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A ¥« METHOD AND APPARATUS FOR RENDERI NG CUBI C CURVES ELD,
Ti—E.IN\/ NTION .5 The present invention relates to a nethod @S
appar at us for rendering cubic curves, and nore particularly, to a
met hod ~and apparatus used to render cubic Bezier curves which are
rapi dly deconposed into a plurality of small 6 segnents pi ecewi se by two
i ndependent operation units that process in 10 parallel the input data of
four control points of the cubic Bezi er curve with the assistance of

BACKGROND OF HREHOWaNh aearthds” S HENtEsdng SR EBRYER. ™ cncer” cubi c
curves in conputer : - ' _
NV N
5 The present invention relates to a method and apparatus
for ré‘ndering cubic curves, and more particularly, toa method
and apparatus used to render cubic Bezier curves:which are
-ra'pidly decomposed into a plurality of small segments
piecewise by two independent operation units that process in

10 parallel the input data of fo_ﬁ:-: control points of the cubic
Bezier curve with the assistance of an arbitrator to displa.y _
on the monitor or output to the printer.
BACKGROUND OF THE INVENTION

15 It is usually necessary to render cubic curves in computer
aided design or in the field of computer graphicé for
displaying characters which are outline'font; thé approximate

. approach of the Bezier curve for the cubic curve is one of
the'met;hods most widely used.

20 There are two primary methods for generating Beziex curves
in a computer system: the first is the method of Adaptive
Subdivision and the second is the method of Forward
Difference. |

As -shown in “A Theoretical Development for the Computer

25 Generation and Display of Piecewise Polyhomial Surfaces” IEEE

Transactions on Pattern Analysis and Machine Intelligence,



-aided design or in the field of conputer graphics for di spl ayi ng
characters which are outline font; the approxi mate approach of the
Bezier curve for the cubic curve is one of t he net hods nost wi dely
used. 20 There are two prinmary. nmethodsg for generating Bezier curves
in a conputer system the first is the nethod of Adaptive Subdi vi si on
and t.he second is th t hqd of .Forward Lffefence. . .. As, shown
in "A Theoreti caTIanDeggggpn@Tﬁ PEIRCER em@gwﬁsg%ﬁé’rsaﬁ%ﬁognaeﬁiﬁl ay
of . Pi ecewi se Pol ynom al. Surfaces" |EEE Transactions on Pattern

Anal ysi s and Ma&hENE LAt 8fl f e : : '

2 Jan. 1980, the principle of .Adapt.i ve Subdi vision for Bezier
curve is as foll ows: :

. 2 n i _i 'y
Ba[Psul= Z Py (1) ut(l-u)®* , we can infer
=0

Bn[POO IPII ’ s e 0 'Pnn ;211]

5 (1) Ba[P;ul

(I1) BalPrul = Ba(B® ,B%, ... By ;2u-1]
where, Pi* = ((Pi-1*+ Pi*1)/2, k=1,2, .. ,n
With re;Eerence to FIG. 2, there are four original contro}.
10 poihts Poo, Poi, Poz, and Po3, from which three corresponding
middle points P33, P12, and Py3 are derived. Subsequently, two
middle points P;; and Pz3 with respect to the above three points-
are ébtain-ed. 'Finally, the middle point P33 of the points Pj;
and Pp3; is the point where the parameter u in the above
15 equations is equal to 0.5. From the set of the control points
Poo, P11, P22, and P33 and the set of the control poiﬁts P33, Pas,
Py3, and Pp3, the first and the second half segments of the
original curve can be generated, respectively. If the space
of the parameter u ranges from 0.0 to 1.0, the first half
20 segment is reiated to the parameter u fxrom 0.0 to 0.5 and the
second half segment is related to the parameter u from 0.5
to 1.0. i
« If the two new sets of control points continue to be
divided, many new controi points with equal space can be

25 obtained. According to the absolute convergence of the Bezier

curve, the new control points can be further approximate to



.Blerr][P;u]l= [err] Plerr] ([err]) wu[err](1-u)[err] , we can infer 5
(1) B[err][P;u] = Bn[Po[err],P[err], ... ,Plerr] ;2u] _ (rn)
Blerr][P,u] = Blerr](P[err], P[err] ... ,Plerr];2u-1] wher e,
Plerr]= (Pl[err]+ Plerr])/2, k=1,2, .. ,n 3 ' P,
k=0 - Wth reference to FIG 2, there are four original control 10

poi nts Pleir], Pl f&m Irir lour®ad aBl ehé]dléiﬁmmleghehhraécﬁﬁés&mdi ng
m ddl e points P[err] err and P[err] are derive Subsequently, two

m ddl e points P[gh j[ @pd P[err] with respect to the above three points
are obtained. FinalTy, the middl e point P33 of the points P22 and

Plerr] is the point m’g%% 5%? é’%&%ﬁnﬁtﬂn‘ alaaflamva?s nﬂo%t @uations is

equal to 0.5. From set control poln Plerr], Plerr],

Plerr], and P ef{%@lﬁ:&{&@r 8} Lhihleycepdd %{%g@fd%s iRl eE&] 3P[zer§ﬂmary

Plerr], and Plerr st® and the“secon alt segnments of

ori gi nal curve capy her 8886831gﬁn{t%séevﬁhc‘ﬁeéé(n%:ﬁr?é Bg fcﬂﬂceontrolcﬂoz.

parameter u ranges from the first segnent 1S related
to the parametery,f L@ t2d0sab886s Id¥ control points LC and RC, which

may further generate LLC, RLC, LRC, and RRC as the final output
in- the binary tree. Thus, the above Adaptive Subdivision is
very close to the method of Depth-First Transversal in the

10 conventional binary tree: the data in-the rnfght subset of
contrc;sl- points -are stored in the stack memory and the left
subset of contxol points are used as the source data for the
next diw.risio'n when the present division process is finished.
If the .subset of control points to be divided meets the

15 fequirement of convergence, i.e., the four control points of
the subset are in the same straight line, the subset is used
to render a curve and stops being further divided and the right
subset previously pushed into the stack memory is used as the
.source data for the next division process. Repeat the

20 ' dbove-mentioned process until there is no available data.

The method of Adaptive Subdivision has four advantages.

First, the input and output. data are consistent in format,
i.e., both the source and output data are control points. If
there are multiple Bezier generators, the desired curve can

25 Dbe implemented in parallel by suitable series connection.
Second, only a simple operation usi_ng an adder and a shifter

1
is needed and can be implemented easily by a hardware circuit



second half segnent is related to the paranmeter u fromO0.5 to 1.0.

If the two new sets of control points continue to be - divided, many
new control points with equal space can be 25 obtained. According to the
absol ute convergence of the Bezier cure, the new control points can
be further approximte to 3 t he

ofiginal curve asgfhe divisSheBgs anHlﬂ?C%'E’%SrHHBB to f[l'ﬁé@dn%rergence

The .bi nary apprOX| mat i on al orlt mis nmost wel ustrated by a

binary tree as shoufuidddil Gorddefeshinity wh§.chs?cEin senigels Rl 1L C whi ch

consi sts of four cont poi nts "~ may generate two su sets of control
points LC and RC , - Yutbht ek a08eEat Hv@d% A% TR as
t he ‘fi nal out put %.érf%'hgoﬁalngrg tree. Thus, ‘fqhe above A |uve

Subdivision is  rjgorous variation. Fourth, if the curve crosses over the
5 visible window, the top-down division process caﬁ screen out
those unnecessary operations out of the visible window.

However, the method of Adaptive Su‘bdivisio'n-lias some
di‘sadvanta-ges. First, it is ﬁecessary to have one set of r.apid
stack memory uséd to temporarily store the control points and

10 to pull out the stored data. Second, every node in the b:.nary
tree has to be processed while using the binary tree to perform
track operation. However, only the f.inal node is needed and
those operations for the middle points are unnecessary.

