t) = y(t+1) z(t) = z(t+1) Wt w(t+l)"
The correspondi ng coefficient tran dTnatlon for an increnent of Bhe pi xel
is: - 15 - a =ab =b+tac =c+b d = d+c Returning to Figure 3, in

order to inplenment the above transformations (adjust up, adjust down, or
forvard step) theypl el LIS edefSRI3GONHES| STy QI t Pl exors 32
calculated separately by each AFDU circuit:. The four
coefticients a, b, ¢, and 4 which describe 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 parameter t increases by dt and the four coefficients
are updated to a‘', b', ¢', d!' while the toﬁr AFDU circuits 10,
12, 14 and 15 generate the coordinates which cotfespend to a \_J
particular pixel on the CRT display.
If the x, ¥ coozdihate currently calculated by the X
and Y AFDU circuits 12 and 14 define a pixel location on the CRT
display which is more than a single plxel_inc:ément from tha
previcusly defined pixel, then'pixel.filter 30 instructs each.
" AFDU circuit to divide dt by two_(adjust down), thereby reducing
the %, Y increments so that at each clock cycle each AFDU circuit
outputs coordinates which define pixels along the curve in
substantially single pixel increments. 1In a similar fashion, if
the x, y address step . is less than a 1/2 pixel increment from the
previously defined pixel, then dt'is doubled (adjusted up) to N
increase the change in the x, y coordinates such that again:a ' o/
substantially one pixel step is incremented at each clock cycle.
To reduce dt by ha}t, the cubic functions x(t), y(t), z(t), w(t}
are transformed as follows:

X' (t) = x(t/2)

a'x83¢b xﬂzﬁc B *d xBo

Ty‘ (t) = y{t/2) = at a +b! y82¢c Y81+d yB°

2 (t) = 2{t/2) = B +b? B +c* znl’d 8

+ +
c! B q! wB

B +b wB

w' {t) = w(t/2) 2

0
The coefficients of the transformed seﬁ of cubic
functions are given by: '

a' = a/8



54, 56 and.70 to select an appropriate input into, respectively,.
adder/subtracter 45, 58, and 66. These nultiplexors sel ect the appropriate
transfornmed values for thea', b', c' and d' coefficients. As stated, the
values a, b, c and d are initially | oaded by the CPU 9 into registers 34,
50, 62 and 72. New coefficient val ues corresponding to the desired pixel

| ocati on are updated and | oaded into registers 34, 50, 62 and 72 at each
cl ock cycle t hereby increnental ly conputing the parametric function x(t)=
[err] 539 If the x, y and w coord pates outputted by AFDU circuits
12, 10, and 14 correspond to a pixel location which is greater than a one
pixel i ncrenent fromthe preV|oust defined pixel, the coefficients of a',
b', c' and d' are selectgd 25, & ajg b' =b/ 4-a/ 8, c'=c/2-b/8+a/16 and d' =
d. The 8a input to nultlplexor 32M% wired with a left shift of 3 bits to
give the value 8a for use'i=ncthe bpmweatiested equations. Simlarly, the
input a/8 is right shift p_}ﬁree bits to obtain the value a/8. In-general,
dividing or nultiplying Dy an integer power of two is acconplished by a
hard wired right or left shift. The coefficients for an adjust ‘down
operation are obtained i cl.ock cl s follagws t cIo k cycle

pi xel filter 30 places CB?I'[%F r do fede ‘ﬁt'b& T”‘ﬁﬂf’%‘h é é“?ru‘i Dl exor
32 to -16- sedCtradis@ormad bypl exor 4 to select A/8, nultiplexor 46 to
sel ect B/ 4, nultiplexor 56 to select 0, and multiplexor 54 to select C2.
At the end of this clock*t Wle x(3t LA/8 B'=B/4-A/8, and C =C/2. During the
second cl ock cycle, pixelr {4yl tey(28p pl aces control signals on bus 51 which
cause, mul ti pl exor 32 to select a, nultiplexor 44 to select 0, nultinplexor
46 10 sel ect b, CozT(E) = z(2t)

i wi(t) = w(2t)

In the case of doubling dt, the present invention
uti;izes the £olloﬁ1ng coefficient transformation:

a' = Ba

b! = 4b+4a

c' = 2¢c+b

d! = 4

"If the current step size being used by the AFDU
\MJ. circuits is correct, (i.e. sebstantially a one'plxél 1hcremen£),

then the AFDU circuits generate coordinates corresponding to a -
new pixel and step forward to that pixel by calculatin§ the
toli;wlnq transformation: '

X' (t) = x(t+1)

y'(t) = y(t+1)

2i(t) = z(t+l)

wi(t) = w(t+l)

The corresponding éoetticient'tfansfqrnation for an

increment of one pixel is:



mul tiplexor 56 to select B/2, and nmultiplexor 54 to select c. At the end
of this clock cycle, the result of the two clock cycle operations is

A =A'8, B =B/4-A/8, C =C/2-(B/4-A/8)/2. Adders/subtracters 45 and 58, as .
wel | as adder 66, are controlled by pixel filter 30 in order to perform
addition or subtraction operations necessary for the above-descri bed
transformations. Simlarly, as previously discussed, when a pixel increnent
calculated by the X AFDU circuit 12 is less than 0.5 of a pixel step, the
coefficiénts a, b, ¢ and d are transfornmed by: a' = 8a, b' = 4b+4dc' =
2c+b and d° = d. To performthest transformations, appropriate control
signals frompixel filter 30 are asserted at nultiplexors 32, 44, 46, 54,
56 and 70 such that the 8a, 4a, 4b, and 2c are clocked into the
corresponding registers in conjunction with adder/subtracters 45, 58 and
66. Alternatively, 3 f*fhe AFDU circuit-calcul ates an x increment between
0.5 and 1 and a y ipmc gggnt between 0.5 and 1, then the a, b, ¢ and d
coefficients are selected by nultiplexors 32, 44, 46, 54, 56 and 70 by
appropriate controf'st il s asserted by the pixel filter 30 such that

regi Lter 50 is updabedghy b' =b+a, register 62 is updated by ¢' = c+b, d
register 72 by d° =d+c and a rqgister 34 remai ns unchanged. It will be
appreciated that only the outputs from AFDU circuits X, Y, and Ware used

by the pixel filtepet@ntfflicoObidubs ﬁdkwraspttoognpgkkukoyﬁe /éE{DH circuits
e ocC

since the x/w and y/w coordinates sufficiently I ne pixel ation. In
such a faskransformasiomEDirdjust (N, sadiyst down, JoF forMardrrep) then cooperati on

W th the | Lkl Epiist JPuckil LIRULEIS o0 22 mafy Aol X! i g 30, ensuse

that the clrves rendered are I ncremented I n Substantia Y "ohe pi xel

i ncrement s54, 56 and 70 to select an appropriate input into, respectively,
adder/subtracter 45, 58, and 656, These multiplexors seleét the
éppropri;te transformed value; for the a', b', c' and d':
coefficients. As stated, the values a, b, ¢ and 4 are initially
loaded by the CPU 9 into registers 34, 50, 62 and 72. Neﬁ
coefficient values corresponding to the desired pixel location
are updated and loaded into registers 34,'50, 62 and 72 ag each
clock cycle, thereby incrementally computing the parametric
function x(t)-ax83+bx82+cxal+dxao. If the x, v and w coo}dinates
outputted by AFDU qircuits 12, 10, and 14 correspond to a pixel
location which is greater than a one pixel increment fron?the
previously defined pixel, the coefficients of a*, b*, ¢' and 4
are selected as a'=a/8, b'sb/4-a/8, c'-c/2-b/8+a/1€ and d? = d,
The 8a input to multiplexor 32 is wired with a left shift:qt 3
bits to give the value 8a for use in the above listed eqﬁations.
Similarly, the input a/8 is right shifted three bits to obtain
the value a/s8. |

' In general, dividing or multiplying by an 1nteqér power

‘of two is accomplished by a hard wired right or left shité. The
coefficients for an adjust down'oper;tioA are obtained in 'two

clock cycles as follows: First clock cycle, pixel tilteré:o

places control signals on bus 51, which cause multiplexorfsz to



Menory buffers 48, 60 and 68 are used to store a sequence of the last N b,
c and d val ues, respectively, so that the properly delayed 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

cl ocks after the AFDU generates the pixel addresses. Menory buffers 48, 60 °
and 68 store a sequence of values so that the b value having a delay equal
to the nurhgr of clocks between the AFDU@Nd the pixel filter is used to
conpute b'7~~No nenory buffer is necessary for register 34 since "a" does
not change during a forward step AFDU operation. Another inportant aspect

of the present inventi

on IS rei nafter descri hed. critica r ol em whi ch
typical ly occurst ﬁcf')rhl/gr B PFF‘PSF‘%r‘dgﬁi?ﬁ%‘?%ﬁ??‘n@“ﬁ%’l"ﬁlﬁ’ﬁ’é' f%)rter% 88%i ng
curves is overf| s, ofuieiprdxeadcsago afeledie o, egHdSheXtiplaRd $40to Sdeqbétng t he
integer of the coefficient values of the parametric cubic function used for
cal cul ating the Yfrve® gge SSSr%‘e?h&f ci\°$%8¥'é‘t°ér”u‘ €% PorBrdringth
coefficient reactes/zapaciing e sesaifl Eusk, cyaae)lAkel @aleed a6 ipoRcadl t he
paranetric cubic mﬁgctign wi || ' resent invention
provi des a uni quEHEPhE

