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1. Introduction

Geometry of curves is very essential because it has many important applications in many different areas. Therefore, various
curves and surfaces have been studied by many authors for many years. Recently, due to its different structure, Bézier curves
have attracted the attention of many researchers. Bézier curves are introduced firstly by Pierre Bézier in 1968. Bézier curves
are the most important mathematical representations of curves which are applied to computer graphics and related areas.

C. Huygens, who is also known for his studies in optics, investigated the concepts of evolutes and involutes [1]. In classical
differential geometry, the evolute of a regular curve in the Euclidean plane is given by not only the locus of all its centres of the
curvature, but also the envelope of normal lines of the regular curve, namely, the locus of singular loci of parallel curves. On
the other side, the involute of a regular curve is to replace the taut string by a line segment that is tangent to the curve on one
end, while the other end traces out the involute. Two curves are said to be parallel of one another if any curve normal to one is
normal to the other. Kilicoglu and Senyurt studied the involute of the cubic Bézier curve in Euclidean 3—space [2]. In [3], the
evolute-involute curve couples of Bézier curves in Euclidean 3—space are investigated. In this study, curve couples of Bézier
curves are examined in the Euclidean 2— space in which the Bézier curve couples need not to be unit speed and suitable for
giving examples.

The rest part of the paper is given as follows: Section 2 gives some basic notations and definitions for needed throughout the
study. Section 3 gives the Serret-Frenet frame of a planar Bézier curve. Section 4 characterizes evolute curve of a planar Bézier
curve and investigate at end points. Moreover, the Frenet apparatus of this curve couple is given. Section 5 characterizes
involute curve of a planar Bézier curve and investigate at end points. In addition, the Frenet apparatus of this curve couple is
handled. Section 6 constructs the parallel curve of a planar Bézier curve. Especially, the Frenet apparatus of this curve couple
is given. In the final section, we conclude our work and talk about our future works.

2. Preliminaries

A classical Bézier curve of degree m with control points p; is defined as

B(1)=Y p;iB7(1),r €10,1] 2.1)
Jj=0
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where

W(l —)"i if0<i<n
0, otherwise

Bin(t) = {

are called the Bernstein basis functions of degree m. The polygon formed by joining the control points pg, p1, ..., pm in the
specified order is called the Bézier control polygon.

If a curve is differentiable at its each point in an open interval, in this case a set of orthogonal unit vectors can be obtained.
And these unit vectors are called Frenet frame. The rates of these frame vectors along the curve define curvatures of the curves.
The set of these vectors and curvatures of a curve, is called Frenet apparatus of the curve.

Definition 2.1. The first derivative B'(t) of a degree-n Bézier curve B(t) is clearly a degree m — 1 curve. Such a curve can be
written in Bézier form as

m—1
B'(t)=m Z ApB" (1)
i=0

where Ap; = piv1— pi, i =0,1,...,m— 1 are the control points ofB/ ()[4
Definition 2.2. J : E> — E? is a linear transformation which is defined by the following equation
J(P1,Py) = (=P, )[3].

Definition 2.3. Let B : I — E? be a non-unit speed planar curve. The Serret-Frenet frame {T (t),N(t)} and curvature x(t) of
B(2) for Vt € I are defined by the following equations [5]:

B B0 <B'(0).IB()>
R 0 R 20 e T e @2
Definition 2.4. For a plane regular curve B(t) with K # 0, the central curve
B(0)= B0+ M) 23)

where N is the normal of the curve B is called the evolute of B [6].
Definition 2.5. For a plane regular curve B(t) with k() #0,t € [t1,t2] and a € (11,12)
ﬁ/

B*(t) = B(r) - T

0 [
OTALLGLE 4

is called the involute of B [7].

Definition 2.6. The parallel at an oriented distance c to the left of a regular curve B(t) is defined by the following equation
B () = B(1) +cN() (2.5)

[7].

For further information on curve couples see [6]-[8].
From now on, we will say Bézier curve instead of a non-unit speed planar Bézier curve of degree m throughout the paper.

3. The Serret-Frenet frame of a planar Bézier curve

In this section, the Serret-Frenet frame and curvature of a Bézier curve is given.

Theorem 3.1. A Bézier curve with control points py,pi,...,pm has the following Serret-Frenet frame {T(t),N(t)} and
curvature K(t) of Bézier curve with control points py, p1, ..., pm defined by (2.1) for Vt € R are

" m—1
_):0 Bj (t)Apj
j=

= L 3.1)
(X By 0B (1) < Lpj, Api >)?
j,i=0
m—1
r B (1)J Ap;
o= I (3.2)
£ 1

(_ZOBT’I(t)Bi”’l(t) < Apj,Api>)?
Jhi=
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and
m—2 m—1
Y B77(1) ¥ BI(1) < A?pj,JApi>
k(r) = 21 == (3.3)
" (X B OB (1) < bpjsLop >)3

where Apj = pji1—pjand Np; = pjro —2pj1+p;j [9].
4. Evolute of a planar Bézier curve

In this section, we characterize evolute curve of a planar Bézier curve and give its curvature. Moreover, we investigate this
curveatt =0and ¢ = 1.