With regard to Forward Difference, the principle of

15 difference is used. Define the forward difference as Af(t)=

£(t+8)-£(t), where 8>0. When fy=f (ts)and ty=n-8, fan=fn+Afy. In
addition, Afn+1=Af,.+A2fn, A f iy =A2E +AE, .- Assux'ning a polynomial -
- £ (t)=atbt+cti+dt?, ' |
Af (£)=3dt?5+t (3d8%+2¢B) +d5>+cd+b3.
20 A%f (£)=A(Af (t))=6d8%*t+6d5>+2cd2.
A (t)=A(A*f (t))=6d5°.

We can calculate the initial condition: fp=a,
Afo=d8%+c8%4+bd, A%fy=6d8°+2c8?, A’f,=6d5°. Subsequent data can be
derived as follows: fin=fi+Afy, Afy,=Af+A%F;, A%£5.=APEi+A%E,.

25 The method of Forward Difference has two advantages.

First, only one step is required to rapidly generate desired



very~close to the nethod of Depth-First Transversal in the 10
conventional binary tree: the data in the right subset of contro
points are stored in the stack nenory and the |eft subset of control
points are used as the source data for the s next -di vi si on when t he
present division process is finished. I f the subset of control points

to be divided MhgihebNfor Wendhiluly STENVOLy RO ARASES Laders ! AW,

control points e su are 1n same straig I ne, € slbset

ot subsBPoPBu REHA D siRds® AR5 RS dnk LiiElan SHbIE LI Bp.

source data for the nglxt I vi sion process. Repeat the 20 above-nentioned
process until tl)?(?ré" Ee55%vai | abl e dat a. The net hod of Adaptive

Subdh v 1 on hes o, SRS sppgal bikeeb O T It ot e e

AL S AT RN PN TN I ORI

Second, only a Sciurl}%leewggﬁrtaéé %réoynglzggcgf p%q:%?nret%r:}digtos hai I:;[Jgnr.c polynomial.
by a pre-process of floating point multiplication. Second,
the value of'difference has to be fixed and is very difficult
to determine, especially where the curvature varies so

10 significantly that good output data are hard to obtain. This
is the most serious.disadvantage. Third, although the presen.t
part of computation is out of the visible window, it is still
necessary to perform the computation because the computation
has éo be accomplished ppiny by point.

15 To solve the above disadvantages,- a paper titled “Adaptive
Forward Differencing for Rendering Curves and Surfaces”
Computer Gréphics, July 1987, provides a modified method of
Adaptive Forward Difference (AFD). First, the Bezier curve
which takes control points as the parameters is trénsformed

20 ?nto a bolynomial based on AFD as follows:

£ (t)=acRo(t)+a1A; (t)+a:R;(t) +asA3(t), where
Ag(t)=((t-k+1)/k)*Ax.y and Ro(t)=1. That is, when t=0, thé
basis of AFD comprises: Ag(t)=1, A;(t)=t,
A (t)=(1/2) (t) (t-1), and Az(t)=(1/6) (t) (t-1) (t-2). When

25 t=t+1, the basis of AFD comprises: Ag(t+1)=1=R¢(t),

Ay (t+1)=Ro(t)+R1(t), Az(t+l)=A;(t)+Az(t), and

Rs(t+1)=Rp (t)+As(t) .



i's netded and can be I npl ement ed eaéily by a hardware circuit

4 or a mcro program Third, according to the convergence
condition for determ ning which | evel of division is necessary, good
out put data can be derived fromany curve wigth ri-gorous variation.

Fourth, if the curve crosses over the 5 visible w ndow, the top-down

di vision process can3eregnygule 5o brddiiieiHPONGES SHOREE! {05 O Of

t he vi si ble w ndow. wever, ptive Vision

rapid T stackt RV RER A LE TR pal R PR AR G Mg

10 to pull out the%féégégiegaEﬂe gﬁéégykn4@{@pytﬂgq§i&r54%¥§.binary tree

has to be processé € usi'ng Inary tree to pertorm track
operatyon Houeler SikteH b1, 8045 8 UBEHEMh oYl operatiliifacrices
' 5 of the AFD basis matrix :
" A=[Ro (£) , By (t), B (£) ,Ba (£)]
with respect to f£(t+l), £(t/2), £(t/2+1), and £(2t),

respectively, where

N,

. 1100
100 E=|0110
0011
0001
: 11 o o0
15 L=|0 1/2 -1/8 1/16
0 0 1/4 -1/8
o 0o o 1/8 )
i 7~ . N
. 11 0 0
20 R=|0 1/2 3/8 -1/16
. 0 0 1/4 -1/8
0 0 0 1/8 |
1000
25 P={0210
0044
0008

Theoretically, the me;hod.of Adaptive Forward D}fference
30 has the advantage of rapid operatiop in Forward Difference
and can also be adapted to the division level in each step.
With reference to FIG. 4 as an example, Adaptive Forward
Difference does-not only have L and R operations as in Adaptive
Subdivision or only E operation as in Forward Difference but
35 also has four operations of L, R, E, and P.
However, the method of determining the division levél is

arguable because it is not rigorous enough to determine the



Wth tegard to Forward Difference, the principle of 15 difference is

uséd. Define the forward difference as [err]f(t)= f (t+[err]) -f (t),
where [err]>0. Wen f[err]=f (t[err]) and t[err]=n[err], '
flerr]=f[err]+[err]f[err]. In addi tign,

[err]fl[err]=[err]f[err]+[err]f[err], [err]f[err] [err]f[err]+[err]f[err]
Assum ng a pol ynom al a+tbt +ct

[err]f(t)=3dt [MIFEHFNE (%Eﬂ'é ‘Z‘}% ’f%‘??‘%e %fg‘?’é?%%‘%? RE§FeRY jand Jhe
[err]f(t)=[err] (Af(t)) 6d[err]t+6 err]l+2c rr%é . o
[err]f(t)=[er BYgekqys (n%m{ew §h reterence EIG- cau ctherdistanssiti al

condition: f[err]=a, err]f[err&?d[err +c[err]+b[err¥
[err]f[err]=6dtetvqemdihe st PoHmE 3dh$ Za%m by
derived as follows: f[err]=f[err]+[err]f[err],
[err]f[err]—[eth¢f¢wmv¢+isrm¢t[@mmY$r@emt}f?bus]‘th@r%E?@drqﬁ{Eﬂmqéirng]
The nmet hod of Forward Difference has two advant ages. First,

onI y one stsep ¢sr¥es|uid efbdto ifahd yropdiedianeofesonedrgence is loosqmlultt s
for rendering a curve by use of three adders. Second,

the speed will become slow and it becomes a bottleneck if the

condition is too rigorous.

) In.summaiy, the methods of Adaptive Subdivision and

Adaptive. Forward Difference in the prior arts have

10 disadvantages as follows:

(1) Adaptive Subdivision needs a stack memory device such that
the efficiency of systeﬁxoperation is greatly reduced due to
too much processing in stack access and the performance of
division is also poox.

15 (2) Adaptive Forward Difference needs to transform the
parametric formula of Bezier curve into AFD basis formula,
which takes sustantial time to perform floating point
operation.