ecoire i ppossi bl e.. The
Soale o, 35f o e {y SRies, BRREBEGE B0 AT {1 om
occuring, therebguenplaxon4Cedtdelend, Nyl plekot N3l eoReledt Hp of the
parametric cubic function for rendering the cu The follow ng is_an
g

expl anation of tHHSIBAGREEL>%Fe tHedept 84 t‘“?rﬂ}‘érﬁi/?eli?ﬁ?‘ 3% thEHIEsENt A®
enbodi ment, regiedeCbia 4 NG SRl cfdlg)lthe3rdiRYE ot DG I oéWeysieor age of
three-integer bits, which, for purposes of convenience, wll herein be
| abélj ed, _18993ratlons is Atep 8,.£%93/4-A/8, C'=C/2-(B/4-A/8) /2. :
Adders/subtracters 45 and 58, as well as adder 66, are controlled
by pixél filter 30 in order to parform addition or subtraction
operations necessary for the above~described transformations.
Similarly, as:previously 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, ¢ and d are transforzed by: -
a' = 8a, b' = 4b+éa, c' = 2c+b and 4' = d. To peftorm ﬁhese
transfermations, appropriate control signals from pixel filter 30
are asserted at multiplexors 32, 44, 46, 54, 56 and 70 such that
the 8a, 4a, 4b, and 2c are_clocked into the corresponding |
registers in conjunction with adder/subtracters 45, 58 and 66.
_\,/ . Alternatively, if the Arpu circuit calculates an x
increm2nt between 0.5 and 1 and a y ipcrement between 0.5 and 1,
then the a, b, ¢ and d coefficients are selected by multiﬁlexors
32, 44, 46, 54, 56 and 70 by appropriate control signals asserted
by the pixel filter 30 such that regicter 50 is updated by
bf sb+a, register 62 is updated by c*' = c+b,-d“rgqistor 72 by
d' =d+c and a register 34 remains unchanged. It will be
Happreciated,that;only.the outputs from AFDU circuits X, Y, and W
are used by the pixel filter to contrgllthe adjustment of all
téur.AFDU citcults-siﬁce the.x/w and y/w coordinates sufficiently

define pixel location. 1In such a tashion, the AFDU circuits 10,



e

respectively, [err] and [err] and [err] “and [err] are the nost
significant integer bits. The nost significant fractional bit of register
34 will herein be |abeled [err]. Since Register’ 62 accunul ates, on a
forward step, the contents of register 50, it has, in the preferred

enbodi nent, a storage capacity of nore than three integer bits. The nost
significant integer bit of register .62 is ternmed herein as [err]. Registers
34, 50 and 62 are coupled to a cont} circuit 92 of Figure 7 (a detail ed
description of the operation of pixel filter 30 and control circui®qo2 as
shown in Figure 7 will later be described nore fully) w thin the pixe

filter 30 and outputs thereto bits which indicate to the.control circuit 92
that the i¥ @88rlat & SgePerabian ¥ithothe 34N tizreitzas, Fyluindiers 62 are in

overfl ow 05o,C04| @4PARE pPked Ql’ﬁﬁaﬂ:' Y Yhdude lfiRe @l chRles Wehba Bel ow are
listed the conditions In which reglsters 34 and 50 send a bit (termned

herein as ¥Mfeincrempnted be substamtiatlynne Bbted inprepenterol circuit 92 of the

pi xel filter 30 thginddoni¥tts ad] Lﬁ)taWGWJtle L5aUtd Jebr@d overflow of the
i nteger storage capaci { of registers 34 and 50. A warning bit is asserted

i f:. [err]sequRecsiofnthsi tagisB)b.of gl Hadpe i refpecEively. SOSERAT bit of

regi ster Séndbroge2if |aerapdcdB dckaHath AMLEEE asdbk1aEsa MEEK Jene Si gN bit of
register 34 or; [err] sign bit of register 50 or; [err] sign bit of

regi ster SBAXSE; £Y18eF]30 confrobiaioptl AEyusedy Zhis FRASPRVALYI i | ter 30, as

stated, seplue@Hike] £31Ed12hs deRefRinbis RlR¥ANSaddsibith séferap4 and 70, which
I nstruct each ADFU circuit to adjust up, adjust down or step forward to the

next pi xel clockpcaftar vienhiRy generptesathe pixel addresmes.ol Memoryguit 92 of . W

buffers 48, 60 and 68 store a sequence of values so that the b
value having a delay equal to the number of clocks betweeh the
AFDU and the pixel filter is used to compute b'. No memoiy

. - buffer is necessary for register 34 since “a" does not ch#nge
during a forward stép”hfbu operation.

Another important aspect of the present invention is
hereinafter described.

A critical problem which t?picallj occurs in prior art
forward differencing methods for rendering ;sgves is overflow ar
overloading of the regxsters used for storing the 1nteqer of the
coefficient values of the parametric cubic functlon used tot
calculating the curve. Of course, if a register used tor storiﬁq o/
a coefficient reaches capacity and overflows, accurate
calculation of the parametric cubic function will become
impossible. The present invention provides a unique method and |
apparatus for preVentlng such overflow, from occuring, thereby
ensuring continuous &ccurate implementation of the parametric
cubic function for rendering the curve. The following is an
explanation 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 labelled,



- 19 - pixel filter 30, pixel filter 30 instructs each AFDU unit to step
forward to the next pixel (instead of adjust up) when an adjust up is

i ndi cated by cal cul ati ons rade by the pixel filter 30. Adjust down and
forward steps are not affected by assertion of the warning bits.
Instructing each AFDU circuit to step forward does' not cause registers 34
and 50 to overflow, since stepping foryard does not .require nultiplication
of the coefficient "a" termby 8 or m}‘l iplication of the "b" termby 4.
The AFDU &+fcuits are thus prevented from adjusting up until the curve is
conpleted or until the warning bit is de-asserted. Simlarly, the bit which
i nstructs pixel filter 30 that the integer storage capacity of registers
34, 50 and 62raMpbieiQesy,f hOWal, th ReXty adjgls or f d (termed
herein as the é'{i%’verf I ?w b?%N.")z i g‘saés(ebrl.te(ﬁv\%nedrjlg%er afgn\ﬁ?ﬁl ‘2{’3’%%“ of a;
[err]  sign st sfondlifanteintpaey bits| { Thef mest siyndfleand Exastioraw bit is
asserted it T¥i! brGlegi ot SOW1f] hetddn B2 1bBeARSEI ! SAMe Rig13tGNRLS tO the
AFDU nul ti pl exors which instruct each AFDU circutt to adjust down, whether
or not an adjFSUPYFLEE. Lnst SPrYARdNRIeP. | the Aenteate®thyeaintec AP cutat i ons nade
by the pixel Kdgl,t & t80 profedhUsibodiitie | @ bERTe (dABaOMG bF QYRR EM i N
regi sters 34, 50 and 62, thereby causing de-assertion of the overflow bit.
The sign bit OFepelfitesen it Tip At edanificantdinteoenditioferemistitng bit and
overflow bitssijkleddRedBaelireds id, .t HRghiie28CSs,POE tah@ 6004 REupINADEr Stored .
therein is getting too large in the positive direction or too snmall in the
negative dir €% RofPAtRoY Wdruitotplodnsure dple siepe bedoescriptiph othe

appsct ated t@heoBferakiod 8¢ dited MBI 3N LGites] AiRclidVidsTlRr 208
capacity for nore or |less integer val ues may be used I'n place or registers
34 and 50 wi t¥oBigurepartilhglateprhet fescobbsepore dhlllevwirhéscme pixednti on

her ei n ' '

filteﬁgso and outputs thereto bits which indicate to the control
circuié 92 that the intégei storage capacity of registers 34, 50
and/or 62 are in pvérglow or couid possibly overflow with the
next célculatien._nelow are listed the éonditions 1ﬁ which
registers 34 and 50 send a bit (termed herein as.the “warning
bit") which instructs the control circuit 92 of the pixel filter
30 that the next adjust up will result in an overflow of the
integer storage capacity of reglstéts 34 and 50. |

A warning bit is asserted if: - .

a, # the sign bit (sb) of register 34 or:

a, ¥ sign bit of register 34 or;

a, ¥ sign bit of register 34 or;

a"f sign bit of register 34 or;

b1 ¢ sign bit of register 50 or;

b2 ¢ sign bit of regiéter 50 or;

53 # sign bit of register s0.

