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ABSTRACT
On Bézier Curves and Surfaces

Brandon Lazarus

The Bézier curve is a continuous parametric curve that is used in numerous ap-
plications, such as automobile design and road design. I begin by surveying the
fundamental properties of the Bézier curve and provide a variety of examples and
calculations. I also survey, but more succinctly, the notion of the Bézier surface,
which also has numerous applications in computer-aided design software, such as air-
craft design. I end by presenting the special types of points that a cubic Bézier curve
(with four control points) can have. The configuration of planar control points that
I present can be used by computer engineers to produce various shapes with respect

to the necessary design requirements and to minimize fluctuations of the curve itself.
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Chapter 1

Introduction

In geometry, there are a variety of curves with wonderful properties that are em-
ployed in real-world applications. Certain geometric curves tend to be increasingly
difficult to compute mathematically and require a high level of mathematical knowl-
edge to manipulate in order to acquire significant information of their geometry, such
as determining the area of the curve as well as its curvature. Furthermore, these
curves can have many singularities, discontinuities and fluctuations that are not de-
sirable in many real-world applications, such as creating the complex bodywork of
an aircraft, or automobile, or designing a race track. These constructions are exam-
ples of designs that require curves that are smooth, hardly fluctuate and are locally
controllable. For example, an automotive designer utilizing a computer-aided design
software must use a type of curve that preserves smoothness when manipulating the
endpoints of the curve and this remains unchanged under rigid transformations of the
Cartesian plane.

Mathematically, these properties are called endpoint interpolation and affine in-
variance, which sparks the discussion of which curve is optimal for this situation.
Pierre Bézier, a mathematician and engineer who worked for Renault from 1933 to

1975 as a tool designer and then as a managing staff director for technical devel-



opment, spent many years of his life focusing his research on computer numerical
control and mathematical modelling. His goal was to develop a parametric curve
with polynomial components that could aid in the construction of the bodywork of
Renault automobiles and that can be easily used by anyone in computer-aided design
and computer graphics. This curve is called nowadays Bézier curve, which is a con-
tinuous parametric curve with polynomial components with respect to the parameter
t € [0,1] and that is fully dependent on the quantity of planar control points. For
example, a quadratic Bézier curve will have three control points and the components
x(t),y(t) will have parametric equations of maximal degree two.

A Bézier curve with many control points will have components represented by
parametric equations that have a very high degree, which therefore entails many
difficult computations, particularly when computing the cusps of a high degree Bézier
curve by finding the roots of the derivative of its parametric form. Therefore, the curve
should be universally used with the lowest degree possible without degenerating into
a straight line (n > 1). Furthermore, the shape of the Bézier curve is fully dictated
by a set of (n — 2) control points on the Cartesian plane, in which the curve always
commences at the first control point and terminates at the last control point. These
control points form the control polygon of the Bézier curve and, generally, altering
the shape of the polygon changes the shape of the curve. The control polygon must
encompass the curve and will always fluctuate more than the curve itself, the latter
called the variation diminishing property. This property will be especially significant
throughout the study of the Bézier curve and its special types of points, which include
the cusps, the self-intersection points and the inflection points. If the curve has a loop
or an inflection point, then the curve will have a greater amount of fluctuations even
if the curve will satisfy the variation diminishing property.

Furthermore, the idea that a curve is interpolated by n-planar control points can

be extended to surfaces, also known as Bézier surfaces. These surfaces are interpolated



by a grid of control points, which can be thought of as m-control points in the
horizontal direction and n-control points in the vertical direction. These control
points interpolate smooth, regular surfaces in R? and can be used to create many
nice, smooth shapes on CAD programs. Though, as the equation of a Bézier surface
is dependent on the quantity of control points on the grid, the surface when the
degree (m x n) is increased will lead to higher-degree polynomials. This can lead to
difficult computations when calculating the Gaussian curvature, mean curvature and
principle curvatures of the Bézier surface as well as calculating the first and second
fundamental forms of the surface.

In this thesis, I survey the basic properties of a Bézier curve of degree n and
investigate the length of a Bézier curve and its curvature. Next, [ discuss some
properties of a Bézier surface of degree m x n as well as its curvatures and the first
and second fundamental forms of the surface. 1 end by presenting special types of
points that a cubic Bézier curve can have with respect to a set of four control points
{(Py, Py, Py, P3)} = {(0,1),(\, 1), (1, ), (1,0)} for A\, u € R% These special points
include a cusp, a self-intersection point and a maximum of two inflection points.
Finally, I show how the A, i plane is split up depending on whether the cubic Bézier
curve with control points {(Py, P1, Ps, P3)} = {(0,1), (A, 1), (1, ), (1,0)} has a cusp,
a self-intersection point, one real inflection point, two real inflection points or none
of these points. In my exposition, I am closely following the text An Integrated
Introduction to Computer Graphics and Geometric Modeling by Ronald Goldman [2],
and Computational Geometry - Curve and Surface Modeling by Su Bu-qing and Liu
Ding-yuan [1]. T am closely following the text by Ronald Goldman when discussing
the fundamentals of Bézier curves and surfaces and I am closely following the text by
Su-Bu-qing and Liu Ding-yuan when discussing the geometric properties of the cubic
Bézier curve and its special types of points. For the discussion of the special points,

I chose the method of the paper, [4]



As T overview Bézier curves and surfaces, I provide some examples, calculations
and remarks addressing some of their properties. Specifically, I give the curvature
for a Bézier curve of degree n, the first and second fundamental forms for the m x n
Bézier surface and I give the details of the proof of a theorem in [1, 4] that describes
which values (\, ) € R? correspond to a cusp, a self-intersection point, up to two

real inflection points or none of these points for a cubic Bézier curve.



Chapter 2

Bézier Curves

A Bézier curve is a continuous parametric curve, denoted 7(t) = (z(t), y(t)), which
interpolates a fixed integer number, greater than two, of control points on the Carte-

sian plane. These control points, form a polygon, called the control polygon, which

form the segments PoP1, P1Ps, ..., P,_1P,. The Bézier curve follows the shape of the
control polygon due to the convex hull property and, moreover, the curve follows its
control points smoothly. Furthermore, the Bézier curve is inscribed inside the con-
vex hull of its control polygon at all times and can be scaled, however preferable, by

changing the location of its control points.

Examples of Bézier curves of degrees one (n = 1, two control points), two (n = 2,

three control points) and four (n = 4, five control points) are shown below:

Definition 2.1. Control Points: A Bézier curve is a planar curve in parametric form
defined by a set of n+ 1 (n > 0) control points denoted P;, i = 0,1,2,...,n in the

plane R%. These points are called control points of the Bézier curve.

Definition 2.2. Bernstein Polynomials: [2] Let i = 0,1,2,...,n. We call the i-th

Bernstein polynomial of degree n € N the polynomial B;,,(t) = 2= - (1 — )"~ - #,

il(n—1)!

viewed as a function of ¢, where ¢ € [0, 1].