(3) The output of Adaptive Forward Difference is in a format

20 of points instead of a set of control points such that many
properties of Bezier curve are not available. For example,

the property of convex hull for Bezier curve is used to
determine if the curve is out of the visible window and to
rapidly skip the unnecessary computation. Furthermore , the

25 tangential line of the curve can be determined by control

points. It is greatly desired information for shading process



not only Bezier curves but also any type of cubic curves can be

r ender ed. ~ The nethod of Forward Difference still has three 5

di sadvantages. First, it is necessary to transformthe Bezier curve

with the geonetrical paraneter into a cubic Qolynoniar by a

pre-process of floating point nmultiplication., Second, t he val ue of

difference has to be fixed and is very difficult . .to determ ne,

especi al | y wher e imeconputitng &heapngide shetveenithe ightt spuraat agdotheut put

data are hard to obtain. This is the nost serious disadvantage. Third,

al though the pres®piect. part of conputation is out of the visible w ndow,
it is still necessary to performthe conputation because the

conmput ati on - has to be acconplished point by point. 15 To sol ve

t he above di sadvantages, a paper titled "Adaptive Forward Differencing

f or Rendering CurSEMMARY OF\/THECANVENTION Conput er Graphics, July 1987,

provi des a nodi fied nmethod of ' Adaptive Forward Difference (AFD).

First, the Bed er cufhe objectwnf dhe pReserbbAnvent pon rtsstapravd dear aredtheds

is transforned :

of rendering cubic curves in a computer system consisting of

a memdry device, a display device, and an input device such

as a keyboard or mouse to overcome the above problems. The

method comprises:

10 step 1 (Input): a control point set containing four control
points in a Bezier curve is entered by a user;
step 2 (Vertical division): the control point set is divided

- into two sets of control points, including left and right
child sets of control points;

15 step 3 (Horizontal extension): adjacent and parent sets of
the control point set are derived from the four control points
by an appropriate algorithm;
step 4 (Output): if the sets of control points meet a
convergence condition of ‘a straight line, the first and last

20 points are used as terminal points to display on’'a monitor
or output to a printer;
step 5 (Path selection): in principle, the adjacent set is
used as the source data for the next process; if the control
point set_is convergent, the parent set is selected as the

25 source data for the next process; if one of the child sets

is cqnvergent, the child set is selected as the source data

for the next process; and



20 into a polynom al based on AFD as fol | ows:

f(t) a[err]A[err](t)+a[err]A[err](t)+a[err]A[err](t)+a[err]A[err](t) wher e
Alerr](t)=((t-k+l)/k)*Alerr]and Alerr](t)=l. That is, when t=0, the

basis of AFD conprises: Ao(t)=l, Alerr](t)gt, A[err](t):(1/2) (t)
(t-1), and Alerr](t)=(1/6) (t) (t- 1) (t 2). Wen 25 t=t+l, the basis of
AFD conprises: Alerr](t+1)=l=Alerr]

Al err] (t+1)=Ajsteg (& ) {Dgmination)y eqrhqqlf Af g dasined ARG |qu5ve 4y
Alerr](t+1) =Alerr](t)+Alerr](t).

6 Thef imebsHeabi s retvrmodghtsten @ tife neft Vo shedo obt ai n:
f(t+l)=(a[err]+aferr])Aerr](t)+(aferr]+aferr])Alerr](t)+(aferr]+alerr])A e
rr](t)+afert] Al erahéthervébidctive of lthet paesenthinvehtionnisitich priceidled
basi s.. Therefore, E, L, R, and P represent the operation matrices

5 of the, AFD Qﬁ?aifﬁ&%&m% for rendering cubic curves in a computer system
A=[Alerr](t),Alerr]J(t),Alerr](t),Alerr|(t)]
5 which contains a memory device, a display device, and an input
: dev1ce such as a keyboard or mouse, comprlslng' -
a visible window coordinate register, which is used to store
coordinates of upper-left and lower-right locations in a,
visible window to serve as reference fer determining if a
10 curve is visible;
an input control point register, -storing input control
points;
an output cont;ol point register, storing output control
points; |
15 an IR operator, generating left and right child sets of
control points in parallel with three layers of operation by
means of a simple operation oﬁ'addition and shift;
an EP operator, generating an adjaceht set and a parent set
of control pointe in parallel with three layers of operations
‘20 by means of a simple process of addition and shift;
a paeh se;ector, which contains a convergence enalyzer, a
visibility determining device, and a termination counter,
determining feedback inputs and outputs from control points
derived from the LR and EP operators; and

25 a segment generator, generating point data in a desired line

with the first and the last control points of a Bezier curve
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wher e

001

1/4 -1/8
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1000.25
Theoretically
advant age of
adapted to th
as an exanpl e,
operations as
Forward Diffe

to f(t+1), f(t/2), f(t/2+1) and f(2t), respectively,
1100 10 E= 0100 - 0011 -0
1 1 O 0 15 .L: 0 1/2 -1/8 1/16 0
-0 0 1/8 1/8 1 1 0 0 20 R=
1/ 16 0 O 1/4 100/8 -0 O 0 1/8
P= 0210 0044 000O0S8
as! £ Do A ntlam é&@of@ér\l@é i & QIraRfes: o@othél%ﬁl.éﬁl%
raprd operation in Forward Difference and can al so be
g di.vision level in each step. Wth reference to FIG 4
&&&‘lve Forwar d D fference does not only have L and R

N AJRRU N ay 1nSHPUAHApBEnR e £ IPERB1AOR &F dirve

ren

into the input control point register and the visible window
coordinate register and trigger other parts of the apparatus.
in the present invention. The right, left, adjacent, and

parent‘control points can be obtained from any set of control

- points by the LR and EP operatofs. The path selector checks

-the convergence of the four points and the relation with the

10

15

visible window to determine thg ieedback input for the next
operation. Under optimal condition, the parent control poin-t
is not convergent and the left a‘nd right control points are
convergent. Then the left and right control points are
direétly tra;nsferréd to the output control point register.
After the output control point register receives the
effective control points,- these data are transferred to the

segmént generator which will generate point data for the

~ desired segment by means of a conventional Digital

20

Differential Analyzer (DDA) with the first and the last points
as the start and end points, respectively. The conventional
Adaptive Subdivision will stop the rendering operation if the

stack is empty. But the present invention needs to design a

set of termination counter such that the value in the counter

25

is adapted with respect to the path selector and the rendering
operation will stop when the value in the counter is less than

Zero.

0



35 also has four operations of L, R E and P. However, the

nmet hod of determining the division level is arguabl e because it is not
ri gorous enough to determ ne the 7
convergence fromthe di stance between the priesent and the previ ous

points. Wth reference to FIG 5, the distance between the first point

Plerr] and the Iast gpgipt fggﬁfési dz%ranHEBges of the® rr\é%e;h? ?ﬁ‘éeggﬁaﬁlt i on

convergent. Thus, .the speée rendering urves is fast

of tconvergence i§%ﬁé901§§c$}kg a(ﬂparehlﬂ.eaff’gfdcﬁ’& Fo1 REGORE éégﬂfbnqﬁséﬂt Nge:% es

a bottleneck if t condrtion is too rigorous. ,- the

met hods of Adapt &.%geglbgév&?é %’Ec‘%ﬁgan i??géiv\lga%_in\(/;%forvvard Difference in the

prior arts have di sadvant ages as fo (1) Adaptive Subdivision
needs a stack nmenory device such that

S BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shows a system block diagram of a preferred
emf:odix‘hent in the bresent invention. .
. FIG. 2 shows a schematic diagram illustrafing the division
principie o_f Bezier curve.
10  FIG. 3 shows a binary tree structure iilustrating the LR
operation of the iterétive division.
FIG. 4 shows the L, R, E, and P operations of adaptive
forward difference .by a binary tree structure.
FIG. 5 illus;crates a special case of Bezier curve.
15  FIG. 6 shows the internal structure of the LR operator of
the preferred embodiment in the present invention.
FIG. 7 shows the internal structure of the EP operator of
the preferred embo.climent in the present J';nvention.
FIG. 8 shows a flowchart of the path .selector of the
20 preferréd embodiment in the present invention. |
FIG. 9 illustrates a simulation of the path selector of
the preferred embodiment in the present invention.
FIG. 10 illustrates the process of determining the
convergence of the control points of tﬁe preferred embodiment
25 in the present invention.
FIG. 11 illustrates the acquisition process in the visible

window of the preferred embodiment in the present invention.