The pixel tilter'zo{.as stated, sen&s control signals
to multiplexors 32, 44, 46, 54 and 70, which instruct each ADFU
" circuit to adjust up, adjust down Br'step forward to the next

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



-

-

-20-.disclosed. It will also be appreciated fromthe abdve description that
a critical problemwhich occurs in prior art forward differencing circuits
(i.e. overflow of the curve.rendering units) is héreby avoided by the above
descri bed features of the present.jinvention. The above-described functions
of the AFDU circuit pertain to the drawing of curves. Figure 4 shows a
sinplified circuit diagramof the=X¢AEDU chip 12 (shown in Figure 3)
illustrating only the conponents which are used for draw ng vecto&; Fi gure
5is a flowchart illustrating the operation of the circuitry sho® in
Figure 4 and perform ng the exanple operation of drawing an x maj or vector
usi ng the. Bresenhan1algorithn1mhich is well known in the art. Wen the
rendering of a vector is initiated, the Bresenhan1algor|thn1paraneters dx

(the c/RIXgE Glhten 30gpixeh Sittrrmae ingtxpcts pmach ARRH YRESYHEE®R error tern),

Inc 1 (rfireStoithar RRNidxel 2 st a Zc(ﬁjs@mpsﬂ vindf T TBdjuke Which will Tater
be discussed nore fully with references to Figure 5, are:calculated by the

CPU 9. Upnis éP@J"@"FBdHS"?’é‘g‘PSVé’I"S mpde ‘98”‘%11?&"5’0 £53%4F 3% 1, Inc 2, and Err

r especiya geie/aommﬁa@vu&aake&bsl 08¢ hot Aieaéin B abbdrti1¥EGOT endpoint val ue
[err] and |oads the c register 62 with the value 0. The:operation of the

ci rcui thhg WTAERG BiEs IRSRrHEtingnenah APUoFiREYI% SPaftaP §R2852 in conj unction

Wi th theehl ¥ il AdgiRterds 4 TaRadso %Iévepmube.ﬁ.wlﬁhp@ﬂ, A condi tional
circuit 64 outputs a 1 bit whenever the si bits of register 50 and 62 are

the sarfrvandofessnat reppiNg P“mpmqﬂlﬂ?ﬂ of%ithe eceftigiont a8 adder 69 only
when r ety 8o6 a0fkiplication of the "b" term by 4. The AFDU

circuits are thus prevented trom adjus:ing up until the curve is

o/

completed or until the warning bit ir de-asserted.

Similarly, the pit which 1nstructs'p1xel'tlitef'io that
the intege~ storage capacity ot'registeri.34. 50 and 62 will |
overflow with next adjust up ér'tcfﬁatd step (terﬁéd harein as
the “overflow bit") ;s asserted whenever 3 A sign bit of a; i
b, # sign bit of b or ¢, ¥ sign bit of c. When the overflow bit
is ascerted it instructs control circuit 92 to assert control’
signals to the AFDU nultiplexors which instruct each AFDU circuic
to adjust down,_u“ethq;Jpr npg,;n.pdjus:.up or a step terwardgis
indicated b{ tﬁe_cg;cp}g}ipggrgadg'by.the pixel filter 30. An
adjust down rali;vgst§pg-pvertlow problen in registers 34, 50 and \;)
62, thereby causing de-assertion of the overflow bit. The sign
bit of registers 34, 50 and 62 is used so that the varning bit
and over?low bits will be asserted ‘if the integer portion of éhe'
nunber stored therein is getting too large in the positive
direction or too small in the negative ditcctién in ﬁwo'u '
complement representation.

It will be appreciatéd to one skilled in the art that
registers h;vinq.a storage capacity for more or less 1ntcger
values may be used in plaee of tcglsturs 34 and 50 without

departing from ths concepts of the present lnvcnelen horcin



62 have the same sigh. As stated, since register 62 is |loaded with a zero
at initialization tine its signis always 0. As such, circuit 64 wll
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 pixel filter 30 to assert a control
signal to the AFDU circuits so that multiplexor 44 is control to the sign
bit output.of register 50. "Mhen the sign biQ0of register 50 is 0,
nultiple%53'44 t hen channel s through the output of register 38. Wen the
sign bit of register 50 is 1, nmultiplexor 44 selects the output of register
34. Turning now to Figure 5, the BreSenham paraneters for a vector between

begi nni ng and era[ gﬁ cyrve coordinates [err] and [er] are initialized
by CPU 9, as lis f°bl ock 160 -of Figure 5. The error term (Err) is
cal cul ated by the equatimnwRY aisc bé?apﬂntediadydwhem&iha above deetriptasd dy =

[err] . In blo 62, e hav t he c X_an ordi nates (x
is stored in re&hg & © ’7%151“Pﬁr§h}eé“ ﬁh °§F“f§ B'f § P ?ﬁ%’ Egrrespondi ng
regi ster of the dYtfdiabcixig eitduitsl)(ile. wwefﬂen_antweuﬁmzdm&phw The fl ow
then proceeds to 164, wherejn.it det ermi ned _whet her or the Err
(the value in réf ?gi’el‘sgtﬁ“?’é a@'?&ftde’?y t"ﬁﬁrf‘ ve [9eseribed fegFuges @'ré fer than
or equal to 0, tdreseitgindanticd. register 50 is also 0 and the flow the_n
proceeds to step 168 wherein Err is date 5) addln Inc 2 to,th
previously cal cul ated Erft® aﬁ‘ﬁ’é'g‘fsﬁﬁ dt Sifet §fetth S‘E)FDHO‘F‘&'FBF%

mul tipl exor 44 segbain@b dhacadaming ofti Aftvbs At FIglirki PlsA¥ey addinpliiefeai s stored

GOl ster 38 R en af'the & R0 ndp 18 hown 1n Figure 3)

" $llustrating only the components which are used for drawing
vectors. Filgure 5 15.9 flow chart illustrating the operation of
the circuitry shown in Figure 4 and performing the example
operation ot drawing an x major vector using the Bresenham
algorithm which is well known in the art.

When the renderinq of a vector is initiated,- the
Brésénnay algqri;hm parameters dx (the change in x), dy (the
chanqé in'y)t Err (the Bresenham error term), Inc 1 (a first
1ncreﬁen£5, aﬁd Iﬁc 2 (a second.increment), which will later be

.'discussed more fully with references to Figure 5, are calculated
by the CPU 9. The CPU 9 loads registers 34, 38, and 50 with Inc
1, Inc 2, and é;; fgspgcgiyeiy. The CPU 9 also loads register 72

with vector endpoint value x, and loads the c register 62 with

0
the value 6. The operation of the circuitry-of Figure 4 in the
rendering of an x-major vector in conjunction with the flow
diagram of Figure 5, will now be explained.

A conditional circuit 64 outputs a 1 bit whenever the
sign bits of register 50 and 62 are the same. Therefore, circuit
64 will provide a 1 input to adder 69 only when reqister S0 and
62 have the éame sign. As sfated, since register 62 is loaded
with a zero aﬁ initialization time its sign is always 0. As

such, circuit 64 will output a 1 to adder 66 whenever the sign



adder/subtracter 45 into register 50 whenever the sign bit of register 50
Is zero. In block 168 the x and y coordinates are updated in the X and Y
AFDU circuits by adding 1 to the contents of regiSter, 72 in X AFDU 12 and *
the corresponding register in Y AFDU circuit 14. As described above, this
addition is perfornmed -22- by adder 66 which adds the output of circuit
64 to the previous contents of regi $ter 72 only when the sign bi tmgf
register 62 is equal to the sign bit of register 50. On the other?ﬁand, i f
the Err is l'ess than 0, the flow then proceeds to step 166, wherelt the Err
i s~adj usted to be equal to the previously calculated Err (stored in
register SPie Bhls reBsthr($d A6CLLLN(1.89] The Er34s Y2Mater! SndnCT €MENt €M bY
one. [Note: In this exanple operation, the y coordinate .s not increnented
in step 168e¥dcaldentthe tenfering of fevactarDis dpitiated 1 4he EPeSponding to
adder 66 a t ' [ | L Sa10 t ntents of the
regi ster iﬁg‘@"‘;&i@w&gi%i‘?‘l‘%‘égﬁrﬁsgﬁ%ﬁ%ﬁ’&“‘%&g%‘s‘{“&l %tfgl nc 2, which
is stored AFPU efFeniss spothitsmaltiiptexsd Hi imsantpbletorthedsigedbiided to. t he
contents o [ ' Ve A0 4, e | Sooreater or equal to
0. Wen théuinﬁgnéfﬁtagof e?esg?sﬁg{renS e\i,f,gg%oél?{t i°32‘,;eéa%%ee‘1r §'%glrsagbls t he out put
of circuit méitipdexdred & dhern chanugls; Byioughe thd Dugspek ©f oxdgdster 8hir ough

mul ti pl exo 0.int lL.SLer W C t ' e Q0 when X is
greater thgnlzlz girig]sggfﬁbq&i %ﬁrgggﬁtﬁgr%b%%g'd?%ggé%%%?llt Fé\i/\'n’ﬁgfl%ﬁer efore be
appr eci at edutpust of wegistdradd.ng vectors, the AFDU circuit provi des a uni que

nmet hod for accurat i npl enentj.ng the Bresenham al gorithm which al gorithm
is well known in t%¥%ﬁp no n?o S}lﬁagf%’ ’ E:e Bresenham pgranetgrs for a 9 oo/

vector between beginning and ending curve coordinates Xoe Yo and

Xy, ¥, are initialized by CPU 9, as listed in block 160 of Figure
5. The error term (Err) is calculated by the équatién Sér = =172
dx + dy_wherein dx = Xy =%y and dy = Y, < Yg- In block 1@2, the -
pixel having the current x and y coordinates (x'is stored in
register 72 of Figure 4 and y is stored in the-correspondinq
register of the Y AFDU circuit 14) is written on the CRT display.
The flow then proceeds to step 164, wherein it is determinﬁd
whether or not the Err (the value in register 50) is érea;er th;n
o . | .