(1,2)
(2,1)

Figure 2.1: Example of a linear Bézier curve, where 7(t) = (1+¢,2 —1t), t € (0, 1).

(1,2) (3,2)

(2,1)

Figure 2.2: Example of a quadratic Bézier curve, where 7(t) = (3—2t,2t*—2t+2), t €
(0,1).



(0,2) (1,2) (3,2)

(2,1)

Figure 2.3: Example of a quartic Bézier curve, where 7(t) = (1 + 4t — 12¢3 + 7t*,2 —
4t + 1262 — 483 — 4tY), t € (0,1).



Below, we list the properties of Bernstein polynomials:
a. Non-Negativity: Vt € [0,1], B;,(t) >0, i=0,1,2,...,n.
b. Symmetry: V¢t € [0,1], B,_in(l —t) = B;,(t), i=0,1,2,...,n.

c. Partition of unity: Utilizing the binomial expansion, Vt € [0,1], >""  B; »(t) =

(1—=t)+t)" =1, i=0,1,2...,n, while note that for ¢ =0 or ¢ = 1 we have,

1, i=0

B;n(0) =i = (2.1)
0, 1#0
1, 1=n
0, i#n.

d. Differentiation: dBZ:’(t) = n[Bi—1n-1(t) — Bin-1(t)], for any ¢t € (0,1). For

1=20,1,2,...,n—1, the first derivative dBi‘l;(t) is called the ¥ hodograph of the

Bézier curve. For a fixed Bézier curve, one can select any ¢ =0,1,2,...,n — 1.

The Bernstein polynomial, also called the blending function, can also be repre-
sented in a normalized form. This form is useful for ¢t-values on any finite interval

a <t <b, which is represented below.

Remark 2.1. Let a <t < b, a,b € R. Then, the normalized Bernstein Polynomial

is defined as B, (t) = gty - (0= )" - {;:g)),i, Vi=0,1,2,...,n.

Definition 2.3. The Bézier curve in parametric form is defined ¥t € [0,1] by the

position vector 7(t) =Y i o PiB;n(t), i =0,1,2...n, where

a. r(t) is a point lying on the plane ¥t € [0, 1];



b. n is the degree of the Bézier curve;
c. Bin(t) is the i-th Bernstein polynomial, i = 0,1,2...n, ¥t € [0,1];

d. P; is the i-th control point of the Bézier curve, i = 0,1,2...n, given by its two

Cartesian coordinates.

Remark 2.2. In view of the linear independence of the Bernstein Polynomials, note
that they form a basis of functions for a Bézier curve due to the fact that the Bézier

curve 1s generated by them.

Higher-order derivatives of the Bézier curve are required to gain knowledge re-
volving around the characteristics of the curve, including its curvature, which will
be discussed in great detail throught this text. To add, higher-order derivatives are
needed when joining two smooth Bézier curves of degree n and to detect any cusps

or inflection points for a given curve of degree n.

Lemma 2.1. Higher order derivatives of the Bézier curve may be computed recur-
rently as shown below:

Set R; = nAP, =n(Pi1 — P),1=0,1,...,n.

L) = A7) = 305 RiBina (D).

AR; = n(APiy1 —AP;) = n(Pi2 — Piy1) = (P2 — Piyr — P + P) = n(Piya —
2P + F).
Y A n—2 o n—2
() = Fpr = (n—1) 350 Bina(Rip1 — Ri) = n(n—1) 375 Bino(Pit2 —
2P+ P).

AAR; = A(Riy1 — R;) = (Riga — Riqz1 — Riji + Ri) = (Riqo — 2R + Ry).
SCAAR; = (AP — 2AP 1 + AP;) = n(Piys — 3(Piy2 — Pi1) — Fy).



() = G = n(n = 1)(n = 2) XI5 B s(0)(Piys — 3(Poys — Poa) — P,

dt3 =

The control points corresponding to the k' derivative of the Bézier curve are

AR, =nAFIP i =0,1...,n.
Continuing this procedure, it can be shown below:

?:'(k)(t) _ b nn—1)n-2)(n—-3)-...-(n—k+1) Z;:Ok Bim—k(t)Ak_lPi}

dtk

where k € NT and the degree of the resulting polynomial is equal to n — k.

A crucial property of the Bézier curve is that it commences at the first control
point and terminates at the last control point, which allows control over the location
of the start and the end of the curve, particularly useful in computer programming.

This is denoted as the interpolation property, which is stated below.

Lemma 2.2. The Bézier curve has the endpoint interpolation property, such that

70) = Py & (1) = P,.

Proof. For this proof, one must show the third property of Definition 2.2.

Recall that B;,(t) = (7) - t'- (1—t)"", t€[0,1] &i=0,1,2,...,n

)

At t =0, Bin(0) = (")-0"- 177 = (") - 0.

(2 (3

At i #0, Bin(0)= (") 0" =0.

(2

10



Note that B;,(0) depends on the value of 7. The value for ¢ = 0 is chosen by

continuity: lim,_,o+ () - ¢ = lim;_o+ ¢® = 1.

7?(0) = Z?:O PZBz’n(O) = POBO,n(O>+P1B1,n(O)+~~-+Pn—an—1,n(O)+Pan,n(O> =

P01+P10++Pn0:P0

Similarly, for t = 1 and i = n, lim;_,;- (Z) (1 =)0 =limy_y- (1 =) = 1.

Att=1, B (1)=(7)-1-0"" = (1) - 0"

Ati#n, Bi,(1)=(7)-0""=0.

F(l) - Z?:O RBlm(l) - POBO,n(1)+PlBl,n(1)+-'-+Pnlen71,n(1>+Pan,n(1) =

0+0+..+0+P,-1=P,.

]

To complement the smoothness of a Bézier curve of degree n, the curve must
be tangent to the first and last segments of the control polygon. This condition is
denoted as the tangential property. This allows for the curve to be smooth on both

ends, which gives the curve a desirable ” curved” appearance and makes concatenation

11



of Bézier curves produce a new (smooth) Bézier curve.

Lemma 2.3. Let Py and P, be two control points creating a line segment denoted

PyPy. Then PyP, s tangent to the Bézier curve at the control point F.

Proof. Utilizing the derivative of the normalized Bernstein Polynomial of Remark 2.1,

assume t = 0.

2 7(0) = 5253050 Bine1(0)- (P = Pr) and Bipu1(0) = =y (0"~ i
Ati=0,7"(0) = 3% - Bon-1(0) - (P — %) and at n =1, By(0) = 1.

= 7(0) = 325 - (Boo(0)) - (P — Ry) = 3 - (P = R).

By inspection, ;== = m € R. This results in /(0) = m - (P, — F,), concluding

that the tangent vector at t = 0 is in the direction of m - (P, — Fp).