the efficiency of systemoperation is greatly reduced due to too nmuch
processing in stack access and the performance of division is also
poor. 15 (2) Adaptive Forward Difference needs to transformthe
paranmetric fornula of Bezier curve into ARD basis fornul a, whi ch t akes
sustantial time to performfloating point . operation. (3) The

~out put of Adaptlve Forward Difference is in a format 20 of points instead
of a set of control p0|nts such t hat nany propertles of Bezier curve
are not avail ablg . nfgl | for Bezier

. » ,y'
curve i s used t® e VISible wi ndow

and to rapi di he unnece ry ut at i on EBur th the 25
tangential Ii ne of *ﬂ-ﬁg E?ﬂg% rb%ett? iﬁg;t e?‘ tt:% tk di rarBE0| nts. It
's greatly desi g.ggl{xgégra glyggaégrlosQgg_langogggi%sas the input device for

5 the user to input control point data of the curve, and a memory
device 15 to store the coordinate data from the input devicé.
Moreover, a CPU (Central Processing Unit) 13 is used to
transfer the coordinate data of the visible window and the
control points stored in the memory device to a data bus 30.

10 a visib],e window céordinaté register 55 and an input contro_l
point register 50 receive the above coordinate and contxol
point data,_ respectively. Once the control point data are
entered into the input control point register 350, the
.generation process fo_r Bezier curve is triggered. An LR

15 ~ operator 80 is used to fransform the set of input control point
dat-a into left and right child sets of control poinf in
parallel as shown in FIG. 6 which illustr.:ates the internal
construction; an EP operator 85 is used to transform the input
control points into adjacent and parent sets of control points

20 in parailel as shown in FIG. 7 illustrating the internal
construction. A path selector 90 is used to analyze the
control point data from the LR and EP operators in order to
determine if generating output data or not, how to feedbéck,
and the final termination as shown in FIG. 8 which illustrates

25 the flowchart of the control process. A multiplexer 70
controls the input sources of the two operators such that the

LR and EP operators will only receive the feedback data from



n caonputing the angle between the |ight source and the obj ect.
SUMWWARY OF THE I NVENTION 5 The object of the present invention is to
provi de a met hod of rendering cubic curves in a corrputer system-
consi sting of a nenory device, a dlsphgy devi ce, "and an i nput device
such as a keyboard or nouse to overcorne it he above problens. The
nmet hod conprises: 10 step 1 (lnput): a control point set containing four
cont r ol pomhespahhasea@_qt@r %&W@e% thatcthel fiiyss inpyt data axe dgom
(Vertical division): the control point set is divided into two sets of
control points, thelingubgcontrolapeintgiagister §6i Ikh sutpubfcentrobipopaitnt s;
15 step 3 (H0r| zontal extension): adjacent and parent sets of t he
control point sexegirstede6Ovetioresntheicoutput deharof Phe turve. A [Segment
appropri at e al gor| thm

generator 40 further deals with the output data and simulates

5 the Bezier curve in a manner of straight line, which is divided
and convergent to a line. A display driver 20 and a display
device 25 are used to display the final result in accordance

with the segment generator 40.

The flowchart of the path eelector is shown in FIG. 8.' The
10 termination counter is reset to zero in Step S801. Step 8862
obtains a first set of input data for operation in accordance
with the data stored in input control point reglster In step
5805, the input C is transferred to the LR and EP operators
to obtain four sets of L, R, E,' and P, which are the selected

15 control points as the next feedback input data with the
priority order as P, L, R, and E. At this time, step S806 checks
if the input C is completely out of the visible window; if
yes, step S807 checks the termination condition ( the value
in the termination counter is 0) and if it is met, all the
20 operatiens in progress will stop. If the input Cis cempletely-
out of the visible window but the termination condition is
not met, there are two results to sustain the intact binary
. tree construction. Assume that a parent set of control points
has been used as control points under processing. First, if
25 the present control point set is the left child set of the
parent set ;‘md the set P of the parent set is also out of the

visible window, the present control point data C is replaced



'step ‘4 (Qutput): if the sets of control points neet a conver gence
condition of a straight line, the first and last 20 points are used as

termnal points to display on a nonitor or output to a printer;
step 5 (Path selection): in principle, the adjacent set is used as the
source data for the next process; if the ddntrol poi nt set is

convergent, the parent set is selected as the 25 source data for the next
process; if onewftHhaethipl dfsehe parenti setodnesyeptS8ihe andi keseslus

sel ected as t-he source data -for the next process; and
9 step 6 (Taiihwtteaminathonkcointerds saebsegbent Lyrdieviided by 2iiwshed
, return to step 2 if not finished. Anot her "obj ective of the

present inventistep S8l .prsecond, if atbelarﬁwgahuquﬁ.nesremmerum ptrlelsentcurves
in a conputer system
control po:mt set is the right child set of the parent set

5 of control points or the set P is not completely out of the
visible window, the adjacen{: set of control point E takes
place of-the C in step 5813 and step S814 decreases tixe value
in the terminaj:ion counter by 1. Then the next operétion- is
proceeded by returning back to step S803. ffia step S812.

10 . If there is at least part of the set of contr.ol points C
within the visible window, step S$815 checks if the set C is
convergent and is the left subset of the parent set; ié yes,
the operation moves toward the parent set. Steps 5818 and 5819
illustrate the forward process. If the set C is the last, step

15 .s820 outputs the set C and terminates all the operations in
progress

© After step 5850, step 8851 is used to check L and R and
there are three cases. First, if the sets L and R are
convergent, the adjacent set of control points E wi:ll be in

20 place of the present set of control points C in step S859 and
the value in the termination counter will be reduced by 1 in
step S860; step S861 outputs the sets L and R in parallel.

. Sec.cm.d, if the set L is convergent but the éet R is no,t,'. the
set of coﬁtroi points R will be in place of the present set

25 C in step S853; step S854 outputs the set L and step S855
multiplies the value of the counter by 2. Third, if the set

L is not com)ergent, the set L is in place of the present set



5 which contains a nenory device, a display device, and an input

devi ce such as a keyboard or nouse, conpri sing: a visible w ndow
coordinate register, which is used to store coordi nates of upper-1left
~and lower-right locations in a vi si bl eldv ndow to serve as reference
for determining if a 10 curve is visible;, - an input control point
register, storing ijPuitepOBB5?|and stdpPisB5S; multipBibsthRukadaBt bl trei nt
regi ster, storing output control points; 1 an LR operator,
generating left %Bﬂ;rfti&hbycbi bdseién Plus 1. control points.in parallel
with three | ayers of operation by means. of a sinple operation of

addition and shift; piq  o23sFRs QR ONusRERRL ALY ARANBRCRE BEtaaNd 2

par-ent set of co | “pornfs Inpara rée layers

operations . 20 WeymaNs-oln niCHNEIPpOGESS, BF AdILiA 203 Haponas 2

path sel ector, whiCh contains a convergence analyze

determ ning devi g AN AACERLLALL ARG $h FIG. 9, the order of the

division operation for the operator LR is node 900, nt.:de 910,
and node 920. The system will output the data of 921 and 922
and go toward node 930 because the control poir;ts with respect
to nodes 921 and 922 derived from node 920_ are convergent.
10 The system will output the data_of 931 and. 932 and go toward
node 940 because the control points with respect to nodes 931
and 932 derived from'node 930 are convergent. However, the
control points for node 940 are convergent and then the systém
wil,l further go toward node 950. From the viewpoint of node
15 950, the control points of node 940 are convergent and the
system outputs the data for node 940, but node 960 is not
convergent such that the system will go furtﬁer'toward node
960. Because node 961 and node 962 are convergent, the éystem
~will screen out the control point data of nodes 961 and 962.
20 The above-mentioned illustrates the flowchart and the
result of simulation. Four points will be described in detail:
first, the internal construction and operation for .the
operators LR and EP; sécond, how to determine the convergence
of the control points; third, how to d.et-ermine if the curve
25 is within the visible window; fourth, the efficiency of the

: apparatus in the present invention for rendering cubic

curves.



determ ni ng feedback inputs and outputs fromcontrol points derived
fromthe LR and EP operators; and 25 ‘a segnent generator, generating

point data in a desired |line with the first andthe | ast control
poi nts of a Bezier curve : 16 10 as
termnal points in accordance with a driver of the display devi ce.

