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METHOD AND APPARATUS FOR RENDERING CUBIC CURVES

NV N
The present invention relates to a method and apparatus
for rendering 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
parallel the input data of fo_ﬁ;:: control p_gints 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

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; the approximate

. approach of the Bezier curve for the cubic curve is one of

the'met;hods most widely used.

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
Generation and Display of Piecewise Polynomial Surfaces” IEEE

Transactions on Pattern Analysis and Machine Intelligence,
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Jan. 1980, the principle of Adaptive Subdivision for Bezier

curve is- as follows:

n
Ba[Psul= Z Py (1) ut(1-u)™* , we can infer

0
5 (1) Ba(Biul = BalB’,Pa' , ... ,Ba" ;2u]
(I1) BalPsu) = BalBy® B, Ll LB s2u-1]
where, Pi* = ((Pi-1*+ Pi*1)/2, k=1,2, .. ,n
With reference 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
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thé original curve as the div;.sion segment becomes much
smaller.

The binary approximation algorithm ié most well
jllustrated by a binary tree as shown in FIG. 3. A primary
set of control points C which consists of four control points
may generate two subsets of control points LC and RC, v;hich
may further Qenerate 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
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
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

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
be 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
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or a.micro program. Third, according to the convergence
conditién for detérmining which level of division is
necessary, good output data can be derived from any curve with
rigorous 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
disadvantages. First, it is ﬁecessary to have one set of r.apj.d
Stack memory uséd to temporarily store the céntr,ol points and
10 to pull out the stored data. Second, eveiy node in the'binary
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) =a+bt+ct+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
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points for rendering a curve by. use of three adders. Seco,nd,
not .only Bezier curves bu£ also any type of cubic curves can
be rendered.

The method of Forward Difference still has three

disadvantages. First, it is necessary to transform the Bezier

curve with the geometrical parameter into a cubic 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
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 1.:o be accomplished ppint_‘. by point.

To solve the above disadvantages,- a paper titled “Adaptive
Forward Differencing for Render'ing 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 tr.ansformed
into a 'i:olynom_ial 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
t=t+1l, the basis of AFD comprises: Ap{t+1)=1=Rq(t),
Ay (t+1)=Ro(t)+R1(t), Az(t+l)=A;(t)+Az(t), and

Ry (t+1) =R, (t) +A3 (L) .
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The new basis is brought into the polynomial to obtain:
£(t+1)=(aptas) Ao (t)+(aitaz) A1 (t) +(az+as) Az (t) +a3A3(t) , which
illustrates the relation with the old basis.

Therefore, E, L, R! and P represent the operation matrices
of the AFD basis matrix '

| A=[A(t),B1(t) Rz (t) ,Aa(t)]
with respect to f£(t+l), £(t/2), £(t/2+1), and £(2t),

respectively, where

N,

1100
E=l0110
0011
0001
11 o o0
L=|0 1/2 -1/8 1/16
0 0 1/4 -1/8
o 0o o 1/8 )
< .
11 0 0
R=10 1/2 3/8 -1/16
. 0 0 1/4 -1/8
o 0 0 1/8 |
1000
P={0210
0044
0008

Theoretically, the me;hod.of Adaptive Forward D}fference
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
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
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convergence from the distance.between the present and the
preﬁious points. With reference to FIG. 5, the distance
between the first-point Po and the last point P3 is zero but
the curve is not convergeht. Thus, the speed of renderiﬁg
curves is fast if the condition of convergence is loose but
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
disadvantages as follows:'

(1) _Adaptive Subdivision needs a stack memoxry device such tha.t
the efficiency of systeﬁxoperation is greatly reduced due fq
too much processing in stack access and the performance of
division is also poox. -

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

operation.
(3) The output of Adaptive Forward Difference is in a format
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
tangential line of the curve can be determined by control

points. It is greatly desired information for shading process
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in computing the angle between the light source and the

object.