]

Lemma 2.4. Let P, 1 and P, be two control points creating a line segment denoted

P, 1P,. Then P, 1P, is tangent to the Bézier curve at control point P,.

Proof. Referring to the proof above, let t = 1.

(1) = 5% 005 Binea(1) - (P = P) and Bija (1) = oy - (b — 1)t

. n —a)” 1 —a
Ati=n— 17 T/(l) = —a anl,nfl(l) : (Pn - Pn71>- anl,nfl - Elly—agn—l = (b(_la)n)—1-

12



= 7_”(1) = ﬁ ’ (b_lL:)?L—l ' (Pn - Pnfl)-

By inspection L4 = m € R. This results in 7/(1) = m - (P, — P,_1),

no, __1—a
’ b—a  (b—a)*~!

concluding that the tangent vector at ¢ = 1 is in the direction of m - (P, — P,_1).

]

Proposition 2.1. The Bézier curve always lies within the convex hull of its control

points.

Proof. All points on the Bézier curve have the form Y ", a;b; = agby + a1by + ... +

ap—1bp—1 + anby, where a; = B; ,,(t), for some t, and b; = P,.

. By partition of unity, " a; = 1.

.. Utilizing the non-negativity property, a; > 0 = Z?:o a; > 0 on the interval

0< Bi(t) <1, Vt € 0,1].

O

Remark 2.3. The Bézier curve is a continuous, smooth curve. The curve has end-
points Py, P, and its shape is determined by points (Py,P,,...,P,_1). Changing the
order of the control points will guarantee a change in the shape of curve. An example

18 shown below:

Example 2.1. Let n=3 with control points (Fy, Py, Ps, P3).

13



Therefore, 7(t) = S0 PiBin(t) = PyBou(t)+PyBy,(t)+ PyBa,(t)+ PsBs,(t), where

B, = #’_l), St 50 that:

Let 71 (t) be the parametric form of a Bézier curve with control points (P, Py, Py, P3)

and let T5(t) be the parametric form of a Bézier curve with control points (Py, Py, Ps, Ps).

L) = Py (1=t 4+ 3P - t(1 — )2 + 3P, - t2(1 —t) + Py - 13 & 7a(t) =
Po- (1=t +3P -t(1 —t)>+ Py - 3+ 3P - t*(1 — ¢).

Let (Py, P1, Py, Py) = ((2,0),(2,2), (5,2), (7.1)) and let t = 1.

(1) = (2,0) - (02 +3(2,2) - (0)2+ (5,2)(0) + (7,1) & 7(1) = (2,0) - (0)3 +
3(2,2) - (0)2 4+ (7,1) - (0) + (5,2).

(1) = (7,1) and (1) = (5,2).

=.11(1) & (1) give different points (r1 # r2), which conveys the fact that altering
the order of the control points will ultimately alter the shape of the Bézier curve. To
note, we have used De Casteljau’s algorithm, which will be discussed throughout the

study of the Bézier curve.

Definition 2.4. Invariance under Affine Transformations: Any given points located

on the Bézier curve will remain on the curve under any affine transformation, which

14



includes rotations, translations, shearing, bending & reflections. In other words, the
curve will preserve its shape under any transformation (x,y) — ax + by + ¢, for any

fized a,b, c € R.

Let A be any given affine transformation, P; = (z;,y;) be any control point on the

Bézier curve & let B;,,(t) be the Bernstein Polynomial.

Then, one can mathematically represent invariance under the affine transforma-

tion A as the equality below for a Bézier curve of degree n:

AGH) = A(YS PBalt) = 3 A(P)Bin?). 2.3

Proof. Let the affine transformation A : R? — R? be given as A(x,y) = (a12+ ay +

az, b1 + byy + b3), with a;,0; € R, i = 1,2,3 and (z,y) € R

Throughout this proof, one must use property three from Definition 2.2, which

states:

Then,

A(7(t)) = (a1 2o 2iBin(t) + a2 Y7o yiBin(t) +az, by 321 2 Bin(t)+
by D i YiBin(t) + b3)

15



= (a1 ) 1 o TiBin(t) + a2 Y g yiBin(t) + a3 1o Bin(t),b1 > ;o i Bin(t)+
ba Z?:o yiB@'m@) + b3 Z?:o Bi,n<t)

= (Z?ZO(CHL‘ + asy; + a3)B; (1), Z?:o(bliﬂz‘ + boy; + b3)Bi (1))
= > olarm; + agy; + as, bix; + bay; + bs) Bin(t)

= im0 A(P) Bin(t).
[l

Remark 2.4. Assume two Bézier curves of degree (n — 1) € N have control points
(Po, P1y ooy Po1, P) & (Qo.Q1, .y Qn1, Q). To join the two smooth and continuous

Bézier curves, one must refer to property four from Definition 2.2 shown below:

LEURESS Mm — )" (P — B). (2.5)

Utilizing property three from Definition 2.2 with a modification:

1, +=0
Bin-1(0) =

0, ¢#0

1, 1=n—-1
Bin-1(1) =

0, i#n—1

As well, one must refer to Lemma 2.1 to compute higher order derivatives and to
obtain a general expression for B;n_i(0) & Bi,—k(1), where k € Z* is the order of

the derivative of the Bézier curve. These expressions are shown below:

16



1 =0
Bin—k(0) =

0 ¢#0

\

(

1 i=n—k
Bin-i(1) =

kO 1#n—Fk

Let 71 (t) = Y 1o PiBin(t) & 7(t) = > 1 o QiBin(t). Utilizing these position vec-
tors, one must compute ri¥ (t) & r{P (¢ (t) att =0& t =1 and then set r%k)(()) = rék)(l).

The derivative of orders k = 0,1,2,3 are shown below:

k=0:7(0)=7(1) = >  PBin(0) =37, QiBin(l) = Py = Qn,

k=1:70(0)=751) = >, ' (Piy1—P)Bip1(0) = Z?z_ol n(Qix1—Qi)Bin—1(1) =

Utilizing k =0: P, — Q, = Q, — Qn_1 = P =20Q,, — Qn_1,

k=20 7(0) = 75(1) = Y2 n(n—1)(Pas— 2Py + P)Bina(0) = Y2 nln —
)(Qz+2_2Qz+1+Q) i,n— 2( ):>P2_2P1+P02Qn_2Qn—1+Qn—2-

Utilizingk =1 & k= 0: P,—2(2Qn — Qn-1) +Qn = Qn —2Qn_1+Qpn_s =
P2 - 4Qn - 4Qn—1 + Qn—2 == 4(Qn - Qn—l) + Qn—Q;

ko=3:770) = 75(1) = i5n(n — 1)(n — 2)(Pus — 3(Puz — Piu) —

Py)B;n3(0) = 300 n(n — 1)(n — 2)(Qiys — 3(Qire — Qir1) — Qo) Bin-s(1) = Ps —
3(P2 - Pl) - PO = Qn - 3(@7171 - Qn72) - Qn73-

17



Utilizing k = 0, k =1 & k = 2: Py—3(4(Qn— Q1) — 20+ Q1) — Qn =
Qn - 3(Qn—1 - Qn—?) - Qn—S = PS = 8Qn - 126277,—1 + 3Qn—2 - Qn—S = 4(2Qn -
3@71—1) + 3@71—2 - Qn—3'

One can compute up derivatives to the n'* order using this algorithm, but it will

be a tedious process.

