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TOM TAT

Bai bdo nay lién quan dén viéc chia tich cac dudng cong Bézier ting khiic bic ba va cic hing s6 tuong duong ctia
mot s6 chuin dude dinh nghia bdi cic diém diéu khién. Cac dudng cong Bézier tliing khiic bic ba dudc st dung phd
bién nhét dé xdp xi cdc dudng cong. Chiing dugc hinh thanh tit cc diém diéu khién. Cac chuan |- |2V va || - |52
trong khong gian By 3 dugc xdc dinh bdi cdc di€m diéu khién. V6i muc tiéu giit bac ciia dudng cong va thém tinh linh
hoat trong viéc thiét k& dudng cong, ching ta thuong chia tich mot dudng cong Bézier N khiic bac ba thanh mot dudng
cong Bézier 2N khiic bac ba. Chiing ta s& tip trung vao cic hing sb tuong duong cho chuin || - ||§N 2 va - ||§2N ? trong
khong gian By 3 ctia cdc dudng cong Bézier N khiic bac ba. Do d6, ching ta ¢6 thé st dung chuén || - HfZN 7 d€ kiém
tra sy hoi tu clia chudi cac dudng cong Bézier ting khiic bic ba. Két qua nay 1a quan trong trong viéc ap dung dudng
cong Bézier tiing khiic bac ba d€ tim ra quy dao tbi vu.

Tir khéa: Puong cong Bézier bdc ba, hing sé tuong dwong, chudn, chia tdch, timg khiic.
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ABSTRACT

This article is concerned with splitting piecewise cubic Bézier curves and the equivalence constants equivalence
relations for some norms defined through control points. Piecewise cubic Bézier curves are most common to approx-
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imate curves. These curves are established by control points. The norms | - ||,"* and [ - |[,”* on the space By 3
are determined through control points. With the purpose of keeping the degree of the curves and offering additional

flexibility for curve design, we often split an N-piece cubic Bézier curve to become a 2N —piece cubic Bézier curve.
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We will concentrate on the equivalence constants for the norm || - ||,"~ and the norm || - on the space By 3 of

. o B . .
N-piece cubic Bézier curves. So, we can use the norm || - ||, to check the convergence for sequences of piecewise
cubic Bézier curves. This result is important for applying piecewise cubic Bézier curves to detect optimal orbits. Key

words: Cubic Bézier curves, equivalence constants, norm, split, piecewise.

1. INTRODUCTION

In mathematics and engineering, there are many
curves which have complex shapes or are defined by a set
of points. To overcome this difficulty, we create a new
curve that closely matches an existing one, often to sim-
plify a complex shape or to fit a set of data points. Some
methods to approximate the curve include using simpler
curves or interpolating polynomials or Bézier curves.

In the method using simpler curves to approximate
the curve, we divide the curve into a series of points and
connect them with straight lines or circular arcs, with
more points resulting in a closer approximation. The
main advantage of approximating curves with straight
lines or circular arcs is computational simplicity and ef-
ficiency, as line segments are defined by fewer parame-
ters than higher-order curves. This method is also useful
for data compression and noise reduction by simplify-
ing complex curves. However, approximating a curve
with simple curves can lead to inaccuracies, especially
in areas of high curvature, and may result in poor extrap-
olation beyond the measured data range. ('~%)

Besides, a curve can be approximated by an interpo-
lating polynomial such as a Lagrange polynomial or a
Newton polynomial, which fits a curve through a set of
known points on the curve. This method improve the ap-
proximation as the degree of the polynomial increases.
Interpolating polynomials passing exactly through spec-
ified points. The main advantages of using interpolating
polynomials for approximation include their high accu-
racy for small datasets, the ability to obtain an explicit
function for calculations, and the ease of differentiation
and integration. They also provide exact results at the
given data points and can be used for data points that
are not equally spaced. The main disadvantages of us-
ing interpolating polynomials for curve approximation

are Runge’s phenomenon (oscillations, especially at the
endpoints), computational expense for high-degree poly-
nomials, and poor extrapolation properties, where the
curve can behave erratically outside the range of the data
points (see '%-12).