If the error is'greater'than or equal-to 0, the.sign
bit of register 50 is also 0 and the flow then proééedé to step o/
168 wherein Err is updated by adding Inc 2 to the previouéiy
calculated sfr. The sign bit of register 50 controls nuiélplexér
44 sach that the Inc 2 (input at multiplexor ;4 which is Qtored
in regiscer 38), 1s.selected.then clocked through |
adder/subtracter 45 into register 50 whenever the sign bié'ot |
register .50.is zero. In block 168 the x aﬁd y coordinates are
updated in.the X and Y AFDU circuits by adding 1 to the cohténts
of register 72. in X AFDU 12 and the corzesponding register in Y
AFDU circdit 14. As described above, this addition is periorned



al so be appreciated ih view of the above discussion that with appropriate
initialization, the AFDU circuit may al so inplenment the well known
gemeral i zed version of the Bresenham al gorithm which cal cul ates the cl osest
pi xel to -an ideal line in between the begi nning and endi ng points, yet
generates only one pixel location x, y for each unit increnent in y. These
generalized versions of the Bresenham al gorithmare w dely used for

i ncrement al I'y stepping al ong -the edge of 2 pol ygon in scanline - 23 -
order and Th anti-aliasing vector techniques. (See-Dan Field, "Increnental
Li near Interpolation,” ACM Transactions on Gaphics, Vol. 4, No. 1, January

1985; Akira Fujinmo n < L.wa v Jag. Free.l e n ster CRT,"
Conmput er - Graphi cbg H“Ede%r g‘ gﬁ(’i&hﬁéﬁ & i%ﬁg‘,’g é’éi‘%%gu%y%fo% yaasli’r ‘l'}rﬁuls
publ i shed by Spraongents\Vef |ragiste®83 pnly whemjthe sighlteiteot segimten &niexpl oded

view of the pixel filter 3 Flagyre L. _ It is inportant to note that when
drawi ng vectors,eqtu%u%a tﬁi ?(té gf‘ﬁ Pélf'q’%(r)r?grasﬁ%'f téf’Pé control of the AFDU circuits

to performthe Bresenhandmitherdthémmhaad, prectheobst s deser tHapdonithd fled er ence

to Figure 4. 1Malllisccaof LG Wes] "L 8ng 0 L2 WAERY L0y & ot

used. However, raw ng curves, "pixel t_liﬁee XY, Z
and W AFDU ci r cleausl B®, ti® prévicasly ¢8lagdapekErouskyredesn mebbatewi 3 r espect

to Figure 3 to perform adj ustnents and fo rd, st .Reqisters 102, 1083,
104, 505 and. 0P a5 B FBltnan b et X e EBREES T I b o
are supplied t hepete: byn)XrAbTiskaeple vpérat2omnahenyl togrdisste?2®3 npef Figure 1)

1S I P OBl SR P e (PP LEF R
135, 14 corresponding to adder 66 adds the output of circuit 64 (which
' ' is 0) to the contents of thé register in Y AFDU circuit 14
corresponding to register 72.j
' Inc 2, which is stored in register 38, is selected by
_multiplegor 44 and added to the cdntents.of'register 50 by adder
45 whenever the Err is gfeater or equal to 0. When the sign bit
‘of register 50 is positive, adder 66 adds the outbu:-ot circuit
64 to the contents of register 72 and clocks it through
multiplexor 70 into register 72. The flow completes at step 170
when x is greater than.xl. ' _ '
In view of the above discussion, it will.theretora be
\_/ . apﬁreciated fhat, when drawing vectors, the AFDU circuit provides
a unique'netﬁod for accurately implementing the Bresenham
-algorithm, which algorithm is wel& known in the art. It should
also be appreciated in Vieg of the above discussion that with
appropriate initialization, the AFDU circuit may also implenent
| the'weli known g;neralized version of the Bresenhanm algorithm
| which calculates the'ciosest pixel to an ideal line in between
the beginnlng and ending points, yet generates only one pixel
loéation X, Y for each unit increment in y. These goharaiized
.versions'oflthé Bresenham algorlthn are widely used for

incrementally steéping along the edqe'ot a polygon in scanline



136, 137 and 138.store z value [err] to [err]. Regi stters 148, 149, 152,
154 and 158, as well as adder 156, and conparator 144, also operate in
~conjunction with the afore-described conponents, as will later be

di scussed. Register 102-106 store, sequentially, each x coordinate supplled
thereto by the X AFDU circuit 12 sugh that [err] is the npbst recently

cal cul ated coordinate. At each clo cycl e 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 [err] in register 129w | f
the absol ute val ue of -24- [err] and the absolute value of [err] are
both less than 0.5 of a single pixel increment, the controller 92 sends a

control si gdtdlertshadlh JnQULaAEDH‘gcwE@wﬁ sedmaﬁé&t | kel Béh 'F2&F,L 0 i Ncrease
the step si Ze (adj ust up) as previously described with respect to Figures

1, 2 and 3."Incremensaljdipax dnyeyredabion &rAcH Yeanspctiong nGEaphiBgEn 1 or the

absol ut e Vadi§ Rf wo®r{,] January PoddiCRdRa FiBRodo ahli%eF 20dea0! kplg then asserts
a control signal at all four AFDU circuits which instruct the same to

decr ease t hErest Bppoep/en @afiater CRFafl)Computer SxaphisyiThesry amdscribed with
reference t%gihwi‘gﬁs, ’edZtédq@yaros\f?Ls@%uLﬁ r Lublisﬂguj b&%dﬂinqer stored in

registers 1 are not used to deterni ne whethér or not the step
si ze shoul dV4¥329dj}982dd upwardly or downwardly because the x and y

coordi nates suffici ?g § A d ] Qﬁ?f’e QL@owk%@Lf&%B&‘ AetTe dhsp! ay.

However, registers 138 and 137 function as de uffers so that val ues
[err] andP{&!ﬂ-r?il(tmmmomﬁqstgrled Iy dspmormwtomvtpeglas;tm@ 136-134)

el ! a8 Vebhera! 2P g% itde 3p Apk sl {01 Gt LA o

respectlvely, 2 é ? he va ues ot
AFDU circuits to perform the Bresenham algorithn, as prevlously
described with teference to rigure 4. In this case the 1/w
circuit 18 and the W AFDU 10 are not used. However, uhen drawving
curves, pixel f£i{lter 30 controls the X ¥, 2 end W AFDU sircuits
10, 12, 14 and 16 as previously desctibed with respect-ts Figure
3 to perform adjustments and forward steps. |

Registers 102, 103, 104, 105 and 106 of rigurc 7 store
coordinate values X, O X .4 which are supplied thereto ‘by X AFDU
circuit 12 and multiplier 20) (of Figure 1) in five consecutive
previous clock cycles. Similarly, y registers 120, 121, 122, 123
and 124 store y values Yo £ Yni4e Likewise, reqlster 134, 135,
136, 137 and 138 store z value L to Znes” Registers 148, 149,
152, 154 and 158, as well as adder 156, and comparator 144. also
operate in conjunction with the afore-described componqnts. as
will later be discussed. _ ;

Register 102-106 store, sequentialif, eact x;coordinate
supplied thereto by the X AFDU circuit 12 such that xn;‘ is the
most recently calculated coordinete, At each clock cy%;e
comparator 94 compares the value X

n+3

, n+4
in register 106, and comparator 112 compares the value%yn+3 in

register 123 with Yn+s in register 124. If the absolute value of

in register 105 ﬁith_x



[*err] and [err] (stored in registers 104, 103 and 102). Alternatively, if
t he absol ute value of [err] and the absolute value of [err] are both
between 0.5 and 1.0 pixel units, then the conparators 94 and 112 instruct
control circuit 92 to i'nstruct all four AFDU circuits to performa forward
step operation as previously described. It is inportant to note that all
four AFDU circuits 10, 12, 14 and 16 of Figure 1 are adjusted upwardly,
downwardl y,;. or forwardly in synchronl cipy by pixel” filter 30. Elinmination
of redyntadt pixels in a displayed i mage will now be described. Conparator
96 conpares the value [err] which is stored in register 104, with the [err]
val ue stored in register 103. Conparator 114 conpares the value [err] in
regi ster -25- 122 with the value [err] . in register 121. If [err]

and [err] [err] x,copmasa en% tDG ahsdlytiedvailseeet vl gmrakg. paredrthk desgircuit
92 which, in turg PLY Loty i 5 such

t hat pai nt sectlon 153 |nva gl&?’h%éﬁi ePI ca%‘?o%ghg%lrl?g?ﬁo% |d%g9to t he
pi xel havi ng th@oomidstmlas:ocou gspoatbh Firouiter istavct iperhe. sdsei ¥ nat i on
of "el bows" (seq [ Ee,e0s0d b pl

di scl osed. Corrp:it';:hg’lé 3& gfr'%)s ‘%ﬂugfddtng%%%gg? °g§g?d eéJ¢3P9Winrr]
regi ster 104 w triespéns tmtfégmupa.rtz uid Bhe Mathee abealufe |%1veg’|fs=!,gr4 402 and
t he conparat or 4 i,n L e [er] regi ster .
122 with the mg"égé?‘%ng at F o 1\/% F e [%?‘ﬁ“éu)‘n"%ielﬁ‘u é?éhizog’m f‘gt he

absol ut e val ue afrefterr than s. éhe adontpollenrkhenhessabeolaucentyal wdguAl perr]

s equal to 1 they FIPAAlGLS. 26 MLyl ik AREE the UHANS aBlraiBRchE! CiTOUTL
- vICh in turn, outp I

step size (adjust down),'also'as previously described with

in

reference to Figures 1, 2 and 3.