Lemma 2.5. Let a Bézier curve of degree n € N;n > 2, have (n + 1) control points
{Po, P1,..., Po_1, P, }. One may increase the degree of the Bézier curve to (n + 1)
without altering the shape of the Bézier curve by determining a new set of control
points { Ro, Ry, ..., Rp, Rn11}. By maintaining an identical Bézier curve, one must set
Py =Ry & P, = R,.1. The set of control points { Ry, ..., R,_1, R,} may be computed

utilizing the recursive formula below for i € [1,n] :

7 7
Ri=(——|P_ 1-— P 2.6
<n+1) 1+( n+1) (2.6)

By inspection, this formula represents the it" control point R; as the linear combi-

nation of the control points P,y & P; due to the fact that R; has the following form

for two points of a set S:

Yac0] A Vaymes ¥ = Mg+ (1 — N)aa. (2.7)

As degree elevation corresponds to i data points, one can consider this represen-
tation as a piecewise-linear interpolation. This definition will be quite useful when
discussing the Variation Diminishing Property, which is a significant property of the

Bézier curve.
Remark 2.5. The Bézier curve can be considered as a limit curve of the degree
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elevation of control polygons (1,72, .-, Yn—1,Vn). This implies that the control poly-
gons created by recursively performing the process of degree elevation to control points
{Po, Pr, ..., Py, P,} converge uniformly to the initial Bézier curve, denoted B. This

convergence 1s stated below:

lim v; = B. (2.8)

i—00
Remark 2.6. To preserve the shape of the Bézier curve when the degree of the curve
is increased by one, one must use the fact that (1 —t)+t = 1. Then, multiplying the
position vector 7(t) by the factor (1 —t) +t will increase the degree of the curve by

one. A short example is provided below:

Example 2.2. A Bézier curve of degree one and degree two are shown below:

F(t) = (1 —t)Py + tP,. (2.9)
P(t) = (1 —1)*Py+2t(1 — t) P, + t*P. (2.10)

Multiplying (2.9) by the factor (1 —t) +t yields the equation below:
(1= t)7(t) +tr(t) = (1 = t)*Py+t(1 — )P, + t(1 — t) Py + t*P,. (2.11)

Then, grouping (2.11) in terms of (2.10) will yield:

(1=t t) +tr(t) = (1 = t)*Py +t(1 —t)(Py + P) + t*P,.
Then,

(1 =) (1) + i (t) = (1 —)* Py + 2t(1 — t)(% + %) + 2P

Therefore, Py = Ry, % + % = Ry and P, = Ry. This s identical to using the
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recursive formula (2.6) for the values i = 1,2 and n = 1.

It can be observed that Bézier curves can be represented as a combination of their
control points as well as functions solely dependent on ¢, denoted B, ,,(t). Though,
there are other forms of the curve that can be discussed. Obviously, the degree
of B;,(t) depends on the degree of the Bézier curve, which allows for complicated
polynomials of higher degrees. One can write these polynomials B, ,,(t) as symmetric
polynomials, in which B;,(t) is a function of many variables B;,, (1,2, ..., t,) with
a maximum degree of one (linearity). Let us view several properties of this notion
below, denoted as the "polar form” or ”blossoming” of polynomial, which deals with

homogenizing polynomials in the following definition.

Definition 2.5. Let P(t) be our polynomial of degree n in which P(t) = ¢y + c1t +
cot? + ...+ cpt",n € N & ¢; € R. Then, one can convert P(t) into the blossoming

polynomial p(ty,ts, ..., t,) with the following properties:

a. Symmetry: Any permutation of p(ti,ta,...,t,) does not alter the polynomial.

For e:z;ample, p(tl,tQ):tth :tgtl or p(tl,tg,tg):tltgt:g :tgtltg :t3t1t2 :tgtgtl.
b. Diagonal: Let t;=ty=...=t,=t, n € N. . p(t,t,....t) = P(t).

¢. Multi-affine: Let p(ty) == p(t1, ta, ..., Mo+ (1 =Nty ..., 1), for any s,v such
that 1 < s,v < n and for any X € [0,1].
Sp(EN)=p(tr, tay ooy Mgy oy ) FD(E1, tay ooy (1=N)ty ooy b)) = AD(t1, tay ooy ey oo )+
(L= N)p(ty,to, oy ty, oy ty).
The polynomial p in the variables (t1,...,t,) is called the blossom of the poly-

nomial P(t).

Remark 2.7. Let P(t) = co + cit + cot® + ... + cpt® + ... + c,t™ be a polynomial of

degree n € N such that k € ZT < n. To compute the blossom p(ty,...,t,) of each
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monomial of P(t), which will be denoted myny(t), one can utilize the formula below:

m{km}(tl,...,tn):p(tl,...,tn):(Z)_ > II (2.12)

G} G={i1 i}

Example 2.3. Let {n,k} = {3,2}. In other words, this is identical to P(t) =

co + it + cot? + cst® and selecting the monomial My3,2) (t) = t2. Utilizing the formula

above to blossom a polynomial of degree k < n, one obtains the computations below:

3 —1
m{372}(t17t27t3> :p(t17t2,t3) - (2) Z H tss

JC{1,2,3} j={i1,i2}

1
myz oy (ti, o, t3) = p(ta, ta, t3) = 3 Z tirtiy,

JC{1,2,3}

1
myz 2y (t1, t2, t3) = p(t1, t2, t3) = g(tﬂb + tits + tats).

One can show that this is the correct blossom of t* for P(t) = co+ cit + cot® + c5t?

by utilizing the properties of Definition 2.5, shown below:

Symmetry: Any permutation of the blossom p(ty,ta,t3) will not alter the expres-

sion %(tltg + t1t3 + tats). This can be immediately observed by the reader.

Diagonal: Let ty =ty =t3 =t. Therefore p(t,t,t) = 3(t-t+t-t+1-t) =t
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Multi-affine: Let X € [0,1] and u,v € R be two arbitrary variables. Therefore, one
must show that p(Au + (1 — N)v,ta,t3) = Ap(u,ta, t3) + (1 — N)p(v, ta,t3). The brief

proof of the multi-affine property of the blossom is provided below:

p()\u + (1 . )\)U, tg, t3) — ()\u-i-(l—)\)'u)tg+()\u+(1—)z\)))'u)t3+)\(t2t3)+(1—>\)(t2t3)

p()\u + (1 _ )\)’U, to, tg) — /\(Ut2+Ut3+t2t3)+(;—>\)(vt2+vt3+t2t3)

p()\u + (1 . )\)U,tg,tg) — )\(ut2+ugs+t2t3) i (1 . )\) (’Ut2+’l}t33+t2t3)

p(Au+ (1 — N, ta, t3) = A\p(u, ta, t3) + (1 — XN)p(v, ta, t3).