Approximating a curve with a Bézier curve involves
selecting key points on the original curve to serve as
control points and endpoints for the Bézier curve(s).
For a given curve, this is often achieved by dividing it
into segments and approximating each segment with a
Bézier curve, using techniques like the de Casteljau’s
algorithm for subdivision or fitting algorithms like the
Adaptive Extension Fitting Scheme to find the optimal
control points for a set of segments. Béziers’ construc-
tion has many benefits. Initially, each Bézier curves is
presented by a few control points, then it requires very
little memory. Besides, these curves is intuitive, compact
and beautiful. It’s easy to compute and design, so the de-
signer without mathematical background can use them.
More, we can easily change, move, turn Bézier curves
just by changing, moving, turning their control points.
(see 1,13—17).

In 1959, the mathematician Paul de Casteljau built
Bézier curve by using de Casteljau’s algorithm while
working for the French automaker Citroén. He was
the first to apply this method to computer-aided de-
sign (CAD). However, his work remained a company
secret and was not published for many years. So, his
contributions were not widely known at the time. The
Bézier curve was publicized by the French engineer
Pierre Bézier in 1962. He defined the Bézier curve
based on Bernstein polynomials. Pierre Bézier applied
Bézier curves for designing the bodywork of Renault
cars. Bézier built definitions, symbols, formulas and spe-
cially control points of Bézier curves. These things make
it easy and convenient to represent curves in computers
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software.

The computer program language PostScript uses
Bézier curves as the standard curve. Many vector graph-
ics editor and design software such as Core]DRAW,
Adobe Illustrator and Inkscape apply Bézier curves. Its
importance is due to the fact that, Bézier curves are used
in many areas of life, not only mathematics. Bézier
curves are applied in computer graphics, computer-aided
design system, robotic, industry, walking, communica-
tion, path-planning and aerospace (see'>2%). Bézier
curves are also used to find plane shape optimization
which appears in many fields such as environment de-
sign, aerospace, structural mechanics, networks, auto-
motive, hydraulic, oceanology and wind engineering
(56623_28).

Bézier curves are presented in many books and arti-
cles for instance 1314 A continuous curve can be ap-
proximated by a Bézier curve. However, when the curve
is long and complex, the degree of the Bézier curve is
high. As a result, the computation is more difficult.
Then, the most common use of Bézier curves is as N-
piece cubic Bézier curves. We will focus uniform N-
piece cubic Bézier curves.

From?°, we have the norm || - ||l;'" on the space By, of

- B
Bézier curves of degree m and the norm || - ||, on the

space By, of uniform N-piece Bézier curves of degree
m. These norms are computed through control points.

With the purpose of keeping the degree of the curves
and offering additional flexibility for curve design, we
often split N-piece uniform cubic Bézier curves to be-
come 2N —piece uniform cubic Bézier curves. Splitting
piecewise cubic Bézier curves keep huge part of apply-

ing these curves. Then, we study the equivalence con-
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stants for the norm || - ||f§ and the norm || - ||§N ? on the

space of piecewise cubic Bézier curves.

Theorem 1. Let p € [1,o0| and let B € By3 be an N-
piece cubic Bézier curve. Then

i By s Bon 3 1/p By
< < .
i {241/;: 4}||ﬁ|| 1Bl 3Bl

2. PRELIMINARIES

We recall some definitions and notations that will be
used through the article.

Definition 2. (! chapter 6, p. 141) Given four points
Wo, Wi, W, and W3, the cubic Bézier curve associated
with the four control points Wy, ..., W5 is defined by

B([Wo, ..

ZWb,3

for r €10,1], (1)

where b;3(t) =
mial.