Values z ard 2z . stored in registers 138 and 137

ned
are not used to deternine whether or not the step size should pe
adjusted upwardly or downwardly because the x and y coordinates
sufficiently cdefine a pixei location on a CRT display. HoweVer,
registers 138 and 137 f:h:;ioh as delay buffers so that values

Zo420 Znay and 2, (which are stored, respectively, in :egis;ers

136-134) will correspond to the valués of y and y,

n+2' yn+1
(stored in, respectiwvely, ‘122, 1;1, and 120) and to the values of
Xnear xn+i and xn (storei in req;sters 104, 103 and 102).

\_J ' : Alternatively, if the absolute value of x - X and

. IRt n+d n+3
the absolute value of y _, = ¥, are both between 0.5 and 1.0
* pixel units, then the cezparators 94 and 112 instruct control
circ&it 92 to instruct all four AFDU.circulth to perform a
forward step operation aéjpreviously déscrihed.
1t is 1mpor‘ant to note that all four AFDU circuits 1o,
12, 14 and 16 of Figure 1l are adjusted upwardly, downwardly, or
forwardly in synchronicity by pixel filter 20.
Elimination of redundant pixels in a displayed image
will now be described. Cbzparator 96 compares the value X .,

which is stored in register 104, vith_the x value stored in

n+l
register 103. Comparator 114 compares the value Yne2 in register



.pixel bit to paint section 150, such that paint section’150 will not paint
t he pi xel whose coordinates correspond to [err] and [err]. Defining a-
clipping region in the displayed screen will. now be described. Preloaded ¢
into registers 100 118, 132 and 146 are, respectively, x mninmm and X

maxi mrum val ues, y mninmum and y naxi num val ues, z mni num and z- maxi num

val ues and t m ni num and t- maxi mum val ues. Conparator 98 is coupled to

re ister 103 and conpares the vatd ferr] with x nmaxi numand x migi pum | f
[ € j is not within x mininmmand x maxi mum val ue, conparator 98 asSSerts a
control signal to control circuit 92, which, in turn, instructs paint
section 150 to invalidate the nodifications correspondi'ng to the pixel
defined b hﬂe coordinate [e r% &errl whi ch pixel is outside of the

wi ndow dé¥? §hkheu VAR Ynumpdd FEPIAEEE 23 o fEi FruzeFibeer®™othe2 The sane

actions ecgur ; eonpa:&ﬁxs 96 Whd N1k EREHE siénalsniyTcBiPod elreled NUM regi st er
118, z m.oni maxi num reg m and naxi mum

regi st er 4% %tgt?rﬁ‘f"'ﬂgl?"‘pf‘f e ?ﬂ‘(ié\hpgﬁ"r §q§t't?r Bﬁi‘\t‘ 84ckdPhier 121, is

| ess t hansb}igugn rthat rpanudeueim 15}1 aavaidbtathd @odi skt sorsn val ue stored in

regi ster 118, conpara rﬂ]} ates a control signal to control circuit

92, whi clFOEF4sPRRALIA 9 g’t‘ L‘f’s gp&ﬁ“ht“g PEEP E2TFefABIndtag paint the pixel

[err] Slmblﬁrly.mib» err] which is stored in register 135, is'less than a z

mi ni mum val u€ oré f han the z mxrn¥mvalue tore&'ln regi ster 132, a
&

conparator - 130 a "’é°'b(5’ﬁt Tebousy (ate S194r8ALS 3P ™I @ 92, which in
turn i nstaispiayed Niagdivill SR bOA1dE1s8M! t:anpﬁaawx bé obpaiab [err]

Finally, &b fRlfde o2 7 &% SIRKE el SHEIRE {R0udid eSS than T mini e
or -
intqgct part of the value x, in reqistor 102 and the conparptor
'114 compares the integer part of the value Yne2 in rcgintar.lzz
with the ;ntegcr part of the yalue yn_;n :egisﬁcr 120, If fha
abgélutc value of x .. - X, is equal to 1 and the absolute value
of Ynea = is equal to 1 then comparators 96 and 114 assett
signals at cont:ol circuit 92, which, in turn. outputs an 1nva11d
plxel bit to paint sectton 150, such thac pnlnt sectlon 150" will

not palnt the pixel whose coordlnates correspond to xn

o and

Yn+1_ _— :
. Defining a clipping region-in the.displayed screen will

now be described. Prelbaded-1nto~rggtster3'loo;.118.:132 aﬁd 146_ . \_}
are, respectively, X minimum-and x maximum values, ¥y n&niauq and

y maximnum values, z minimum and 2 maximun values and t nlniqnn

and ¢t naxiaun values. Ccmpatato: 98 is couplod to register 103

and compares tho value X uLth X naxinuu and x uinlnuu. It

ni- i

Xne1 is not within x minimum and x: naxinna valuo. conpatator 98

asserts a control signal to control circult 92, which, in tu:n,
instructs paint section 150 to invalidate the nodltications
corresponding to the pixel defined by tho eoordinat- Xne1? yntl'
Zoer? tn+1 which pixol is outsido of tho windaw dctin«d by x nin
' % max values stored in register 100. The same actions occur



gfeater than t maxi mum stored in regi ster 146, conparator 144 asserts a
signal at control circuit 92, which in turn instructs paint section 150 not
tq paint the pixel [err] THe m ninum and maxi mum val ues stored in registers
100, 118, 132 and 146 are preloaded by CPU 9 in order to define a desired
"wi ndow' or clipping region on the display screen. A pre-conputed val ue dt
whi ch corresponds to the a, b, ¢, and d paraneters of the curve being
rendered (Which are stored in:regi st &r287, 50, 62 and 72) is calcul ated by
t he CPu_Q ~initialization time and | oaded into register 158. t is given a
val ue equal to O at initiralization time. Since dt represents the paraneter
step size, it nust be adjusted upwardly or dowwardly in order to coincide

with the adj usigRiespést t86y Rindhunlamidad¥nbiDbéglbtstini®, Wi CHinbe aRa
previously described with reference to Figures 1 and 3. Accordingly, dt is,
shifted one bi% PPHTIRFgdpten 332 and; §, mipinumy and maxinum, E991658F WABn an adj ust

up is requi re(icb&rdlhé? e Porretﬁﬁ@ﬁdidjktéﬂdaih Fdiy thtlerUi2ai, N1d ResAFDU
circuits. Simlarly, fted one bit to the ri ght in order to obtain

-27- dt/2 at IHF'L‘I*;S‘leeXd‘P“‘iB‘S“ "Eb‘le OF Trepberythan dhact @axipumapiigpri at e

control si gnaléo@&ﬁ@ht%lmfechgar@omﬁi[s@Ul‘t‘lgzhﬁrﬁ.mﬂstLpéo%)é%l k2ghdan order
to correspond dt to the adjustnents nmade to the X, Y, Z and WAF

circuits. Theovaentzopicipeult 96ut‘tMFt‘éﬂtﬂ)“&due’|ﬂSE§6=t\ﬁhP!ﬁ1 Pabitfs t thereto

and stores th tySq LARM egi The qut rqgi ster 154 is
del ayed severgsleeef%ucl%gg Jéa%egé’l ralhgte tgg pr%tggf:s(}gi’l 2"§oqf‘h§t ’é‘??] and [err]

whi ch are st or%ail@lslwect# by which églsﬂoes% 11159eﬁ-ﬁ§er1485cd-isnt¢ﬁ!ethw time
wi tig_val ues [eJr] 11&%9 [wf‘arlr.xL or teate rﬁ\ L\e&[e] S&xﬁﬂ@ﬁ vtat'@e %@LH&% E.nW' Il be

an approprlate Va or conpar tor to conpare
register 132, a comparator 130 asserts a control signal at

control circuit 92, which in turn instructs the paint section 150
not to paint the pixel_(xn+1, A zn+i, thate Finally, it
t;+1, which is stored in reglster 150, is less than t minimum or
greater than t maximum stored in register 146,'c6mparator 144
asserts a signal at control circuit 92, which in turn instructs
paint section 150 not t6 paint:the pixel (xn+1, Yne1t 2ner’
they) e The ninimum and maximum values stored in registers 100,
118, 132 and 146 are preloaded by CPU 9 Ln order to define a
desired ”wihdowﬁ or ciléping reqioﬁ.én the display screen.
A pre-conputed value dt which corresponds to the a, b,

c, and d parameters of the curve being rendered (which are stored
in_rggister 34, 50, 62 and 72) is calculated by the CPU 9 at
initialization time and loaded into register 158. t is given a
value equal to 0 at initialization time. Since dt represents the
parameter step size, it must be adjusted upwardly or downwardly
in order to coincide with the adjustments to the X, Y, Z and W
AFDU circuits which vere previously described with reference to
fiqures 1 and 3. Accordingly, dt is shifted one bit to the left
. to obtain 2dt at multiplexcr 153 when an adjust’pp is required in
vrder to correspond dt to an'adjust up in the AFDU circuits.