Proposition 2.2. [2] [Subdivision] Let a Bézier curve of degree n defined on t € |a, b]
be given. Then, one can represent its control points {Py, Py, ..., P,} as the values
of the blossomed polynomials p(ti,ta,...,tj—1,tj,tjs1, ..., th_1,tn) at specific points as

indicated by the i-functions below for1=0,1,2,... n:

_ a, if (j+i)<n
Pi(j) =
b, if (j+1i) > n.

In other words, for an n'™ degree Bézier curve, the control points P; can be given by:

Py = pla,a,a,...,a,a) P, = pla,a,a,..,a,b) P, = p(a,a,a,..,a,bb) Py =

pla,a,a,...,a,b,bb)

P, 3 =p(a,a,a,b,...,b,b) P, o=npa,a,b,,...bb) P,y=nplabb,.. bbb P,=
p(b,b,b,....b,b).
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Example 2.4. A brief example of applying Proposition 2.2 is by selecting any closed
compact interval [a,b]. Let a = 1, b = 2 and let the Bézier curve be of degree four

(n+1=4=n=3). Then, the control points will have the form below:

P=(1,1,1) P =(1,1,2 P=(1,22 P=(222).

Remark 2.8. Bézier curves are defined on a closed interval t € [a,b]. We have grad-
ually commenced our discussion of De Casteljau’s algorithm by showing an example
on an interval t € [a,b]. For example, throughout integral calculus, it was observed
that an integral of a function f(x) over the domain a <t < b can be separated into
the addition of two integrals of f(x) over the domainsa <t <candc<t<b, ceR.
Prior to introducing an example on Bézier subdivision, introducing some prerequisites

and the notion of affine combinations is mandatory.

Utilizing our endpoints a € R & b € R as well as ¢ € R, we may use the following

formula to compute the blossom p(ty,ta,....t, 1,¢) ER:

(b — C)p(tl, t27 ceey tn—l; CL) + (C — a)p(tl, tz, caey tn—la b)

P,(t) = p(ti,te, .. tn_1,¢) = )

(2.13)

Definition 2.6. Affine combinations of polynomials are linear combinations of poly-

nomials p; such that its coefficients sum up to one:
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n
D= Z Q;P; = Q1Pp1 + P + ... + Qp_1Pn_1 + QpPn
i=1

such that

n

Zaizl.

i=1

Remark 2.9. With regards to Definition 2.6, Yo, € [0,1], p is a convex combination

of the points {p1,pa, ..., Pn—1,Dn}

Example 2.5. Let a Bézier curve of degree four (n = 4) take on the values a =0 &

b = 3 such that t € [0, 3] with the following “polar” control points:
p(0,0,0,0), p(0,0,0,3), p(0,0,3,3), p(0,3,3,3) & p(3,3,3,3).

As previously mentioned, these blossoms were obtained by utilizing the piece-wise

form stated in Proposition 2.2.

The Bézier subdivision problem will be represented as:

. p(0,0,0,0), p(0,0,0,t), p(0,0,t,t), p(0,t,t,t) & p(t,t,t,t) fort >0, a =0
& c=t.

. p(t,t,t,t), p(t,t,t,3), p(t,t,3,3), p(t,3,3,3) & p(3,3,3,3) fort <3, c=1t
& b=3.
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Utilizing the three axioms of blossoming polynomaials, an affine combination of
control points with the domain 0 < t < 3 must be represented as a linear combination
with coefficients (1 — &=2) = (1 — £) & &2 = L. Note that the goal is to obtain the

) =

control point p(t,t,t,t P(t).

A picture of this situation is provided below:

y p(0,0,3,3)

p(0,t,3,3)

p(0,t,t,3 p(3,3,3,3)

D
, 0(0,0,4,3) P bee3,3) /'
I —
p(t.t.tt)=P(t)
p(O,L4,) p(t3,3,3)

0(0,0,4,t) p(0,3.3,3)
1p0.000)
0(0,0,0.1) /
0(0,0,0,3)
0 2 3 4 5 X

Figure 2.4: Subdivision problem of a Bézier curve of degree n =4, t € [0, 3].

The combinations of Figure 2.4 are shown below:

° (1 — g)p(o, 0,0, O) +§p(0, 0,0, 3) = p(O, 0,0, 0) +p(0, 0,0, t) = p(O, 0,0, t)

. (1-£)p(0,0,0,3)+%p(0,0,3,3) = p(0,0,0,3—1)+p(0,0,t,t) = p(0,0,t,3)

° (1 — %)p(0,0,3,3) + %p(0,3,3,3) = p(0,0,3 —t,3 — t) + p(O,t,t,t) =
p(07 t? 3?3)
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p(t,3,3,3).

Now, the affine combinations of the control points above with coefficients (1 — %)

& % will be:

. (1 — £)p(0,0,0,t) + £p(0,0,2,3) = p(0,0,0,t — &) + p(0,0,% 1) =
p(0,0,0,t — %) + (0,0, ¢, %) = p(0,0,1,t)

. (1= §)p(0,0,1,3) + §p(0,1,3,3) = p(0,0,t = 5.3 — 1) + p(0, 5, 1.1) =
p(0,0,t — &3 — 1) + p(0,¢,2,t) = p(0,t,¢,3)

b (1_ %)p(07t73a 3)+§p(ta37373) :p<0at_ %73_ta3_t)+p(§7tatat) =
p(0,t — .3 —t,3—1)+p(5.t,t,t) = p(t,t,3,3).

Continuing the algorithm, two control points will be computed with respect to polar

value t:
. (1— 5)p(0,0,t,t) + £p(0,1,%,3) = p(0,0,t — L.t — £) + p(0, 5, 5. 1) =
p(()?O?t_%a _g)—{_ (O t?i?%) (07t7t>t)
. (1—L)p(0,,¢,3)+ Lp(t, 1,3,3) = p(0,t — &t — L 3—t)+p(5, L t,1) =

2 2 2
p(0,t — 5.t — 5.3 —1) +p(t, tg, £.t) =p(t.t,t,3).
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Finally, one control point will be obtained:

b (1_§)p(07t7t7t)+§p(t7t7t73) :p(ovt_§7t_§7 _g)—i_p(%v%?%?t) =

p(0,t — St — Lt — L) 4 p(t, 5,5, 5) = p(t, t,t,t) = P(t).

Lemma 2.6. Recall from Definition 2.5 that P(t) = co + cit + cot> + ... + cpt* + ...+

cnt, neN, keZ™, k<n&c¢ € R.