(?)ti (1 ft)3_i is the Bernstein polyno-

B([Wo, Wy, Wy, Ws], t), ¢t € [0,1]
Wy /,

Figure 1. A cubic Bézier curve

The points Wy, W;, W, and W3 are control points of
the cubic Bézier curve. The quadrilateral WoyW W, Ws is
the control polygon of the curve. The cubic Bézier curve
lies in its control polygon.

For any cubic Bézier curve

[3(1) :B([WO,Wl,W2,W3],t)

3
= Z W;bi3(t)
i=0

=(1—1)Wo+3(1 —0)% Wy +3(1 —1)1*Wa +°W;3,
for t € [0,1].

From the recursive property of Bernstein polynomi-
als, a cubic Bézier curve can be recursively determined
as a convex combination of two quadratic Bézier curves
as

B(t) =B ([Wo, W1, W2, W], 1)
=(1—1) (1 —=1)*Wo +2(1 — 1)tW; +1*W)
+1 ((1=1)?Wy +2(1 —£)tWs +12W3)
=(1—1)B([Wo, W1, Wa],t) +1B (W1, W>,Ws],1).

Since b;yn(x) = n(bi,|,n71(x) —b,;,z,l(x)), The
derivative with respect to t of the cubic Bézier curve
is another Bézier curve which has a lower degree as
follows

9B0)= Lp(wo, w5, w3]0)

=3(1—1)2(W;
=3B (W) —Wo,Wo — W, W3

—Wo)+6(1—1)t (Wz—W1)+3t( —Ws)
—Wal,t).

A uniform N-piece cubic Bézier curve is formed by
the combination of N cubic Bézier curves and the con-
necting points of the pieces are the points at r = 4 for
j=1,...,N—1. For convenience, we will omit the word
“uniform".

Definition 3. (! chapter 7, p. 169) Let N be a positive
integer and Wy, ..., Wy3 be 3N + 1 points in R". The N-
piece cubic Bézier curve associated with control points
Wo, ..., Wys is defined by

B:0,1] - R"
1+ B(t)=B([Wj,...,Wjz3],Nt — j)
Jj j+1
1ft€|:N 7N :|



w,
'

ift €[0,1/2]

3
B(Wo, Wi, Wy, W1, 26) = ) Wiby(20)
B = =0,
B((Ws, W, Wy, Wel, 2t — 1) = Z Wiibis(2t — 1) ift € [1/2,1]

i=0

Figure 2. A two-piece cubic Bézier curve

Notation 4.

» The vector space of cubic Bézier curves is denoted
by the symbol B3.

» The vector space of N-piece cubic Bézier curves
is denoted by the symbol By 3.

We define some norms and distances through control
points on the space of cubic Bézier curves and on the
space of N-piece cubic Bézier curves.

oo|. The function || - ||l;3 :B3 —

3
'Zo Wibi3(t) € B3,
=

Definition 5. Let p € [1,
R is defined by: For any B(¢) =

2 wil)"" it pe 1
115 = (:— )

[max {[|Will--}

if p = oo,

where || - ||, is the p-norm on R”.

Using the Minkowski inequality and the properties
of the p-norm on n—dimensional Euclidean space R",
we can easily show that || - Hl,f* is a norm on the vector
space B3 of cubic Bézier curves. Indeed, this is a norm
of their control polygons. Naturally, we get an induced
distance on B3 by dy*(B,¥) := ||B — 7]|5?, for B,y € Bs.

Definition 6. Let p € [1,|. The function | - ||],’[,;N’3 :

By 3 — R is defined by: For any B(t) = BU) (Nt — j) =
3

JoJjr .
E()Wjaﬂbiﬁ(Nt j)ifre {N N ,j=0,....N—1,

s (Z (1800 ))W

Bys . _
1Bl if p e [1,00]
_max {IBYIR}ifp=e
By |- H§3 is a norm on B3 and the Minkowski in-

Lo . By .
equality, it is easily seen that || - ||," is a norm on the

vector space By 3 of N-piece cubic Bézier curves. Natu-
rally, we get an induced distance on By 3 determined by

B B
dpy"* (B,y) =B N Ylp"* forany B,y € By 3.
The norm || - ||,," is determined through the control
points. It is more convenient than the L, norm. From 2,

we have the equivalence relations between the norms

|| - HBM and L, as follows:

For p € [1,e0]. The inequalities

B,
1Bz, < IBIp"* <2 |IBll,-

hold for any B € By 3.