Similarly, dt is shifted one bit to the right in order to obtain



‘agai hst values [err] and [err]. It wll be appreciated that the
above-descri bed i nvention may be enbodied in other specific forns wthout
departing fromthe spirit or essential characteristics thereof. The present-:
enbodi nents are, therefore, to be considered in all aspects as illustrative
and not restrictive, the scope of the invention being indicated by the
appended clainms rather than by the foregoing description, and all changes
which come within the neaning and range of equivalency are, therefose,

i ntended to be enbraced therein. - 28 - 1. An adaptive f or wareh

di fferencing apparatus for renddring a curve on a display device by
actuating display el ements defining the curve, said appar at us conpri si ng:
means for receiving a plurality of data val ues which define. said curve;
nmeans for increnmentally rendering said curve in substantial 'y uniform

di spl ay el enent steps. 2. The apparatus according to claim1l wherein said
means f or increnentall rendering said curve in substant|all¥.uniform
di spl ay el Eﬁ‘%l‘ts’f‘ﬁﬁép BPFER c ?ﬁf’r PEAL/2 prenselssteq Y| ARRRSPFHfea

par anet ri Ccéntitiot signals Qasdstda—by [cRhtfol cxrcuu-. 9': %e:mitmpfexorxw:y, z or w
val ues of a curve belng render.ed, and wher ei c and d are

coef fi ci entB FIPEFENEHTRATRARD A t t@&c"ﬁ”&oﬁ?’&?’ﬁd’t“@’a’%ﬁ@“ 4i 8¢ Adurve. 3.

The appar ahHé WASHS G1Peuste. ClievAue e LR {b iohtsiritda A adaéd wes designate a
current increnment of said curve which is greater than one of said uniform
i ncr ement Swg&;.t‘jaﬁ%%ﬁ:stqaﬁeto and stores the résults thereof in reglister

154. The output register 154 is delayed several clock qycles in \.J'
delay register 152 so that they and tﬁ which are storedi

respectively, in registers 159 and 148 coincide in time ‘with

ydlugs xh+1, §nd Ynept Yo zh+1. and z, 8o tha§ the vglge_tn_l

will be an appropriate value for comparator 144 to_compdre

against values t ..  and thax

. It w111 be apprecigted that the above-described
invention may be embodied in other specitic forms without
departiﬁd'ftom the spirit or essential characteristics thereof.
The present émbodiménts are, therefore, to be considered in all
aspects as illustrative and not restrictive, the scope of the
invention being indicated by the appended claims rather than bf | Y
the foregoing description, and all changes which come within the
meaning and range of equivalency are, therefore,'intendéd to be

emb;SCed therein.



i'ncremental |y rendering said curve reduces said current increment by a
predet er mi ned anount. 4. The apparatus accordi-ng to claim3 wherein said
means for increnentally rendering said curve reduces said current increnent
by designating said a, ‘b, ¢ and d coefficients as being respectively a/8,
b/4 - a/8, c/2-b/8 + a/l1l6 and d. -29- 5. The apparatus according to _
claim2, wherein, if said data val ues designate a curr.ent ‘increnent of said’
curve which is less than .5-of said=u#8 formincrements, said neans for
|ncrenenfhply renderi ng sald curveé increases said current increnent by a

pr edet er m ned anmount. 6. The appatr according to claim5, wherein said
means for inplenenting said-paranet bic function increases said

current increment by designating said.a, b, ¢, and d coefficients as being,
respectively, 8a, 4b+4a, 2c+b and d. 7. The apparatus according to claim

2, wherein-if said data values designate an increnent of said curve which
is between 0.5 and orfe ofAmafaptdve Sopmari Aitfexanring APRATAPML$OR| enent st eps,

sai d means for '%Eﬁﬂﬁ%al 'aazwnde.r 13 iddvEed Bg fe@vmﬁes«bgu@al d
desi gnated ‘i ncrenent. 8. he apparatus according to claim wherein said

means for i npl enﬂ#ﬁPh‘g“s&Pﬂﬂéw &hﬁﬁ"mocaﬂl‘c'vmﬁ‘l‘oﬁ°w\’/a¥lﬁés sai d curve
by one of said substantiaflyeUstyf p;éplgl!ngpg fi;‘iu?lﬂ??rﬂt &ivaPvalr¥s desi gnating

said a, b, c, and d coefficients as being, respectively a, b+a, c+b, d+c.
9. The appar at Wwhiak adefdhe@aid caireesm 1,--wherein said nmeans for

increnental ly rendering s‘ﬁéﬂ} Cf&%ﬁ/gné%ﬂg}_l?%ﬁbﬁﬁ% said cadde phural ity of
regi sters for storing seque

L substantially uniform display element steps. .
2. The apparatus according to claim 1 wherein said means
for increﬁéntklly rendering said curve Ln_substantlally uniform
ldisplay elenent steps further comprises:
| ~means for 1npl¢nent1ng a parametrlc cublc function as
= aB (t) ¢+ bB (t) +CB, (t) ¢ ds (t) uherein fex, ¥y, 20rv
values ©f a curve being rendered. and wherein a, b, c and & are
coefticients which may change with each coordinate along said

curve.

3. The apparatus according to claim 2, whereln if said
U data values designate a current increment of sa1§ curve which {s
greater than one of said uniform increments said means for
ingfementnlly rendering said cﬁrve reduces said current increément

by a predetermined amount.

4. | The apparatus according to claim 3 wvherein said neans
for incrementally rendering said cu:vo_rcduqes_lald current
increment by designating said a, b, c and d coefficients as belng

~ respectively a/8, b/4 - a/8, c/2-b/8 + a/16 and d.

P

A



ot

- cooisdinate values [err] to [err]; a second plurality of registers for
storing sequential y coordinate values [err] to [err]; a first conparator
for conmparing a [err] value with said [err] val ue;- - 30 - a second
conmparator for conparing a [err] value with said [err]; a control circuit
means coupled to said first and second plurality of registers wherein, if
said x = value differs fromsaid [err] value by nore than 1 or [err]
differs from[err] by nore than 1, said first and second conparators, assert
a sighal to said control circuit near29 which, in turn, decreases s¥d
current increnent; and wherein, if [err] differs fronrsard [err] val ue by
|l ess than 0.5 and said [err] value differs fromsaid [err] value by |less

than 0.5, saidsfirghe Apsarated ddcordIRg vl O14AnasSehbrangi Pnakid 0 said control
circuit nmeans which, in turn;, increases said current increnent. 10. The

appar at us SAt3cYaHuRS degignasens Furyent; fascepein Pf S2ig Y IRASR Pourt h

conpar at or feskOtnam0 DYt Sdld GLAIRPA [ Inénents NRald @@ tpar t' of x coordinate
value [err] "with [err] and the integer part of y coordinate value [err]
Wi th [ err]insgerentmily renderipg [said|curye dé‘°§"cf&a?§°§§|‘a“[’%’r"r] val ue and said

-[err] val ughehéltSpya rétbiniviah Wioustali d control circuit’ means invalidates
the display el enent value corresponding to said [err] [err] coordi nate
val ues. 11. The apparatus according to claim10:

6. The apparatus according to claim S, whetein said means
for 1np1ementing sala parametric cubic tunction increasesjsaxd
current increment by desiqnating said a, b, c, and d coetficients' o

as being, respectively, 8a, 4b+4a, 2c+b and d.

7. The apparatus according to claim 2, wherein it eaid
data values designate an increment of said curve which-is?betweeh
0.5 and one:ot said substangielly unifornm dispiaf elementgsteps,
said means for incrementally rendering said curve advances b§

said designated increment.

8. The apparatus accordinq to clain 7, wherein saib zeans
for implementing said parametric cubic function advances ?aid
curve by one of said substaneially uniform disblay eleaeﬁt stepe
by designating[sa;d a, b, c, and d coefticients as being, \_)

respectively a, b+a, c+b, d+ic.

~ 9. The apparatus according to claim 1, wherein sé{d:heans
for incrementally rendering said curve further coﬁprises{
a first plurality of'rnqlsters foer storing sequential x
coordinate values X, to Xnes’
a second plurality of registers for storing sequential
Yy coordinate values ¥ to Yn+4' |
a first comparator for comparing a Xne3 value with said

X " value;

n+é

_ * € L N Ss %



s
wherein said third and fourth conparators al so conpare the integer part of
said [err] coordinate value with the integer part of said [err] coordinate
val ue and the integer part 'of said coordinate value with the iinteger part
of [err] such that if said integer part of [err] differs fromthe integer
part of sai'd [err] value by 1 and the integer part of [err] differs from
the -31- integer part of [err] by 1, said control circuit neans
invalidatgrﬁthe di spl ay el enent corresgngLng to said [err] values. 12.
The appler&tts according to c;aom 1, wher€fn said néans for increasing said
curve further conprises: a neans fot clipping said curve between
predeterm ned maxi mum and m ni.mum x, y, and z coordinates and trimm ng said

curve between predet er.ng &ec’gag%&%wgr V\r%fgéﬂd %Jm galpes afi.galdnparanmetric

curve paraneter. erenci™d apparatus for
rendering a caaideygp‘:a d| spl ay device by actuating di spl ay el enments

defining the curve, sal go | Chqgg‘?l nggg:y | (gj&ﬁed A0S of erfsrte&%l ving a

plurality of data val Jes sai rve; means I ncrenmenting
said curve i nseubﬂtmmaitlyyoﬂmeizbsmdl\Qplray\.ellérsem %lLgplusaiigfersans for

| nCr ement i ng oLl Sk N0: | RRNS o Lo sNELETPI PO 34 PRIy CUBLC functi on
= I NnrFs = X

as f=[err] Y, or w val ue curve beimd rendered,
and wherei n amobs thamng shidr eimeixfd see:rl@scm“drt_:owawsohemgeswn@h %®ach

o i n2te: 3 Bafe RBhErcl Eti%usd fieans wnlll, SRRALR! WRARIAL L3 L3l M 13

wherein said
increment; and

: wherein, if x .. differs from said x, ., value by less

than 9.5 and said Yn+s value differs froﬁ said y value by less

n+3 .
than 0.5, said first and second comparators assert a signal to
saiad control circuit means Hhich, in turn, increases said current

increment.