Theorem 4.1. The evolute B*(t) of a Bézier curve with control points py, p1, ..., Pm defined by (2.1) for Vt € R is

m—1 m—1
Y BN 0B (1) < Apj Ap > ,ZOBT‘I(I)JAPJ
=

B()=Y p.B" m_ =0 41
(t) a ;)p] / (t) " m—1 m=2 m—2 me m—1 @D
= Y By (1) ¥ B (t) < A?pj,JApi >
j=0 i=0
Proof. Taking into consideration the equations (2.1), (3.2) and (3.3) in (2.3), it can be proved. O]

Remark 4.2. The evolute B*(t) of a Bézier curve which is defined by (2.1) with control points py, pi,..., Pm IS

m_ || Apol2TApo

B*(0) =
©0) p0+m—l<Ap1,JApo>

att =0.
Remark 4.3. The evolute B*(t) of a Bézier curve which is defined by (2.1) with control points po, p1, ..., Pm is

m ||Apm_1||2JApm_1
m—1< Apmflw]A[)mfZ >

B* (1) =pm+

att =1.

Theorem 4.4. The curvature of evolute B*(t) of a Bézier curve with control points po, p1, ..., pm defined by (2.1) for Vt € R is

m—2 m—1
(m?.(m—1) ;OB;%%) o B" (1) < A2p;Jlp; )3
Jj= i=
K (t) = & ‘ m—1 3 m—3 m—1 ‘
m3( ;037*' (B (t) < Apj, Api >)2 (m* (m—1)(m —2) ;037*3@) ‘zo B 1) < A3pj,JApi >)
J= Jj= =
m—1 m—1
(_ZOBT*I(t)B;"*I([) < Apj, Api>)—3mT (m—1)%( ‘ZOB.’]”’I(I)B?”l(t) < Ap;,Api>)3
Jyi= Ji=
m—1 m—2 m—1 m—
1(E BTN (1)Apj)( r B (1) A%pi) + ( L BN (1) Aypj)( r B2 (1) A5 pi)
J= 1= Jj= i=
m—2 m—1
(X B2(0) ¥ B (1) < A?pj I Api>)
j=0 i=0

where € is the sign of the curvature of the Bézier curve, \yp; = (pj1)x — (P))x Dyp; = (Pjs1)y — (P)y D2pj = (Pjs2)x—
2(pjr1)x+ (pj)x and Ajpj = (pjsa)y —2(pjs1)y+ (p))y-
Proof. Taking into consideration the equations (2.2) and (4.1) together, it can be proved. O

Example 4.5. For given control points py = (0,0), p; = (%,O),pz = (%, %), we have the following quadratic planar Bézier
curve B(t)

2
B(r) =Y, p;Bj(1) 4.2)
j=0
and the evolute of B(t) is given by the following equation
3 9
B (1) = (Et2 —23,1 -3+ Etz —21%).

The tanget of B(t) att =0is T = (1,0) and the tanget of B*(t) att =0is T* = (0,1). The tanget of B(t) att =1is T = (0,1)
and the tanget of B*(t) att = 1 is T* = (1,0). Therefore, the tangets at the end points are perpendicular.
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b1

b2

Figure 4.1: Bézier curve and the evolute couple are given by black and green color, respectively.

5. Involute of a planar Bézier curve

In this section, we characterize involute curve of a planar Bézier curve and give its curvature. In addition, we give an example.

Theorem 5.1. The involute B*(t) of a Bézier curve with control points pg, p1, ..., Pm defined by (2.1) for Vt € R is

m—1
Y ApiB (1)
=0

n . t m—1
B (1) =} piB}'(t) = 5—— = [ llm Y ApiB (w)ldw. (5.1)
i=0 ( Y Br]ﬂfl(t)B;nfl(t) < Apj;Api >)7 a i=0
Ji=0 "~
Proof. Taking into consideration the equations (2.1) and (3.1) in (2.4), it can be proved. O

Theorem 5.2. The curvature of involute B*(t) of a Bézier curve with control points po, pi, ..., pm defined by (2.1) for Vt € R is

K. (1) = &

—
mfiCL B (w)BP T (w) < Apj,Ap: >)3dw
Jil=

where € is the sign of the curvature of the Bézier curve.
Proof. Taking into consideration the equations (2.2) and (5.1) together, it can be proved. O
Example 5.3. The equation of involute couple of B(t) which is given by (4.2)
? (1=0)[V2arcsinh(2t = 1) + (4t =2)V2:2 =2t +1] 12 1[V2aresinh(2t — 1)+ (4 —2)vV2> =2 +1]
2 41214212 "2 41-2t+212
where a = 5

-

)

/N

b2

Figure 5.1: Bézier curve and the involute couple are given by black and green color, respectively.