The user may input contial LBKa0aLa Bl kA HoZhar oBUEKELon g0k iR, LD

i nput control point he vi Si coordrnate Tegister

flant Tert, *ad <8ea Rk %hgngp“f’@ra‘th‘*sm R sed"a%¥§f?t Teom

‘right, left, adja parent contr
o 32, O SN o o SOREE i B ESE TR i
wth the Each small circle represents an operatlon unit generating
5 (A+B)/2, where A and B are two input data. After three |
‘cperations, the original control points (Poo, Poi, Po2, and Pg3)
are di'w'rided into a left child set (Pg, P11, P22, and Pi3) and
a right child set (P33, P23, P13, and Po3).
The EP operator is provided in the present invention, whicﬁ
10 is similar to the LR operator as shown in:FIG. 7. Each small
circle represents ah operation unit generating 2B-A, where
A .and B are two input data. After three operations, the
original control points (Poo,Pol,Polz, and Pos3) are div.ided into
a parent set (Poo, P11, P22,and P33) and an adjacent set (P,
15 Pi, Pz3, and Psi).
As well-known, the division process of the LR operator for

Bezier curve is as follows.

. a2 n . .
Assume By[P;u] = ), Py (1) ut(1-u)®* , then
=0
20 (I) Ba[P;u) = Ba(Pe’ ,Py , ... ,P,® ;2u)
(II)By{P;u) = Ba[By" ,P™%, ... ,P° ;2u-1)
where, Pg¥ = (Pi*+ P¥?)/2, kx=1,2, .. ,n

Pi 7 k=0

25 The present invention provides the following algorithm for

the EP operator ('it can be proven by inductive method):



10 visible window to determ ne the feedback input for the next

operation. Under optinmal condition, the parent control point ‘1's not
convergent and the left and right control points are - convergent. Then
the left and right control points are d7rectly transferred to the

out put control point register. 15 After the output control point register
recei ves the effective control points, these data are transferred to

t he segnent generator which will generate point data for the

desired segment by neans of a conventional Digi %al Differenti al

Anal yzer (DDA) with the first Lhe | g3t goi - 20,. asatihe art and end
poi n%ls, rt(aspeZ:t i vel y. %%éﬁ?f%ﬂa’l' :_2 Ad ma ve @u’ﬂ‘@i Vi gi %’%‘e\ﬁ Il stop
the rendering operation if the stac?< is enpty. But the present

i nvention needs to desi & _rp;ulSetp p 0 € Nati on cgunt eg ch that the
value in the counter et i s"[adaét ed z\'?\%f;toh'rtljspéct"t'o' he’ pa{ 1Jsel ector and

the rendering 25 opergatd ol |1 SLOR en 4 he valug an they counter is
| ess than zero. Pﬂ)orb“%'h]__ LA R S S
5 where,_ 'Pik' ={2ng-1 - .Pj_-1k-1 ’ lk=1, 2, <.,

Pi ? k=0

The present invention can g.enerate not only cubic curves

but also square 'lcurves or more high level-curves. Moreover,

10 to explain the present invention more clearly, both FIGs. 6
and 7 use  6 operators. If it is desired to implement the
opergtion's by hardware circuit, the number of the operators
can be reduced to 3 by adding suitable feedback c_:ircuits.

2. How to determine the convergence of the control points:

15 as sﬁown in FIG. 10, to determine that the Bezier curve defined
by the set C (P100, P200, P300, and P400) is convergent to
a line, the conventional fnethod makes two ‘1iﬁes from P200 and
P300, respectively, which are vertical to the segment between
P100 anci P400. If the length of the two segments are smaller

20 than a threshold value, the control points are taken as
convergent.

A simpler method as follows is usually used to save
computation time or for convenience of implementing hardware
circuit: only two vectors V250 {V200 subtracts V100) and V350

25 (V300 subtracts V200) are calculated and if the X or Y

components of the two vectors are smaller than the threshold



& her- features and advantages of the present invention w |l becone

apparent after the foll ow ng description which refers to the

acconpanyi ng draw ngs. 5 BRI EF DESCRI PTI ON OF THE DRAW NGS .

FIG 1 shows a system block diagramof a pgeferred - enbodi nent in the
present invention. FIG 2 shows a-'schematic diagramillustrating

t he division ringi pl e of Beziger curve, . 10 FIG 3 shows a binary
tree structure i"??‘g%t ré?$r?§“§ﬁ@ LpPints agg rakeR 2 HICANFSTOEBEat i ve

di vi si on. FIG 4 shows the L, R E, and P operations of adaptive
forward difference by Howiteadgterpinesdfythereurve is withftnGhes vidibder at es
a special case of Bezier curve. 15 FIG 6 shows the internal structure

of the LR operat¥dpdef: the advantage of the present invention over Forward
Difference is that it is much easier to determine the present’
5 control points are out of the visible window and adapt the
level of division in a dynamic manner.
In é‘IG. 11, the Bezier cﬁrve defined by the control points
'(P'oo, Poi, Poz2, and Po3) is completely out of the visible window
whi_ch is defined by (B300, B400). It is easy to determine the
10  curve J':s out of the window if the maximal-coordinate values

-0of the four control points are obtained.

4. The efficiency of the apparatus in the present
invention for rendering cubic curves: the advant:.ages over t};e
conventional method of Adaptive Subdivision are: ;first, a

15 memory stack is no more needed which saves the time of access;

- second, two terminal nodes in the binary tree have.to be
processed instead of all nodés in Adaptive Subdivision. For
"an intact binary tree, if the number of the terminal nodes
is N, there are totally 2N-1 nodes.

2.0 There are three advanfages over the method of Adaptive
Forward Difference. First, Adaptive Forward Difference needs
floating point operations such as multiplication and division
to transform the Bezier curve based on control points into
AFD based. Second, Adaptive Forward Difference can not skip

| 25 unnecessary computations in the case that the curve is outside
the visible window. Third, the pre'.;:ent invention needs only

12 addition and subtraction prdcess_.e_§ ( 36 clocks) and 12



the preferred enbodinent in the present invention. FIG 7 shows
the internal structure of the EP operator of the preferred enbodi nent
in the present invention. FIG 8 shows a flowchart of the path
sel ector of the 20 preferred enbodinent in the present invention.

FIG 9 illustrates a sinulation of the paH sel ector of the preferred
enbodi nent in the present invention. FIG 10 illustrates the
process-of determ ning the - convergence of the control points of the
preferred enbsﬂnﬁtnpro%ﬁssnstHéchdgeks)lnmemm<intel 8086 prdteddor to
illustrates the acquisition process in the visible “w ndow of the

R T M TR 5 i o
Difference needs 14 addition and subtraction processes.( 42
clocks) and 41 shift processes (82 clocks) .
5 There are three primary advantages for the present
invention:

(1) a memory stack device is not needed and the cost is
reduced by.hardwaré and micro prograﬁming in the. present
invention.