10. The apparatus according to claim 9, further
comprising: '
third and fourth comparators for comparing,
respectively, the integer part of x coordinate value X0 .0 with

x and the integer part of y coordinate value Yne2 with Ynoi

n+l

such that if said Xo4p Value equais said x_ , value and said y,_,

ku/ value equals said y value, said control circuit means

n+1

invalidates the display element value corresponding to said x ..

Ype1 coordinate values.

11. The apparatus according to claim 10:
wherein said third and fourth comparators also conmpare
the integer part of said X, coordinate value with tho integer
part of said Xne2 coordinate value and the integer part of said
Yn coordinate value with the integer part of Yni2 such.that'it
said integer part of *n differs from the integer part of said

X042 value by 1 and the integer part of y, differs from the
[

A



for [err] said curve further conprises: neans for deterinmining if said

val ues designates a current increment of said curve which is greater than
one of ,said uniformincrements and, ih the event that said data val ues
defi ne - 32 - an.imcrenent which is greater than a one of said uniform
increnents, said nmeans for increnenting said.curve reduces said current
increment. 15. The apparatus according to claim 14 wherein said nmeans for
i npl ementing said paranetric cubic function and said means for i r nentlng
sai d curve reduces said increnent by designating said a,. b, ¢ and~
‘coefficients as being respectively a/831b#4 - a/8, c/2-b/8 + a/'16 and d.
16. The apparatus according to claim 13, wherein said neans for

i ncrementing said curve determines if said data val ues designate a cur rent
iLncrement of said curve which is less than 0.5 of said unifQrm.increnents

and, in the e or part of &uda’?b‘vaﬂ‘&%ﬁ!!mr&‘ﬁ“’c&”%l‘“‘m&ﬁ‘%nt whi ch

S 1ess than né dlbpEeg €1edhitDbotkeRbeRRTIY £5 10308 ¥asudsQr defining
said curve mcreasegﬁgal d |ncrem;e# by ‘a predet @f rﬁqaam)unt. 17. The

apparatus according to claim 16, wherein said neans for i npl enenti ng sai.d
paranetric cubic fx‘!DCtththpBMtﬁil'a@eJﬁW tb X410 9, eﬁﬁ%lm.s&hﬁhwrve

I ncreases said i ncrenent esi natl ng said a b , and d coefficients as
bei ng, respecfPVeﬁ'V"‘!?&u'!’%'rﬁé eurye fug "d“"’fSh“‘The appar at us accordi ng
to claim13, wher e| n wuﬁmdg@pmm“mnl tuuuanéeungmnd curve
det er m nes. if g‘ﬂ ylea)‘]r.ues de5| ate aamfgcre.g‘ﬁ of sal urve whi ch

i s between 0. . 898 “§zﬁ'd"d’ At e{)'s"ﬁmf the event =
t hat eu:w bewun prediternined nxmm and tinikun vatues of tadd o/

pharametric curve pardseter.

13. " An adaptive forward differencing apparatus for
rendermg a curve on a display device by actuating display
elements defining the curve, said apparatus comprising:

means for receiving a plurality of data values which
define said curve; ' _
means for incrementing said curve in substantially
‘uniform display element steps, said means for incrementing
comprising;
means for incrementmg a parametric cub1c function _
as f=aBy(t) + BBy () + cBy(t) + dBy(t) wherein £ = X,.y, .
z or w values of a curve being rendered, and wherein a, by, _ W
c and d are coefficients which may change with each
coordinate along said curve.

14, The spparatus Sccording to elain 13, vhetein sald means
for incrementing nld turve further tospridast

ssans for deteraining 40 sald data vatues au!gnsu [
current ihcremint of 8aid turve vhich 48 greatsr than ons bt dald
unitorn increaents and, in tha évent that lgld data u_mu emm

I
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sai d data val ues defi'ne an i ncrenent which is between 0.5 and a one of said
di spl ay el enment steps, said neans for increnentally -33- rendering said
cyrve advances said-curve By said designated Increnent. 19. The apparatus
according to claim 18, wherein said neans for inplenenting said paranetric
cubic function and said neans for increnentally rendering said curve
deS|gnates sald a, b, c, and d coefficients ._being, respectively a, b+a,
c+b, d+c. The appar at us. -according to cl n113 ‘wherein said neans for
|ncrenenthhg said curve further conprises: a first plurality of registers
for storing sequential x coordinate values [err] to [err]; a second
plurality of registers for storing sequential y coordinate values [err] to
[err]; a first campficrenént! @ick EPGFdater [thhhla oNiblGath ihisdind @ second
conparator for cgngarln alerr with said a control circuit neans coupl ed
to said first andPSETSA 'thl’r‘aF?'t"f §r dngresentiing add suFve rpduneiscedidrr ]

val ue differs fr@urearitdidcterentyal ue by nore than. 1 and if said [err]
differs fromJ[err] by nore than 1, said first and second conparators assert
a signal to said control circuit means which, in turn, decreases said

current increnent; ang, V\/rmeddgardénssf’éc‘i #ﬁrgrl ‘éﬂﬂemdgi.{;&&ﬁ Iﬁg”&ﬁ%ﬂkd Lerr]

val ue by less than 0. said [err] ers rom sai ess than .
0.5, said first &%F %’é’c?ﬁ?ﬁi‘%%ﬁhﬁai’b?@%s%%ﬂbla Singhidn and saidi meanst r ol

circuit means Whigeh, iddrebdtiting bifd @aﬁﬁs r§tﬁi=Qs G454 QRErdndfit %ge&slggéting The

appar at us accordlnq to claim13, furt
a, b, cand A coefticien;s as being respectively a/8,

Y, b/4 - a/8, ©/2-b/8 + a/16 and 4.

16. The apparatus.according to clainm 13, wherein said means
for 1nctgnenting lgid curve determines if said data values
designate a current increment of said curve which is less than 0.5
of said uniform ;ncrengnts.and, in the event that said data
values defines a current increment which is iess than 0.5 of said

' display elexent steps, said neans for detinlng sald curve

increases said increment by a predetermined azount.

,17Q The apparatus accordlng to clain 16, wherein said ceans
for 1mplenantlng said parametric cubic function and said means
for incrementing said curve increases said increment by
designatlnq said a, b, ¢, and d coefficients as being,
respectively, 8a, {b+&a, zc+b and d. |

18. . 1hc.apparatus qccotding to claim 13, wherein said means
"~ for 1hcrei§nt311y feqdezlng said curve determines if said data
values degigﬁitc an £ncreneﬁt of sqld.curve which is between 0.5
and a'one;o! said”display elenent steéa gnd, in the avent that
said data values define an increment which is between 0.5 and a

one of said display elexent steps, said means for incrementally

-

* C L ] S *



34 - conmprising: third and fourth conparators for conparing, respectively,
the integer part of x coordinate values [err] with [err] and the integer
part of y coordinate values [err] with [err] such that if said [err]

val ue equals said [err] value and [err] equals [err] said control circuit

means invalidates the displ-ay el enent corresponding to said [err] val ues.

22. The apparatus according tocgfin 14 wherein said third and fourth .
conparators al so conpare the integer part of said [err] value witl hhe
i nt-eger part of said [err] value and the integer part of said-[err<val ue
with the integer part of said [err] value such that if said [err] val ue
differs from md;{mgrhmaém-bwvlnﬁMsSﬁ dudar by =438 rstgddteas from said

[err] = value b¥ said control circuit nmeans initiates the invalidation
of the displ ay*"SF¥Me nodificati on corresponding to said [err]  val ues.
23. The apparatus according.to claim 13, wherein said neans for

I ncrenenting said ﬁyrve further conprises: a neagﬁ for clipping said curve
e d

bet ween predet er mired FR&*REMISANY *5FPFAingte cipim yhersdpftadiresns g

triming said sy yepladienesny ﬁxedﬁtﬁamﬁeobmimmwad.m BaldWewid ues of the
said paranetri c curve par aneter . A et hod for rendering a curve on-a

di spl ay devi cef®y increanentally ‘P'GF’WIISP‘F’e?RféH"rFQ PALES A iG24 R SErgh

sel ective act ugid @Ncodredbfetdascherig] iaspdds0eni0al B aG UEMS, a&iti d et hod
conprising the steps of: receiving a plurality of data values which define.
said curve; said data values not necessarily corresponding to said display

el ement s; . 20. The apparatus according to claim 1:, uherein said means ;,J
for 1ncrcnenting said curve further conprlscs:
a tirst plurality of registers for storing sequential x

coordinate values x to x_ .?

a second plurality of tegisters'tbz itcrlﬁg:sequentlal

Y coordinate values Y, to Ynes!

a first comparator for codpaflhg x valdo with said

n+)
*nea! . _
a second comparator for conparing a Ynes with said
Ynea! | | |
a control circuit means coupled to said first and

second plurality of - reglstet: vherein, 1f said x, wvalue differs

.4
from gaid x. value by more than 1 and if cald 7n44 differs froa U
Yn+3 bY more than 1, said first and sccond comparators assert a

signal to said control elrcnlt means uhich. in turn, decreases .

said current increnent: and

vherein, if sald %0 value differs fronm saild Xnes

+4

| value by less than 0.5 or said ¥n+4 difters from oa{d Ynes by
less than 0.5, said tirst and second cbnparatots asgert a signal
to sald control circuit means which, ;n ;urn; lncrlgl-s_said

. current increment. .