Recall the Taylor series of an infinitely differentiable real function f(z) is for-
mally the infinite sum at a point of the interior of the domain denoted xo in terms of

derivatives of f(x) at xq as follows:

00 (K) (¢ " eol(z—20)2 11 (oW (z—20)3
flz) = >, f k(! 0)(x—x0)k _ f(xo)—f-f/(wg)(x—xo)-i-f ( o)(2 0) +1 ( o)é o)

The Maclaurin series is simply the Taylor series at the particular point xq = 0.

This formula is stated below:

%) (k) 22 fI 3 1 oo xk flk)
f(g;) =32, f k!O)xk _ f(O) +xf’(0) + f2 (0) + f6 (0) 4o Zk fk! (0)‘

Utilizing the Maclaurin theorem in terms of the Maclaurin series above, we have:

2 pr k p(k) k+1 p(k+1) n—1p(n—1) n p(n)
P(t) = P(0)+tP'(0)+ =52+ + O+ o O 4+ P B 2O

Comparing the Maclaurin theorem and the P(t) from Definition 2.5, one observes
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As well, one may write ¢ in terms of the blossom p(0,0,...,0,v,7,...,7), where

v = (1,0) is a vector & p(0,0,...,0,7,7, ...,7y) = % Note that there are (n—k) zero

k

terms & k ~y-terms.

Remark 2.10. The dual function P, = p(0,0,..,0,1,1,,..,1), where Py contains
(n — k) zeros and k ones. This dual function can also be denoted as the k'™ control

point of the Bézier curve.

Lemma 2.7. The polar form of the polynomial P(t + h) can be represented as the

formula below fort € R, n € N, (n — k) t-terms, k 1-terms & n (t + h)-terms:
Pt+h)=pt+h, .. t+h) =37 @)pE ... t,1,.. 1)k

A proof by utilizing the properties in Definition 2.5 will convey that the formula
above holds for Vn € N.

Proof. Using the properties from Definition 2.5, one can identify a pattern as one
continuously decomposes the blossom p(t + h,...,t + h) n times. Several decomposi-
tions are shown below:

First decomposition:

plt+h,...t+h)=pt,t+h,...t+h)+pht+h, ., t+h)

=p(t,t,t+h,....,t +h)+p(t,h,t+h,.. . t+h)
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+p(h,t,t+h,...t +h)+plh,h,t+h,...t+h)

=p(t,t,t+h,..,t +h)+2p(h,t,t+h,....t+h)

+p(h,h,t + h, ...t +h)

= Q)pt.t.t+h, ...t +h)+ ()plh.t.t+h, ... t+h)

+()p(h, bt +h, ...t +h).

Second decomposition:

p(t+h, ...t +h)=ptt,t,t+h, ... t+h)+p(tt ht+h. t+h)

+2[p(h,t,t,t +h,...,t +h)+ph,t,h,t+h,...t+h)

+p(h, h,t,t + h, ...t +h)+p(h,h,h,t+h, ...t +h)

=p(t,t,t,t+h,...,t +h)+3p(t,t,h,t +h,..t+h)

+3p(h, h,t,t+ h,...t +h)+p(h,h,h,t+h,...,t +h)

= Ottt t+h, ot +h)+ C)plt.t, bt +h, ..t + h)

+)p(h, bt t +h, ot +h) + (3)p(h hy byt + by .t + D).
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Third decomposition:

plt+h, . t+h)=plt,t,t,t,t+h, ...t +h)+ptttht+h. t+h)

+3[p(t,t,h,t, t +h, ...t +h)+p(t,t,h ht+h, ...t +h)

+3[p(h, h,t,t,t + h, ...t +h)+p(h,h,t,h,t + h,..,t + h)]

+p(h,h,h,t,t+h, ...t + h) +p(h,h,h,h,t +h, ...t + h)

=p(t,t,t,t,t +h, ...t +h)+4p(t,t,t,h,t+ h....t + h)

+6p(t,t,h,h,t + h,....t + h) +4p(h,h, h,t,t + h, ...t + h)

+p(h,h,h,h,t + h, ...t +h)

= (Q)p(t.t.tt t + hoost+h) + (()p(t bt byt + bt + D)

+()ptth bt +hy ot +h) + (3)p(h, by byt t+ b, .t + h)

+()p(h,hyh bt + b, .t + h).

One can decompose the blossom n times, but that will be a tedious process. A

pattern can be established, which is shown below for m € Z*, (m — k) t-terms, k

h-terms and (n —m) (t 4+ h)-terms:
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m m

m m
toot h, o ht+h, ... t+h) = tooot. 1, ... 1. t+h, .. t+h)h"
Z(k)p(7 b ) 9 b b) + b ) + ) Z(k)p(7 b ) b) b ) + b) b + )

k=0 k=0

Setting m = n, one immediately obtains the formula in Lemma 2.7 which is pro-

vided below for (n — k) t-terms, k h-terms and zero (¢ 4+ h)-terms:

k=0 k=0
[

Remark 2.11. The k' derivative of the polynomial P(t) is computed as
P®(t) = k!(Z)p(t,t,...,t, L1,..,1) = (nﬁ—!k)!p(t,t,...,t,l, 1,...,1), where there are

(n — k) t-terms & k 1-terms.

Proof. A formula that will be particularly useful throughout this proof is stated below:

" pl(
P(t+h) = Z k!< >hk, t €0,1] & h € R is arbitrary infinitesimal.  (2.14)

k=0

To briefly show that the formula above holds, one must utilize equation (2.14) in

terms of the polynomial P(z) of degree n. This formula is shown below:

Let xo =t and x =t + h. Then, one obtains the desired formula below:
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P(t+h) = Zn: PO (t+h—t) = Zn: P(k)(t)h’“. (2.15)

k=0 ' k=0
Utilizing property two of Definition 2.5, one obtains below:

P(t+ h) =p(t+ h,t + h, ...t + h), where p(t + h) is the polar form of P(t + h)

with n-elements.

Another formula is provided below for (n — k) t-terms & k 1-terms:

P(t+h) = Y (n)p(t,...,t,l,...,l)hk. (2.16)

The formula above greatly resembles the binomial expansion of (¢ + 1-h)™, which

is provided below:

Sk () = X ()
Comparing the equations (2.15) and (2.16), one obtains the following equalities:

P(t)+hP (8)+h2 20 b 22— (Y p(t, )+ (D) Dt oty D (D) p(E, oyt 1, 1)+

4 (e, .., )R,
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One can notice that a pattern determined from the equalities above and the k"
derivative for k > 0. The k™ derivative of the blossom P(t) is provided below for

(n — k) t-terms and k 1-terms:

]

Remark 2.12. Variation Diminishing Property: Consider a discrete set of con-
trol points { Py, Py, ..., P,}. Denote their convex hull by v and the Bézier curve asso-
ciated to them by B. Let L denote a line which may intersect B at some point(s).
Bézier curves have the very useful Variation Diminishing Property which says that £

intersects B at most as many times as L intersects 7.