10 (2) the control'p.oints are directly used as input data and
no floating point operation is needed for the pre-treatment

process. The average efficiency for the four operations L,

R, E, and P is better than that of Adaptive Forward Difference.

(3) the intermediate data in the present invention are
15 control points and the property of the Bezier curve can be
used, such as to de;ermine the curve under detection is out
of the visible window, to dynamically adapt the level of
division and extension, and screen out unnecessary
éomputations. )
20 Although only the preferred embodiments of this invention
were shown and described in the above description, it is

requested that any modification or combination that comes

within the scope of this invention be protected.



/ .
- Wth reference to FIG 1, the k di agram I ncl udes a keyboard
10 and a nouse 12 as the” Hﬂ mmﬂ“mﬂr 5.the user to lnput control

poi nt data of the curve, devi ce 15

coordinate data fromthe |nput devi ce. a0 Moreover H—HWE(E@&MEI
Processing Unit) 13 is used to transfer the cooffdi natks;cbm@ggg)

vi si bl e wi ndow and t he c n,tr.ol points stored in

data bus 30. 1%%%, coordi nate register 55 and an |nput
control . point_register 50 rﬁce | ve the above coqrdi nat e d conﬁt

point data, respeckingiied gfc&ep érﬁ%ﬁtar GHPLE; FHEYR R ﬁr‘é"“‘pu ererﬁyé &R into
the input control p0| nt register he - generati-on_process . for, Bezier
curve is triggeredhish EWP{BSG%SéF%‘E%Y %Vﬁ%efuééispéayr%%"s’fc@rﬁ??ﬁg {Rpubf

i nput control * poi nt data into left and right child setfs of control -
point in par ewiceSushodf #rkeYRQ2IE QRiRANSe.| GOFPALELNT H'S RSBl
construction; an EP operator 85 is used to transformthe input control
points into édj aced®: and parent sets of control points 20 in parallel as

shovvn in FIG 7 illustrating the internal
a. entering a control point set contam:.ng four control

_po:.nts in the Bezier curve of said cubic curve;
"b. generating a left child set and a right child set from
§aid control point set using an LR operator, said left
10 and right- child sets each_having four control points,.;

c. deriving an adjacent set and a parent set from said
control point set by' an EP operator using an appropriate
algorithm, said adjacent and parent set each having four
control points:; o

15 .d. displaying c-n: outputting a line segment using first and
last points of said control point set if the four control
points of said.control point set satisfy a pre-.
determined con%rergence condition of a straight line;

e. terminating the rendering of said Bezier curve if said

20 B'e.zier curve is -'complete, and executing step.f_.
otherwise;

f. returning to step b. for continuing a next iteration by
using sai.d parent set, said adjacent set, said right
child set, or said left child set to replace said control

25 . point set;

wherein said adjacent set is used as the control point set
I

for the next iteration; said parent set is used as the

This Sheet Has Been Reﬂla




construction. A path éETEETUr~99-+s_u§gg_to anal yze the

0i nt
'_/ .
data fromthe LR and E rs in order to "]h&%ﬁ _ at i ng
out put data or not, ”’m Mfu and the fi|n& i .
shown in FIG 8 mhlch | LM”thélflomchart ‘ )

process. A nultiplexer 70 confrof's the I'nput sources of the tmo

operators such thabntf61 point-BedNBoERNPa{eAtOLeatior ™ § gﬁ@ld@ﬂrb@
f eedback data from the path

sel ector 90 exceppoihptsding sf bbfverdent; dabasaig fiighp cmldtg@tlduotstam
control point register 50. An output control point regi ster 60 stores

‘the output data of fp&iWd/Set ASBEERMSs the cAIABIn# & dtUbENEHe ARRLS
with the output data and sinmulates 5 the Bezier curve in a manner of.

straight line, whiel éélgﬁvifk¥¥ is coﬁ@@r&@ﬂﬂergent to a line. A display
driver 20 and a dlspf device 25 aré used to display the final result
I n accordanqg

2. An apparatus for rendering a cubic curve in a computer
system which comprises a memory device, a display device,
“and an input device such as a keyboard or mouse, comprising:
.a visible window coordinate regiéter for storing
10 coordlnates of upper-left and lower-right locations of a
v151ble window, said upper-left and lower-rlght locatlons
being served as reference for determining if a curve is
visible; |
aﬁ input control point register for storing input control
15 points; |
anoufputCOntrolpointregisterfbrstoringoutputcontrol
points; | -
an LR operator generating left and right child sets of said
input control points in parallel with three layers of
20 operation by means of simple processing compriéing
addition and shift;
an EP operator genefating adjacent and parent sets of said
control points in parallel with three layers of operation
by means of simple processing comprising addition and
25 shift; | |
a path selector comprising a cbhvergence'a?alyzer, a

visibility determining device, and a terminating counter.

Sheet Has Been Re; laced
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W th-the segnent generator 40. The flowchart of the path sel ector
is shown in FIG 8. The 10 termnation counter is reset to zero in Step

S801. Step S802 obtains a first set of input data for operatjan
accordance with the data stored in input control ,a To IS
step S805, the input Cis transferred,to the LR a
to obtain four sets of L, R E and P, which are the sfl ected_ L -
poi nts as.the next feedback input data with the priority order as P,
L, R and E. At this tine, step S806 checks ~if the input Cis

. conpletely out of the visible window, if 92 yes, step S807 checks the
termnation condition ( the value ~ ih the term natlon counter is 0) and
if it irs net;. all the 20 _operati WI|_|. . ipput C
is conpletely said@athpeleetakf EEIW'HS g{) F*‘Slné%gwd?gi on

i's not nmet, there are two results to sustalnthelna marx

tree constructi ﬁnommaudeleﬁhta%dp%ﬂr@ﬁ cddildysegsnend spefnadiacentgadpeen
~used as control points under processing. First, if 25 the present control
poi nt set is thpakeht sbltlsdgeener@rcemby said LR and EP operators; and

a segment generator generating point data in a desired line
5 using first and last control points of a Bezier curve as
terminal points in accordance with a driver of said display

device.

R
O] O

ﬂ/,/;

"



parent set and the set P of the parent set is also out of the vi sible
w ndow, the present control point data Cis replaced

14 by the set P of the parent set in step S810, and the val ue in
the termnation counter is subsequently di23ided by 2 in step S811.
Second, if step S809 acquires that the present control point set is
t he rlght child set of the parent set 5 of control points or the set Pis
not conpletely out of the vi si bl e wi ndow, the adjacent set of control
point E takes MET THOD 340 AppPhRATHS! Poﬁtmni%%ea@%%eéuﬁﬁéé decreases the
val ue in the termnation counter by 1. Then the next operation is
proceeded by returning back to step S803 via step S812. 10 If there is
at |east part of the set of .control points C within the visible
wi ndow, step S&%m%g fggg‘ahﬁlééiggilﬁé convergent and is the |eft
subset of the p T 11 yes, :

5 A method and apparatus used to render cubic curves is

disélosed._ A cubic Bezier curve is rapidly decomposed into
‘'small segments piecewise b.y using two independent operation
units in parallel for processing four control poihts of the
cubic Bezier curve with the assistance of an arbitrator to
10 display the cubic curve on a mégi'tor or output to a pr'inter..
A set of control point data of the cubic Bezier curve is
'obtainea from an input device and serves as the original input
data for é vertical division operation unit and a horizontal
exténsion_operation unit that generate four sets of control
13 points in parallel. The arbitrator makes two decisions from
the four sets of control points. F:Lrst, if there are sets of
control points meeting the condition of renderlng the curve,
those sets are transferred to a segment generator to generate
points for rendering the curve. Second, it determines which
20 set of control points is the next feedback input dat.:a for the
parallel horizontal extension operation. Finally, the
arbitrator also controis the termination of the rendering
process. The method and apparatus is suitable for parallel
processing in accordance with the geometrical property of the
25 Bezier curve with high rate and efficiency of rendering

curves.