21 The apparatus scco:ding i:o claim 13, further

e

[ L l\l\! “ m
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-35- increnkntally rendering said gurve in substantially, uniform display

el ement steps. 25. The nethod according to claim 24 wherein said step of
increnentally rendering said curve in substantially uniformdisplay el enent
steps further conprises the step of: inplenmenting a paranetric cubic
function as f = [err] wherein f = x, y, a or wvalues of a curve
bei ng rendered, end wherein a, b, ¢ and 34 are coefficients which may change -
W th eachﬂﬁgprdinate al ong said curve. 26. The net-hod according to claim
25, whereiiT"if said data val ues designate a current increnment of said curve
which is greater than one of said uniformincrenents said nethod of -

I ncrenental ly renderin9 said curve further conprises the step of reducing
sai d current incPERRAIE M? a predeterm ned anount. 27. The nethod according

to claim26, wherein sai hit€AnefrouPell Conparatdlsl oY ddaph-ingCr ement by a
predet er mi ned ampunt reduces said current increnent by designating said a,

b, ¢ and d coeff FEFRATESVEY . pEhe dnpteger, Part 08X cogrdinage valugs %, 2 Wit + a/ 16

and d. 28. The #efhadaaeneotstieder fpare lodi yeddkaihiecldiuebfy Saiviefat a_ val ues
designate a curreﬂ%bincrenent of said chSefmhicﬁ 's les®*2han 0Mof said

uni f or m i ncr ement®$ SEPH HfebMuXiar YHES SOpY Bald X, i ¥plussPMy Yaai d current
i ncrement by a thMﬁimandlﬁ_Ml circuit means invalidates the display '

element corresponding to said Xo+1? Yney Values.

U ' . 22. The apparatus accordirg to clainl4 wherein said third
and fourth comparators also compare the integer part of said X, .
value with the integer part of said X, Value and the integer

part of said ¥, Value with the integer part of said value

Yne2
such that if saiad x, value differs from said Xne2 value by 1 and
said ¥, Value differs froa sald Y4 Value by 2, said control

circuit means initiates the invalidation of the display elezment

moditication corresponding to said x values.

n+1’ Yne
23, The apparatﬁs according to claim 1), wherein said peans
ferllnétementing said curve further comprises:
' 8 means tor'clipplng said curve between predeterained
Y ' ‘maximum and ulnimun X, ¥, 8ad 2 coordinates and trimming said
curve between predeternined iaxiﬁun.and minimum values of the

said parametric curve parameter.

+ 24 A method for rendering a curve on a display device by
adaptively forwardly rendering said curve through selective
actuation of display clénentg defining the curve, said method
'conprislnq'th. ltcp# of:

receiving a plurality of data values which define
said curve, said data values not. necessarily corresponding to
said display elements; ’

-

[
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-36- 29. The nethod according to. ¢laim28 wherein sai-d step of increasing
said current increment increases said increnent by designating said a, b,
c, and d coefficients an being respectively, 8a, 4b+da, 2c+b and d. 30. )
The apparatus according 'to claim2, wherein if said data val ues deS|gnate
an increnent of said curve which is between 0.5 and one of said display
el ement steps, said nethod further conprises advancing said curve by one of
sai d designated increnent. 31. The nethod according to cl ai m 255 erein
said nmeans for inplenenting said parad®tric cubic function adyanc_ sai d
curve by one of said.substantially uniformdisplay el enent steps by
designating said a, b, ¢, and d coefficients as being respectively a, b+a,

c+b, d+c. 32. The met hod according to claim24 wherein said neans for
incremental | y render i mriﬂndaﬁk}w&aimgwawmm ﬁ\esm;.lienékms storing
sequentlal x ordlnate val ues [err] oferr] in afirst pIurallty of
regi sters; FOrP disRpiaKialgpent sinppeli nate values [err] 'to [err] in a

second pIurallty of registers; conparing a [err] value with said [err]
val ue; conparing a [err] value with said [err] value; detéermning if said

[err] value diff@bs TPl qesprding foyelaiy Jpphenedn paid step oty | differs
from[err] byintRéserklfly Fendedind iurasaumdxrse&mdneﬁwwmé assert a
S|gnal to said control circuit means which, in turn, decreases said current
i ncrenent ; ad%}splay element steps further ccnprlscs the step of:
1nplenenting a parametric cubic tunction as

4] .B,(t) + b&a(t)x*caltt)-* dsott) wherein £ = %, ¥y, 2 or ¥ o/

values of a cuirve being :enderid. and vherein a, b, ¢ ind d are

coefficlents which may change with each coordinate nlehg said

curve.

26. The method accerding to claim25, wherein 12%:&1d data
values designate a current fincresent of said curve uhléh is
gienter than one of said uniform increments said method of
incrcnentylly rendering said curve further comprises the step of

reducing upid current increment by a predeternined ano&nt.

27. The method according to c1a£n26a wherein safd step of _
reducing said current increment by a prcdet&rninad anodnt reduces S
sald current increment by deslgnating said 8, b, ¢c and d |

coefficients as being tespectively a/8, b/4-a/b, clz-b/l ¢ a/1é
and 4.

28. The method according to claim24 wherein, it #aid data
values designate a current increment of faid.curvo uﬁic$ is less
than 0.5 of said uniform increments, i;id method further
conmprises: ' !

'1nc:eal1ng said current increment by a predet#tginod

anount.

A



-57- mhereln I f [err] dlffers from[err] by .less than'0.5 and [err]
differs fronl[err] by less than 0.5, said first and second conparators:
assert a signal to said cortrol circuit means which, in tudrn, increases
said current increment. 33.. The nethod according to claim32 further -
conprising the steps of: conparing, respegtively, the integer part of x
coordinate values [err] with {err] ard the i nteger part of y coordinate
val ues [e;f] with [err] such that if [err] equals [err] and [err] equals
said [err¥F’said control circuit means invalidates the display el enent
corresponding to said [err] ~coordinate values. 34. The nethod accordi ng
to claim?24 further conprising the steps of: clipping said curve being

rendered between pre ter&pgqtﬂg%xh%g&t r%dtgrhmir;lp_rgl XuhobeiRd Whid steplodi Nat es
er

and trinmmng said curve between pre maxi mum and m ni num val ues of

the said paranet rincreasirg pdiamr@nt 138rextht: ingneasen malddnerearptyd®Yo claim 1

furth f
ey COMPI S Mfta BnlEA a1 s PR E 'S SNFHONOL SBU TEADS FOT

appar at us accordlng to claim

2, further conprlsosvgcalmxnsabmb$nemm isng dever | oad| ng of said neans for
I mpl enenting a paranetric cubic function.

30. The apparatus according to clail 2. wherein if said
data values des!gnate an 1ncreqcnt of sn;d curve which is between
5.5 and one of said display element steps, said lethod further

\ comprises advancing said curve by one of said_desiqnatcd

1nct§mcnt.

31.  The method accordtﬁg to claim25 wherein said means for
1nplenen£1ng saiﬁ paraﬁetric cubie function advances said curve
by one of said substantially uniform display element steps by
designating said a, b, c, and @ coefficients as being,

respectively a, b+a, c+b, d+c,

327 The method according to clallza' -uhercin said means fcr
1ncrgnenta11y rende:ing sald cutvo tutghgf cbmpr;sgs the steps
ofs | =
W : ' stqring.sﬁquentlll x coordinate values “n,t°,*n+4 in a
first plura1ity oi tegisters:l |
B _ ltoring sequential y coordinato values y, t0 ¥, in'a
-econd plurality of registers:
comparing a x ., value with -ald x . vilgi:
cosparinq a Yol value with sald Ynes value; .
deternining if said x, valu- ditfotl from said Xned
value by nore than 1 or yn*‘ dltter- from Yn+: by more than },
said first and second conparntors .alart a signnl to said control
circuit means which, in turn, decreases said current increnment;

F and
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wherein, if Xned dlitcrc from *n#) by less than 0.5 and
yn“'dlttcé. from ¥, .4 by less than 0.5, said first nng second
comparators assert a signal to said control eircuit means vhich,

in turn, increases said current increment.

33. The method according to claim 32 further coﬁpflsing
the -teps ofs ' | ? .
coiparing, respectively, the integer part ot x _ v
coordinate values x ., with Xne1 and the integer part ?t Yy
coordinate valuss Yne2 with Yney such that it X, .quhlu ael
and y, ., equals said Ynol’ cnid eontrol circult means lnvalldates

the displey element correlponding to saiad *n#l' Yn+1 coo:dlnatc
values.

34. The method according to claim 24 further coﬁérislng the
steps of: ' ,
clippidﬁ said curve being rendered between
predetetnihed naxtnug axd minimunm %, y; and z coordiﬁaies and
triining':aid curve betveen predetermined maximum and minizun

values of the said paraiﬁtrlc curve paraameter.

- 35. The apparatus accordlnq to clain 1 turthc: comprislnq.

a means for preventing overflow of said -eans for

receiving a pluru!ity of data values.

36. The apparatus according to claim 2, further ccuprlsing

& means for preventing overloadlng of maid means for iuplenonting

a parametric cubic function,

* c L M S *