6. Parallel of a planar Bézier curve

In this section, we characterize parallel curve of a planar Bézier curve and give its curvature. Moreover, we investigate this
curveatt =0andz = 1.

Theorem 6.1. The parallel B*(t) of a Bézier curve with control points po, p1, ..., pm defined by (2.1) for Vt € R is

m—1
§ L B0,
B (1)=Y p;BT(t)+ = 6.1)
=0

m—1 _ i 1
(.ZOB? YO)B (1) < Apj, Api >)?
Ji=

where c is a constant.
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Proof. Taking into consideration the equations (2.1) and (3.2) in (2.5), it can be proved. O]
Remark 6.2. The parallel B*(t) of a Bézier curve which is defined by (2.1) with control points py, pi,..., Pm IS

CJAP()

B*(0) = po+
1Apol|

att =0.
Remark 6.3. The parallel B*(t) of a Bézier curve which is defined by (2.1) with control points py, pi, ..., Pm IS

CJApm,]

B (1) = p,, 4 ———Fm=1
(1) = pm ol

att =1.

Theorem 6.4. The curvature K.of parallel curve B*(t) of a Bézier curve with control points py, p1, ..., pm defined by (2.1) for

VtERis
m—2 2 m—1 1
(m—1) ¥ B}2(t) ¥, By'"'(t) < A%pj,JAp; >
_ j=0 i=0
Ko (t) B m—1 1 1 3 m—2 5 m—1 1 ’
m("E B OB (1) < ApyLpi>)t —clm—1)"T BP2()'Y BN (1) < A2p 0 Api >
J,i=0 j=0 i=0

Proof. Taking into consideration the equations (2.2) and (6.1) together, it can be proved. O

Example 6.5. The equation of parallel couple of B(t) which is given by (4.2)

12 t 12 t

B (t)=(t— =+ v —
(1) =( 2 V1=2t42t2° 2 J1-2t+2¢2

)

where c = —1.

b1
b[Abz

Figure 6.1: Bézier curve and the parallel couple are given by black and green color, respectively.

7. Conclusion
In this paper evolute, involute and parallel curves of a Bézier curve are characterized and investigated at the beginning and
the ending points. In addition, these curve couples curvatures are obtained. In our future work, we will study the other curve

couples of Bézier curve.

Acknowledgements

The authors would like to express their sincere thanks to the editor and the anonymous reviewers for their helpful comments
and suggestions.

Funding
There is no funding for this work.

Availability of data and materials

Not applicable.



250 Fundamental Journal of Mathematics and Applications

Competing interests

The authors declare that they have no competing interests.

Author’s contributions

All authors contributed equally to the writing of this paper. All authors read and approved the final manuscript.

References

[1]1 C.Huygens, Horologium Oscillatorium Sive de Motu Pendulorum ad Horologia Aptato Demonstrationes Geometricee, 1673.

[2] S.Kiligoglu, S. Senyurt, On the involute of the cubic Bézier curve by using matrix representation in E3, Eur. J. Pure Appl. Math., (13), 216-226, 2020.

[3] Z. Duman, Involute-Evolute curve couples of Bézier curve, MSc. Thesis, Sakarya University, 2021.

[4] D. Marsh, Applied Geometry for Computer Graphics and CAD, Springer, 2006.

[5] A. Gray, E. Abbena, S. Salamon, Modern Differential Geometry of Curves and Surfaces with Mathematica, Chapman and Hall/CRC: Boca Raton, FL,
USA, 2016.

[6] B. O’Neill, Elementary Differential Geometry, Academic Press, Rev. 2nd.ed., Elsevier, USA, 2006.

[7] J. W. Rutter, Geometry of Curves, Chapman & Hall/CRC, 2000.

[8] M. Ozdemir, Diferansiyel Geometri, Altin Nokta Basin Yayn, 2020.

[9] E.Erkan, S. Yiice, Serret-Frenet frame and curvatures of Bézier curves, Mathematics, 6(12), 321, 1-20, 2018.



	Introduction
	Preliminaries
	The Serret-Frenet frame of a planar Bézier curve
	Evolute of a planar Bézier curve
	Involute of a planar Bézier curve
	Parallel of a planar Bézier curve
	Conclusion