Fig. 1



t’he operation noves toward the parent set. Steps S818 and S819
Illustrate the forward process. If the set Cis the last, step 15 S820

outputs the set C and ternminates all the operations in progr ess.
After step S850, step S851 is used to check L and R and there are
three cases. First, if the sets L and R are, convergent, the adjacent
set of. control points Ewll be in 20 place of the present set of
control points Cin step S859 and tRgeal ue in. the term nati on counter
will be reduced by 1 in step S860; step S861 outputs the sets L and R
in parallel. Second, if the set L is convergent but the set Ris not,
t he set of control points Rwill be in place of the present set 25 C
in step S853; step S854 outputs thefset L and step S855. * mul tiplies the
val ue of the counter by 2. Third, if the set L is no§ convergent, the
set L is in placeg of the prespht get
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15 * Cin step S857 and step S858 nultiplies the value of the

counter by 2 and then plus 1. Fig. 9 is used to illustrate 'the
simul ati on of- path selection in which each process of rendering a
curve responds 5 to a binary tree structure. In FIG 9, the order of the
di vision operation for the operator LR is node 900, node 910, and node
920. The systemw | |I" output the data of 921 and 922 and go toward node
930 because the control points with respect to nodes 921 and 922
derived fromnode 920 are convergent. 10 The systemw || output the data
of 931 and 932 and go toward node 940 because the control points with
respect to nodes 931 and 932 deriveg/fpom node 930 are convergent.
However, the control points for node 940 are convergent and then the
system - will further go toward node 950. Fromthe viewpoint of node 15
950, the control points of node 940 are convergent and the system

out puts the data for node 940, but node 960 is not conver gent such
that the systemw ||l go further toward node

FIG.2



960. Because node 961 and node 962 are convergent, the system wi ||
screen out the control point data of nodes 961 and 962. 20 The
above-nentioned illustrates the flowhart and the result of
simul ati on. Four points will be described in detail:- first, the
internal construction and operation for the, operators LR and EP;
second, how to determ ne the convergence of the control points; third,
how to determine if the curve 25 is within the visible window, fourth, the
efficiency of the. apparatus in the present inventjon for rendering
cubi c curves. 16

1. The internal construction and operatid%/*%w t he operators LR and
EP. the LR operator uses the design of the conventi onal Adaptive
Subdi vi si on nmet hod as shown in FIG 6. Each small circle represents
an operation unit generating

c
LC A RC
RLC LRC | RRC

LLC

- FIG.3



5 (A+B)/ 2, where A and B are two i nput data. After three oper ati ons,

the original control points (P[err], Plerr], Plerr], and Pl[err]) are
divided into a left child set (P[err], Plerr], P[err], and P[err]) and
aright child set (P[err], Plerr], Plerr], and Plerr]). The EP
operator is provided in the present invention, which 10 is simlar to the
LR operator as shown in FIG 7. Each small circle represents an

- operation unit generating 2B-A, where A and B are two input data.
After three operations, the original control points
(Plerr],Plerr],Plerr], and Plerr]) are djvided into a parent set
(P[err], Plerr], Plerr],and P[err]) and /At adj acent set (P[err], 15
Plerr], Plerr], and P[err]) As wel | -known, the division process of
the LR operator for Bezier curve is as follows. Assurme
Blerr][P,u] = [err], then 20 (I') Blerr][P;u] = B[err][P[err],
Plerr], ... ,Plerr] ;2u] : : (rr)yBlerr][P;u] = Blerr][P[err]
,Plerr], ... ,Plerr];2u-1]

P
S

. .
Lc E - RC
P/ /\

LLC — e RLC — 4 LRC — . RRC

FIG.4



where, Plerr] = (Plerr]+P[err])/2, k=1,2, .. ,n

Plerr] , k=0 25 The present invention provides the foll ow ng
al gorithmfor the EP operator (it can be proven by inductive nethod):
17 Assune B[err][P;u] = [err] , then . ()
Blerr][P;u] = Blerr][Plerr],Plerr], ... , Plerr]; u/2] (rr)
Blerr][P;u] = B[err][P[err], Plerr], ... , Plerr]; u-1 5 wher e,
Plerr] = 2P[err] - Plerr], k=1,2, ...,n ' Plerr]
, k=0 The present invention can generate not only cubic curves
5/12

FIG.5



but afso square curves or nore high | evel -curves. Mireover, 10 to explain

the present invention nore clearly, both FIGs. 6 and 7 use 6
operators. If it is desired to inplenent the oper ations by hardware
circuit, the nunber of the operators can be reduced to 3 by adding

sui tabl e feedback circuits. 2. How to determ ne the convergence of
the control points: 15 <as shown in FIG 10, to determine that the Bezier
curve defined by the set C (P100, P200, P300, and P400) is convergent
to a line, the conventional nethod nakes two |ines from P200 and

P300, respectively, which are vertical tesihe segnent between P100 and
P400. If the length of the two segnents are snaller 20 than a threshold
val ue, the control points are taken as - convergent. A sinpl er
met hod as follows is usually used to save conputation tine or for
conveni ence of inplenenting hardware circuit: only two vectors V250
(V200 subtracts V100) and V350 25 (V300 subtracts V200) are cal cul at ed
and if the X or Y conmponents of the two vectors are snaller than the

t hreshol d

(A+B)/2

FIG.6-



18 * value, the control points are taken as convergent. 3. How
to determine if the curve is within the visible w ndow. the advant age
of the present invention over Forward Difference is that it is nuch
easier to determ ne the present 5 <control points are out of the visible
w ndow and adapt the | evel of division in a dynam c manner. In
FIG 11, the Bezier .curve defined by the control points (Prerr],
Plerr], Plerr], and P[err]) is conpletely out of the visible w ndow

which is defined by (B300, B400). It is easy to determne the 10 curve is

out of the window if the raxinmal-coordinate val ues of the four control
points are obtained. 4. The ef f7€k3ncy of the apparatus in the
pr esent invention for rendering cubic curves: the advantages over the

conventional nethod of Adaptive Subdivision are: first, a

Poo Po1 P Po3

FIG.7



15 menory stack is no nore needed which saves the tinme of access;

second, two term nal nodes in the binary tree have to be processed
i nstead of all nodes in Adaptive Subdivision. For an intact binary
tree, if the nunber of the term nal nodes is N, -there are totally 2N-1
nodes. 20 There are three advantagegwer the nethod of Adaptive
Forward Difference. First, Adaptive Forward Difference needs floating
poi nt operations such as nultiplication and division to transformthe
Bezi er curve based on control | | AFD based. Second, Adaptive
Forward Di fference can not ski Zm unne §§9er conputations in the case
that the curve is outside the visiblg window Third, the present
i nventi on needs only 12 additign and subtraction processes (36 clocks)
and 12 - _ shift processesy (42 clocks) in an Intel 8086 processor
to : ' ‘ . Tenmination Counter S801 .

Cn=0 ' .

Y

Control Point C= | S802
Input Control Point

| seo3

S804
Control Point Cis '

Feedback to LR A
and EP Poerator

1 ssos

Let LREP. represent
the results gegerted
by the operators

| S806 S807

Is C completely
invisble?