We can present an N-piece cubic Bézier curve as an

N-piece Bézier curve of degree 4 (see more?’). So, The
norm || - ||gN * and the norm || - ngv # are two norms on
the space By 3 of N-piece cubic Bézier curves. By?%,
we get a corollary about equivalence constants between
these norms as follows:

For p € [1,e0]. The inequalities
B B
*||I3H < (Bl < 20BlI"

hold for any B € By .

When we need more freedom for designing the
curve, we will increase the number of piece in piecewise
cubic Bézier curves. To solve this problem, we will split
piecewise cubic Bézier curves. By (? chapter 9, p. 201),
a Bézier curve B can be split at any 7y € (0,1) to be-
come two-piece Bézier curves. However, when splitting

1
tr# =
att # =, 1
cide with the point 8 (5) . This means that the obtained

curve is not uniform. So, we need to split a cubic Bézier

the connecting points of the pieces do not coin-

curves at t = — to get a uniform two-piece cubic Bézier
curve as follows:

For any cubic Bézier curve

B(r) = B([Wo, W1, Wa,Wa] 1 ZWb,3 ,1e[0,1],
we have
3
BO(20) = ¥ Pbis(2) ifre (0,3
Blr)= =
B - 1)= ¥ Py 1) ifre [31].
i=0
(2
where
P_Zbll( ) i—1 i:07"'737

P3+i=Zblz( )W3 ivt, i=0,...,3.

Thus, we can consider a cubic Bézier curve as a uniform
two-piece cubic Bézier curve.

More generally, let B € By3 be an N-piece cubic
Bézier curve with control points Wj3,; € R*,i=0,...,3,
j=0,...,N—1. We have

3
B(t) =BV (Nt — j) = ZWj3+ibi.3(Nf—j)



In order to get a uniform 2N-piece cubic Bézier curve f3,
we need to split at the middle point of each piece.

. 3
T2) (2Nt —2j) = ¥ Prj3+ibiz(2Nt —2))
i=0

ifr [ﬁ —2-"“}

2N’ 2N
r&+D N —2j—1
Bo-{" ) )
= _ZOP(2j+1)3+ibi,3(2Nt —2j—1)
1=
. 2j+1 2j+2
ift € [éT’éT}’
j=0,....N—1,
3
where

1
P2j3+t* Zblz( ) Jj3+i—1»

P(2]+1 34+i — Zbll( ) J3+3—i+i>
i=0,...,3,j=0,... . N—1.

So, B is also a 2N-piece cubic Bézier curve and the space
By 3 of N-piece cubic Bézier curves is a subspace of the

space Byy 3 of 2N-piece cubic Bézier curves. Therefore,

the norms || - |[5** and || - [|5"* are two norms on the

space By 3. Next, we will consider the equivalence rela-
tions between theses norms.

3. EQUIVALENCE CONSTANTS FOR THE

B B
NORMS | -[[,™” AND || -[|,"” ON By 3

We first show a constant K such that || - ||B2N ? <

K| - Hp on By 3. We will consider two cases p € [1,0]
and p = oo.

Lemma 7. Let p € [1,0] and let B € By 3, we have

B
IBIp™ <37 B

Proof. For any N-piece cubic Bézier curve B associ-
ated with control points Wj31; € R", i =0,...,3, j =
0,...,N—1. We have

B(t) =BV (Nt — j ZW;3+1 i3(Nt = j)

i=0
Jj j+1

fte[
! N N

},j:O,‘..,N—l.