The Variation Diminishing property shows that any Bézier curve of any degree
does not fluctuate very much while it is smoother than its control polygon. Further-
more, the idea of proving that Bézier curves have the Variation Diminishing Property
is to show that the recursive equation (2.6) implies the point-wise limit (2.8). How-

ever, the proof is difficult and its difficulty is too elevated for this text.
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Remark 2.13. The discrete set of control points may not always lie on the Bézier

curve.

Definition 2.7. Arc-length: The distance between two points on any given curve C €
R". A formula of the arc-length function will be provided below for a parametrization
of C such that 7(t) = (x1(t), x2(t), ..., x,(t)) with once differentiable components, the

starting value of t = tg = a lying on C & t € [a, b] is an arbitrary variable:

/H !du—/ \/dxl dx?) +...+(%)2 du. (2.17)

Example 2.6. Providing a simple example of the utilization of the arc-length func-
tion (2.17), one can derive the arc-length of a semi-circle of radius £ and centered at

the origin below:

The equation of a semi-circle centered at the origin is x*+y? = (* for x1(t) = x(t),

xo(t) = y(t) & t € [0, 7].

In polar coordinates, one can represent this equation as 7(t) = (fcos(t), lsin(t)), t €

[0, 7] below:
7 (t) = (—lsin(t), Leos(t)).

The norm of 7'(t) above is calculated below:

17 (@)1 = \/(—@fiin(?t))2 + (Leos(t))?
= /(2(sin(t))? + £2(cos(t))?
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= V/@((sin(t))2 + (cos(1))?)
SNTE

Then, S(t) = [y 0du =ut| =tl— (0)¢ = tL.

t
0

Furthermore, the length of the semi-circle is S(b) = S(mw) = «l.

Definition 2.8. Curvature: Let 7: I — R"™ be a twice differentiable regular curve
parametrized by arc-length (i.e. ||F’(s)|| = 1) in R3. The curvature of this curve at
a point, denoted k(s), describes the rate of change in which the curve changes direc-
tion at the point 7(s). Additionally, one can describe this measurement as the rate at

which the velocity vector is turning.

For a parametrization by arclength of the position vector with twice differentiable

components, one can derive several key formulae which are listed below:

—

Unit Tangent Vector = T(s) = 7'(s),

Curvature = k(s) = ||

Let 7 : J — R" be a twice differentiable reqular curve in R™ (i.e. ||7'(t)]] # 0)
not necessarily parametrized by arc-lengh. As previously defined, let curvature of this

curve be denoted k(t).

35



For a parametrization of the position vector with twice differentiable components,

one can derive several key formulae which are listed below:

—

Unit Tangent Vector = T (t) F;(? , 7(t) differentiable for t € [0,1] & 7'(t) # 0,

Unit Normal Vector = N(t) = &, T(t) differentiable fort € 0,1] & T'(t 0,
I @)

AT (1) 1
RN O]

Curvature = k(t)

Remark 2.14. The curvature, denoted k, can also be represented as the formula

below for a reqular and twice differentiable curve parameterized by 7(t) C R™ where

n=23:

P x )
IOk

(2.18)

Definition 2.9. The curvature k can also be represented in terms of the unit tangent
vector f(t) The curvature of a reqular curve is the 1? norm of the second derivative
of the parametrization 7(t) from Definition 2.7 and an arc-length parameter denoted

s, which is shown below for s = s(t):

d?7
w(s) = (|2

ds?

A simple proof will show that this is equivalent to the formula below:

dT(s
k(s) = |92
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Proof. By the Fundamental Theorem of Calculus and the Arc-Length function in

Definition 2.7, £5(t) = ||7/(¢)]| > 0.

Utilizing the chain rule, %(dﬁ(js(t))) — d (d’?(s(t)) Ldby — i(df(s(t)) ) (%)—1).

Utilizing 4 S(¢), the above expressions equate to %(df(;t(t)) Wl(t))\\> = %(”?(ﬂ) =

LT (s(t)).

&lg~

Then,
d*7(s)
() =1

52

]

Lemma 2.8. T'(s) and T(s) are orthogonal vectors parameterized by the arc-length
parameter s, in other words, (T'(s) , T(s)) = 0, implies that | T"(s)x T(s)|| = ||T"(s)||

for s =S(t).

Proof. A quick proof of the left-hand side is immediate, which is shown below:
||f(s)|| =1 as f(s) is a unitary vector <= ||T’(s)||2 = (f(s) , f(s)) =1,

FITSW)IP = H(T(S®) , T(S(2)))
(S(1))  T(S(8)) +(T(S(t) , T'(S(1)))

— (T/(S
= (T(S(t)) , T(S()) +(T"(S(1)) , T(S(1))),

—

A(TN(S@), T(S(t)) =0 = T'(S(t)) & T(S(t)) are orthogonal vectors —>
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The angle between these two vectors equals 6 = 7 rad.

For the right-hand side of the lemma, one must utilize the trigonometric formula

involving the cross product between two vectors for 6 € [0, 27], shown below:

IT(S(8)) x T(SWO) = 1T (SO - IT(S (@) - sin(6).

For 6 = 7, the proof is finished and the formula above reduces to the equality

below:

IT'(S(8)) x TS = 1T (SO)I| - ITSO)I = 1T (S(@))l-

Remark 2.15. Proof of the formula k in Remark 2.1}.

Proof. Utilizing the formula from Definition 2.9 and setting S’(t) = ||7/(¢)||, one

obtains the formula below:

One must also utilize the formula of the unit tangent vector not in terms of arc-

length from Definition 2.8 to commence the proof, also shown below:

The formula above can be written as 7/(t) = T(t)-||7'(t)|| = 7'(t) = T(t)-S'(t).

.. Differentiating the above formula by the product rule yields the equality below:
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Recall that for any vector @ € R", @ x @ = 0
—> () () = (S'(8)2 [T(6) < TV (1) +5'(1)- 8" (1)-0 = (5'(1))*-[T(t) x T"(t)].

Taking the [2 norm above, one yields the equality below:

17/(t) x 7 (#)]| = 1(S"(1))? - [T'(t) x T' ()] = (5'(8))* - 1T(8) x T'(8)l],

S't) = Il e R = [I5"())] = S(*).

.. Utilizing Lemma 2.8 yields the following result below:

17/(t) > 7" ()] = (5'(£)* - [1T() x T' ()| = (5"(1))* - 1T (&),




Utilizing the formula from Definition 2.9 yields the desired formula below:

ATl _ 1@ x 7@l
17 ()l 7 (@)11°

]

Theorem 2.1. The curvature of a quadratic (degree two) Bézier curve with control

oints (Py, Pi, Py) is k(t) = |(P2—P1)x (Po—P1)|
p ( 0 1 2) ( ) [(1—t)2||P1— Po||2+2t(1—t)(P1— Py ,Pa— Py )+t2|| Pa— Py ||?]