~ S816
s Cn odd and Ny
C converpent? {nvisible 7
NO
YES v S$810 + S813
| s820 w] S8 c=F C=E
| outpUTC C=P 3 S811 v S84
l S81g Cn=Cni2 Cn=Cn-1%
S821 Cn=Cn/2 l
A 4 Y S812

FIG.8



inplenent L, R E, and P operations but Adaptive Forward Difference
needs 14 addition and subtraction processes ( 42 cl ocks) and 41 shift
processes (82 clocks). 5 There are three prinmary advantages for the
present i nvention: (1) a nmenory stack device is not needed and
the cost is reduced by hardware and mcro programmng in the present

i nvention. 10 (2) the control pointséfi directly used as input data
and no floating point operation is needed for the pre-treatnent
process. The average efficiency for the four operations L, R E. and P
is better than that of Adaptive Forward D fference. (3) the '
internmediate data in the present invention are 15 control points and the
property of the Bezier curve can be " used, SU&EW to determ ne the
curve under detection is out of the visifTe w, to dynamcally
adapt the | evel of di vi si on and extensi @ d screen out unnecessary

conput ati ons.

FIG.8 (continued)



.20 1+ Although only the preferred enbodi nents of this invention. S were

shown and described in the above description, it is requested that any
nodi fication or conbination that cones within the scope of this
i nvention be protected. 20 What is clainmed is: 1
A nmet hod of rendering a cubic curve in a conputer system whi ch
conprises a nenory device, a display device and an i nput devi ce such
as' a keyboard or nouse, conprising the1§2f?s 5 of : a. entering
a control point set containing four contro points in the Bezier
curve of said cubic curve; - b. generating a left child set and a right
child set from said control point set using an LR operator, said
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10 ‘ and right child sets each having four control points; C

deriving an adj acent set and a parent set fromsaid control point
set by an EP operator using an appropriate algorithm said

adj acent and parent set each having four control points; 15

d. displaying or outputting a |line segnent using first and | ast
points of said control point set if the four control poi nts of
said control point set satisfy a pre- determ ned convergence
condition of a straight |ine; - e. termnating the rendering of said
Bezier curve if said 20 Bezi er cur\ilAX2 conpl ete, and executing step
f. ot herw se; f. returning to step b. for continuing a
next iteration by - usi ng said parent set, said adjacent set, said
right " child set, or said left child set to replace said contro
25 poi nt set; wherein said parent set is used as the

FIG.10



control point set for the next iteration if said control point set is

" convergent and, if not, said adjacent set is used as the control point
set if both the right and |eft child point sets are convergent, if not,
said left child 5 set is used as the control point set of the next
iteration if the left child set is not convergent and otherw se the
right child set is chosen. 2. A nmethod as clainmed in claim1 further
conprising the 10 step of term nating the rendering of said Bezier
curve if the control point set is conpletely outside a

vi si bl e wi ndow. 3. The nethod as clained in claim1 or claim?2
wherein 15 the LR operator i substb%(l%lly as hereinbefore

described with reference to Fig. 6 of the acconpanying dr awi ngs.

4. A nethod as clained in any one of clainms 1 to 3 20 wherein the EP
operator is substantially as her ei nbef ore described with reference
to Fig. 7 of the _ acconpanyi ng draw ngs. 5. An apparatus for
rendering a-cubic curve in a conputer 25 system whi ch conprises a
menory device, a display device, and an input device such as a
keyboard or ‘ ' - g

Visible Window _.
~ B400

FIG.11



nouse, ¢enpri sing: a vi st bl e wi ndow coor di nat register for
storr“ﬂg coor di pat em | OREPLACEMENTOSHEEDSS HG a l

vi si bl e wirndow, sai left and ljofEDesorigtion t paatll.On® pidednged
to serve as a ﬁ"fmﬁ’ﬁmﬂm determ ne |i flalemsye rgadéﬂ@bioeﬁfsedal
35 2023 O Drawmg’(@) b i . CoRt ﬁéged .....
poi nt .register for storing i npuf c*ont rol QpABbgﬁm ?aacﬁﬂ,,,%tpéged ,,,,,

control poi nt Wg out put contlr

1. A method of rendering a cubic curve in a cComputer system

which cemprises a memory device, a display device andan input
de_vice such as a iceyboard or mouse, comprising the steps
5 of:
a. entering a control point set containing four control
,points in the Bezier curve of said Cl.lbic curve;
"b. generating a left child set and a right child set from
> S said control point set using an LR operator, said left
10 and right child sets each_having four control points;
c. deriving an adjacent set and a parent set from said
control point set by an EP operator using an appropriate
'algorithm, said adjacent and parent set each having four
control points; o
15 .d. displaying or outputting a line segment using first and
last points of said control point set if the four control
ptints of said.control point set satisfy a pre-.
A determined convergence condition of a straight line;

e. termlnatlng the rendermg of said Bezz.er curve if said

20 Bez:.er curve is complete, and executing step f.
otherwise;
f. returning to step b..for continuing a next iteration by

using said parent set, said adjacent set, said right
child set, or said left child set to replace said control
25 point set;

wherein said parent set is used as the




o

5 amLR operator ‘genetating left and right chil dhm\i nput

controt” points in parallel with three layers of neans of
si npl e processi ng conpri sing addi ti on and ShJ f ,MIﬁ m[' %’!ﬁﬁ erat or
generating adjacent and parent sets of saitl corftrél pol
parallel with three layers of operation 10 by nmeans of sinp

processi ng compnksiodgpadaltt sek &y the nexkj fiteration afpﬁﬁhds§P§EF@ﬂ

conprising a ggﬂﬁﬁr%%QCQSaQ%h¥€§§en% and 1Y'§bE'|bh¥dd§H§éEbﬁtn§edeibce
and a term na -

counter sai,d ect eternjnin back
i nputs and outifefsas the cEBHred; G’OFLé‘Ft S&l"'rdl ﬁcﬁ?‘?drég & ﬁﬁé 282
ad] acenttand child pRiemt seeks a@én&b&tved'gbyltsalld hBtandaff® apétathiigd and
a segnent gener ener at i ng Poin ta sited, Li
first and fasf®S %oﬁ‘?rgﬁ e%olaﬁt§ c&“%ﬁﬁ Poé'%}:vgggs oe®tne BSXt ltFr%%&n s in
accordance wi tilf &her iledit @th:sla}l dseatl il mpt2@onveéagens. and otherwise the
right child set is chosen.

2. A method as claimed in claim 1 further comprising the
0 step of terminating the rendering of said Bezier curve
if the control point set is completely outside a
visible window.

The method as claimed in claim 1 or claim 2 wherein

15 the LR operator is substantially as hereinbefore
described with reference to Fig. 6 of the accompanying
drawings.

4. A method as claimed in any one of claims 1 to 3
20 wherein the EP operator is substantially as
hereinbefore described with reference to Fig. 7 of the
accompanying drawings.

5. An apparatus for rendering a cubic curve in a computer
25 system which comprises a memory device, a display
device, and an input device such as a keyboard or
mouse, comprising: a visible window coordinate
register for storing coordinates of upper-left and
lower-right locations of a visible window, said upper-
30 left and lower-right locations arranged to sexrve as a

reference to determine if a curve is visible;
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an input control point register for storing input co'ntrol
points;

an out.put control point register for storing output control
points; - .

5 an LR operator generating left and right child sets of'said
input control points in parallel with three layers of
operétion by mean§ of simple processing compris'ing

| addition and shift;
~ an EP operator generating adjacent and parent set.s of said
0 control points in parallel with three layers of operation
| by means of simple processing comprising addition and
shift;
a path selector comprising a convergence ar;xalyzer, a
visibility determining device, and a terminating counter,
‘said path selector determining feedback inputs and outputs
= from said left and right child sets and said adjacent and
parent sets generated by said LR and EP operators; and
a segment geﬁerator generating point data in a desired line
usir;g first and last control points of a Bezier curve as
terminal points in accordance with a driver of said display

20 device.

25