T VENTION -

The object of t;.he presént invention is to provide a method
of rendering cubic curves in a computer.system consisting of
a memdry device, a'display device, and an input device such
aé_a keyboard or mouse to overcome the above problems. The
method comprises:
step 1 (Input): a control poinE set cohtq}ning 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;

step 3 (Horizontal extension): adjacent and parent sets of
the control point set are derived frém the four control points
by an appropriate algorithm; |

step 4 (Oufput): if the sets of control points meet a
convergence condition of a straight line, the first and last
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
useé as the source data for the next process; if the contiol
point set is convergent, the parent set is selected as the
source data for the next process; if oﬁe of the child sets
is cqnvergent, the child'set is selected as the source data

for the next process; and



10

15

20

25

step 6 (Termination): check if a desired cubic curve is
finished , return to step 2 if not finished.

Another objectiﬁe of the present invention is to provide
an apparatus for_renderihg cubic curves in a computer system

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 f;r determining if a
curve is visible;

an input control point register, -storing input control
points;

an output cont;ol point register, storing output control
points;

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 pointé in parallel with three layers of operations
by means of a simple process of addition and shift;

a pa£h se;ector, which contains a convergence énalyzer, a
visibility determining device, and a termination counter,
determining feedback inputs and outputs from control points
derived from the LR and EP operators; and

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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as terminal points in accordance with a driver of the display
device. |

The user may input control point data of the Bezier curve
inio the input control point reéis.ter and the visible window
coordinate register and trigger oti'xer 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

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
directly 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 me.ans_of a éonventional Digital
Differential Analyzer (DDA) with thé first and the last points
as the start and end points, respectively. The conventional
Adaptive Subdiv_ision will stop the rendering operation if the

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

set of te_r-mination counter such that the value in the counter

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

Zero.
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Other features and advantages of the present invention
will become apparent after the following description which

refers to the accompanying drawings.

IEF DESC N _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 illustrating the division
principie o_f Bezier curve.

FIG. 3 shows a binary tree structure illustrating 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.

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 invention.

FIG. 8 shows a flowchart of the path selector of the
preferréd embodimeqt 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 the preferred embodiment
in the present invention.

FIG. 11 illustrates the acquisition process in the visible

window of the preferred embodiment in the present invention.
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DD E E DIMENTS

With reference.to FIG. 1, thé system block diagram
includes a keyboard 10 and a mouse 12 as the input device for
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.
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 50, the

.generation process for Bezier curve is triggered. An LR

operator 80 is used to fransform the set of input control point
data 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
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
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
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the path selector 90 except that the first input data are from
the input‘l control point register 50. An output control point
register 60 stores the output data of tﬁe curve. A segment
generator 40 further deals with the output data and simulates
the Bezier curve 1n a manner of straight line, which is divided
a'nd convergent to a line. A display driver 20 and a display
device '25 are used to display the final result in a;:cord-ance

with the segment generator 40.

The flowchart of the path éelector is shown in FIG. 8.' The
termination counter is reset to zero in Step S801. Stép 886.2
obtains a first set of input data for operation in accordance
with the data stored in input control point register. In step
..5805_, the input C isj transferred to the LR aﬁd EP operators
to obtain four sets of L, R, E,' and P, which are the selected
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
operatibns in progress will stop. If the input Cis c<.>mpletely-
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
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
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by the seﬁ P of the parent set in step S810, and the value
in theztermination.counter is'subsequently divided by 2 in
step S811. Secbnd, if step,SBOS.acquirés that the present
control poinﬁ set is the right child set of the.parent set
of control points oi the set P is not completely out of the
visible window, the adjacenﬁ set of control point E takes
place of-the C in step 5813 and step 5814 decreases the value
in the teéminapion counter by 1. Then the next operétion.is
proceeded by returning back to step 8803-§ia step S812.

. If there is at least part of the set of contfol 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

.5820 outputs the set C and terminates all the operations in

progress.

- After step S850, step sséi 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 w%ll be in
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.

. Second, if the set L is convergent but the set R is not,{the

set of control points R will be in place of the present set
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 conﬁergent, the set L is in place of the present set
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C in step 3857 and step S858 multiplies the value of the
counter by 2 and then plus 1.