By (3), we split 3 to become a 2N-piece cubic Bézier
curve as follows

A 3
() (2Nt —2j) =¥ Poj34ibi3(2Nt —2j)
i=0

. 2j 2j+1
ifr e |3, %5

r&+D N —2j—1
B() - ! )
= ‘ZOP(2j+1)3+ibi,3(2Nt —-2j-1)
=
. 2j+1 2j42
ift € [éT,éT},
j=0,....N—1,

where
P2j3+1— Z blz( ) Jj3+i—1»

Pojinzyi = Zbll( ) 343—it1
i=0,...3,j=0,....N—1.

Case p € [1,00]. Since

(1) =5 | 3w,

<3, max_ Wyl

3
<3) Wizl =
i=0

Vj=0,....N—1,

3(1892)",

and similarly
J P
Zbll( ) j03+3— z+l”

3
<||1—~ 2/+1 |Bg) Z ’
SS(IIB D))’ ¥j=0,...N-1,

we obtain
B
181,
1 N . p . P 1/p
- - (27)||B3 (2j+1) B3
s (£ (rip) - (i)

N

S<2N1>1/P(Z (1815) )WSW 18115

Case p = 0. Since

—||l3 || , Vj=0,....N—1

and similarly

HF (2j+1) |B3 max

.....

( Wissid|_ < 1BV 2,

we obtain

B
1B =

< (gnax 1842 =

” 7

B
1Bl

From the above two cases, we have the proof of the

lemma. 0
B
In order to show a constant k such that k| - ||, <
By 3

|-, on the space By3, we also study two cases
p € [l,00[ and p = oo.

Lemma 8. Let p € 1,00 and let B € By 3, we have

B
77 IBI < 1B



Proof. For any N-piece cubic Bézier curve B associ-
ated with control points Wj31; € R", i =0,...,3, j =
0,...,N—1. We have

3
B(t) =B (Nt — j) = ZPj3+ibi.,3(Nf —J)

j j+1
fre[
! N N

By (3), we split  to become a 2N-piece cubic Bézier
curve as follows

},j:O,...,N—].

_ 3
T2 (Q2Nt —2j) = ¥ Prj3ibiz(2Nt —2j)
i=0

ift e [ﬁ 2j+1}

2N’ 2N
r&+D (N —2j—1
Boy={" )
= _ZOP(2j+1)3+ibi,3(2Nf —-2j-1)
s
. 2j+1 2j42
ift € [éT,éT},
j=0,....N—1,

where

1
Pj3ii= Zblz< ) 3+i—1s

P(2]+l 3+i — Zbll< ) J34+3—i+1>
i=0,...,3,j=0,... . N—1.

. p . P
We first consider (||F(21)||§3) + (||F(2’+1)H§3) S

0,...,N—1. Set
1 1
A=max {[Wpllps 5 1Wss 1l 5 Wizl [Ws 31

» Case 1: A= ||Wj3||,.
We have

: b4 . P
e )"+ (e 02

> (ICCE)" = 1Pl = Wisll;
!
6

%
> Wil = < (18912)"
i=0
1
e Case2: A= §|\Wj3+1||ﬂ'
We have

. p . p
(||1"(21)||§3) + (||F(21+1)H§3)
; p
> (I 1E)" 2 1Pzl

1
> ZHWJ‘3+1||5

= (18912)".

1
Wiz H

13+2

I3

1 3
*2 Z Wizl =

1
* Case 3: A= =[|[Wjs2][p-

We will estimate T2/+1) in this case. This case is
similar to Case 2. Then, we get

(re )"+ (e )

>(IIren ) _lz(llﬁ )",

e Case4: A= ||Wiz 3|,

We will estimate [(2/+1) in this case. This case is

similar to Case 1. Then, we get

(e ) + (e )"

> (I > £ (18912)"

From the results of the above four cases, we obtain
. P . P
<||F(2/)||1;3) +(||F<2/+1)||ﬁ3)

1 . p
>—(||pW]B i=0,...,N—1.
> (1815 vi=0,.. N1

Thus
B

1T 15"

1 N 2\

2j) (2j+1) B

(ZN)I/,,<):(||r 15)"+ (Ir ||,9)>

1 N B /p Bnp
> 3
(ZN)I/,,(le(nﬁ 1)) = sa 1815

O

Lemma9. Let B € By 3, we get
1 B B
3 IBIZ™ < B2,

Proof. For any N-piece cubic Bézier curve f3 associ-
ated with control points Wj3,; € R", i =0,...,3, j =
0,...,N—1. We have

B0 =BV — )= Y Wyssibis(Ni — )

i=0

Jj j+1
fte[

! N N

By (3), we split B to become a 2N-piece cubic Bézier
curve as follows

},ij,...,N—l.

X 3
%) (2Nt —2j) = Y. Paj1ibi3(2Nt — 2)
=0

. 2j 2j+1
ift € [W’72N :|

L@+ oNt—2j-1)
ﬁ(t): 3
):OP21+1 3+ibi3(2Nt =2j—1)
i—
. 2j+1 2j+2
ift € [éiN’éiN}’
j=0,...,N—1,

where
1
P2j3+z* Zbll< ) Jj3+i—1»

Poji1y3+i = th( ) i34+3—i+l
i=0,...3,j=0,....N—1.

First, we will consider max { |T@0) |15 ||r@itD) 2 },
j=0,...,N—1. Set

1 1
A = max { [1Pj3]]o0s §|\Pj3+1 [loo §|\P13+2||w7 ||Pj3+3||°o}-



e Case 1: A = ||Wj3||eo.
We have

max { 7] %, @7+ 0 &2}

. .
>|[T% > |Pojslle = [Wsllo = 1BYI

1
* Case 2: A= §|\Wj3+1||w.
We have

max { T2, 70}

. 1 1
> TCH|5 2 Py i1l = || 5P + 5P |

1 1o
> Wistille = leﬁ(”Hf?.

1
e Case 3: A= §|\Wj3+2||°°'

We will estimate I2/+1) in this case. This case is
similar to Case 2. Thus, we get

max { [T |, T 2 1

> T |8 > 2B 5.

e Case 4: A = |Wj313]|e.
We estimate I'2/*1) in this case. This case is sim-
ilar to Case 1. Then, we get

ma { TG, T 2 |
>[ITVE > BV,
From the results of the above four cases, we obtain
ma {TCO 2, [P > 205, @)
Thus

IBI2? = max  max {[T®7||Bs, [7+D)3s
j=0,...N—1

5

1 . 1 B
> 2B = = Bp.
2 8% 3 WPl = g 1Rl

O

By the above results, we obtain the following theo-
rem.

Theorem 1. Let p € [1,0| and let B € By3 be an N-
piece cubic Bézier curve. Then

i 1 1 Byj3 B
min{ AV IBIE < 1B

Proof. Using Lemmas 7, 8 and 9, we get the proof of
Theorem 1. O

<3 B

By the above theorem, we obtain the corollary as fol-
lows:

. 1 1 By
min { . 2 by (B—7)

<dy™ (B —7y) <3P dy" (B - A),

for any 3,7 € By 3.

4. CONCLUSION

This article presents the norm || - ||,IfN * of piecewise cu-
bic Bézier curves which is defined by control points.
This norm is more convenient to compute than the [,
norm. An N-piece cubic Bézier curve can be split
and reparametrized to become a 2N-piece cubic Bézier
curve. This way creates extra control points in order
to give additional freedom for curve design and avoids
increasing the degree of the curve. We also show the

. B
equivalence constants for the norm |- ||,"* and the norm
B .
|- I™". These equivalence constants do not depend on

the number of pieces. So, the norm || - ||§N * can be ap-
plied to check the convergence for sequences of piece-
wise cubic Bézier curves. This result is important for
applying piecewise cubic Bézier curves to detect optimal
orbits.
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