Fig. 9 is used to iliustraﬁe the simulation of path
selection in which each process of rendering a curve respo‘ndé
to a binary tree structure. In FIG. 9, the order of the
division operaﬁion 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.
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
will further go toward node 950. From the viewpoint of node
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.

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
is within the visible window; fourth, the efficiency of the

apparatus in the present invention for rendering cubic

curves.
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1. The internal construction and operation for the
'operators LR and EP: the LR operator uses the design of the
conventional Adaptiv'e-Subdivision method as shown in FIG. 6.
Each small circle represents an opera'tién unit generating
5 (A+B)/2, where K and B are two input data. After three
‘6perations, 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, which
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, .ancl Po3) are divided 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.

. n .
Assume By[P;u] = ), Py (1) ut(1-u)®* , then
P

20 (I) Ba[P;u) = Ba(Pe’ ,Py , ... ,P,® ;2u)
(II)Ba[P;u) = BalPy” ,P™%, ... ,P.° ;2u-1]

where, Pi¥ = (Pi*"+ p¥1) /2, k=1,2, .. ,n

25 The present invention provides the following algorithm for

the EP operator ('it can be proven by inductive method):
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. 2 n
Assume B,[P;u] = Z Py (l) u"(l-u)“’i , then
0 :
(I) Bn[P;u] = Bn[Polell 2 e 'Pnn ’ u/2]
(II) Ba[P;ul = Ba[P P}, ... ,Pa; u-1)
where,_ 'Pik' ={2ng-1 - .Pj_-1k-1 ’ lk=1, 2, <.,

Pi ? k=0

The present invent;on can g.enerate not only cubic curves
but also square 'lcurves or more high level-curves. Moreover,
to explain the present invention more clearly, both FIGs. 6
and 7 use  6 operators. If it is desired to implement the
operations 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:
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
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
(V300 subtracts V200) are calculated and if the X or ¥

components of the two vectors are smaller than the threshold



10

15

20

25

18
value, the control points are taken as convergent.

3. How to determine if the curve is wiﬁhin the visible
window: the advantage of the present invention over Forward
Difference is that it is much easier to determine the present’
control points are out of the visible window and adapt the
level of division in a dynami'c_: 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
which is defined by (B300, B400). It is easy to determine the

curve is 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 advantages over the
conventional method of Adaptive Subdivision are: first, a

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 nodes in Adaptive Subdivision. For

"an intact binary tree, if the number of the terminal nodes

is N, there are totally 2N-1 nodes.

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
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
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shift processes (42 clocks) in an Intéi 8Q86 processor to
implemént L,_R, E, and P operations but Adéptive Forward
Difference needs 14 addition and subtraction processes.k 42
clocks) and 41 shift processes (82 clocks) .

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.

(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
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 win&ow, to dynamically adapt the level of
division and extension, and screen out unnecessary
éomputations. )

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

which comprises a memory device, a display device andan input

device such as a keyboard or mouse, comprising the steps

of:

a.

"b.

entering a control point set containing four control

points in the Bezier curve of said cubic curve;

generating a left child set and a right child set from
said control point set using an LR operator, said left
and right- child sets each_having four control points;
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;

displaying er 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 contergence condition of a straight line;
termn.nat:.ng the renderlng of said Bezier curve if said
Bez:.er curve is complete, and executing. step f.
otherwise;

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

. point set;

wherein said adjacent set is used as the control point set

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

This Sheet Has Been Reﬂla
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control point set for the next iteration if said control

EEN
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point set is convergent; and said rigﬁt child set or said
left child set is used as the control point set of the next

iteration if it is convergent.

. 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
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
points; |
anoufputCOntrolpointregisterfbrstoringoutputcontrol
points; | -

an LR operator generating left and right child sets of said
input control points in parallel with three layers of
operétion 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
shift; | |

a path selector comprising a cbhvergence'a?alyzer, a

visibility determining device, and a terminating counter.
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said path selectdr _determining- feedback inputs and outputs
from said left and right child sets and said adjacent a#d
parent.sets.generated by said LR and EP operators; and
a segment generator generating point data in a desired 1li)
using first and last control points of a Bezie? cur?e ::
terminal points in accordance with a driver of said display

device.
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