9 -
2

Proof. The numerator, which will be denoted N; and the denominator, which will
be denoted Ny of the general formula x will be calculated separately. A degree two

Bézier curve will yield the following position vector 7(t) below:

F(t) == Z?:O _Psz’Q(t) = POB(LQ(t)""PlBLQ""PQBQ,Q - Po(l—t)2+2plt(1—t)+P2t2,

= Po(1—t)*+ Pit(1—t)+ Pit(1—t)+ Pot? = (1—t)[Po(1—1t)+ Pyt]+t[ P (1—1t)+ Pat].

Note that 7(t) is constructed in the form above to simply the expression later on

in the proof when utilizing inner products as well as cross products.

7'(t) = 7 (t) = —[Po(1—t)+ Pit]+(1—t)[— Po+ P+ [P (1—t)+ Pot| +t[— P+ Py,

&=

—

T/I(t) = ﬁr”zt) = —2[P1—P0]+2[P2—P1] :2[P2—2P1+P0],

dt?
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Ny = [|(2(1 = t)[PL — Po] + 2t[P, — Py]) x (2[Py, — 2P, + BR))||,

Ny =21 = t)[Pr — Py] x 2[Py = 2P + Ry]) + (2t[P, — P1] x 2[Py = 2P1 + R]),

Ny = [|4((1 = t)[PL — Py] X [Po — 2P, + Py)) + 4(t[P, — By] x [P, — 2P, + BRy))||,

Ny = [[4(1 = t)([A — Ro] X [P, — 2P, + B)) + 4t([Pr — o] x [P — 2P + Ry)) ||,

Ny = [[4(1 = t)([Pr = Ro] x [(P = 1) + (P — 1)) + 4¢([PL — R %,

(P — P1) + (Po — PO

Ny = [[4(1 =[P — Ry) x (P2 — P)] +4t[(P2 — P1) x (B — P,

Ny = |41 = O[(P — P) x (P = Po)] +4t[(P2 — P1) x (B — P,

Ny = [[4(1 = )[(P — P1) x (Py — P1)] + 4¢[(Py — P1) x (Po — Pl

Ny = [[4[(Py = P1) x (B = Pl

17O = (17 (0)]2)2 = (21— )[Pr = Po) +2t[P = ] , 2(1=1)[Py — Po] +2t[ P —

Pz,

(IS

7] = (41 = 82| Py = Roll® + 8(1 = t)(P, = Py, Po— Py) + 48| P, — Pi||)2,

Ny = (4(1 = t)?||P, — Ry|]? + 8t(1 — t)(P, — Py, Py — Py) + 4t*|| P, — P1||2)%.

SR = % gives the desired result.
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Note that N; can also be written as the following expression below:

N1:4H(P2XP())—(PQX.Pl)—(PlXP())“.
UJ

One can use the same technique as above to find the curvature of a Bézier curve
of degree n > 3. Though, it is guaranteed that this process will be especially tedious
due to the fact that long polynomials will require manipulation. Therefore, one must

express this curvature in terms of an n-degree Bézier curve.

Remark 2.16. To write the formula for the curvature, denoted by k, of an n-degree
Bézier curve, one must recall the first-order and second-order derivatives of the posi-

tion vector 7(t). These derivatives are shown below:

d n—1

—(t) =7'(t) =n Y Bu_1,(t)(Pix1 — P)
=0

d2 - B n—2
g ) = () =n(n—1) ; By—2,i(t)(Piy2 — 2Pt + B).

As previously discussed in Lemma 2.1, the n'"-order derivative of the position
vector of the Bézier curve, denoted 7(t), is dependent on the n'" order derivative of

the Berstein polynomial, denoted B; ().

Utilizing the formula x(¢) in Remark 2.14, one can represent the curvature of a
regular Bézier curve of order two or three (n = 2,3) in terms of the sums above.
This is particularly useful if one desires to compute the curvature of a Bézier curve
of a higher degree. Following the same strategy, we can infer the following general

formula for the curvature of a Bézier curve of order n at each point 7(¢) on the curve:
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Proposition 2.3. The formula of the curvature of a Bézier curve of order n at the

point 7(t) of the curve is:

() = 132 300 s (n = 1) By 1i(H) Buoa j(D)[(Piys — Bi) X (Pyya — 2P0 + By

132750 nBin(t) (P — B2

Proof. The proof follows from direct computation as described above.
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Chapter 3

Bézier Surfaces

The properties above discuss the intricacies as well as the properties of Bézier
curves of degree n. Though, the properties of the Bézier surface, which is defined as
the Cartesian product of the Bernstein polynomials of two orthogonal Bézier curves,

have yet to be considered. This surface is denoted as a Tensor-Product Surface.

So far, the previous properties and their proofs follow from the study of the po-
sition vector of a univariate Bézier curve, defined as 7(t) = Y  P;B; ,(t) of degree
n and depending on the parameter ¢ € [0,1]. We now consider an extension of these

properties for Bézier surfaces in R®. We start with the following defintion.

Definition 3.1. Consider the points P, ; = (x;;, i, zi;) in R?
Pi,j = {(PO,Oa P0,17 ey PO,n-i—l)a (PLO) P171a ceey Pl,n—i—l)v cey (Pm+1,07 Pm-i—l,l) ey Pm—‘rl,n—i-l)}v

0<i<m+1, 0<j <n+1, which we will call control points. Introducing a bivariate

position vector with two variables (u,v) € [0,1] x [0, 1] of degree m x n, we define the
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Bézier surface as the image of the position vector ¥(u,v):

Hu,0) = > PiBim(u)Bjn(v). (3.1)

i=0 j=0

Figure 3.1: Example of a 2 x 3 Bézier surface, where 7(u,v) = (2uv?, 2v(u + 1)(1 —

v),2v(2v +uv + 1)), uw € (0,1) and v € (0, 1).

Note that the components of the vector 7 : D — R? are polynomials in two vari-
ables defined on D = [0,1] x [0,1] € R?. Usually, the domain of a Bézier surface of
degree m x n is the unit square, though D can be any rectangle [a,b] X [¢,d], a < b &

¢ < d. Furthermore, one can select control points such that the surface represented
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by 7(u,v) has no cusps nor self-intersections.

Definition 3.2. Isoparametric curves of a surface: Let (u,v) be surface parameters
in which u = ug € [0,1] and v = vy € [0,1]. Isoparametric curves are obtained when

one of the two surface parameters are left constant while the other varies between

0, 1].

Therefore, u and v are images of vertical and, respectively, horizontal lines on the

surface. This leads to the following remark below.

Remark 3.1. Isoparametric curves provide a relationship between Bézier curves and
Bézier surfaces. A Bézier surface patch can be transformed into two Bézier curves

utilizing the isoparametric curves below:

o, v) = > 2120 Do PijBim (o) Bin(v). Grouping the terms inside the sum, one

can set a; =Y 1" Py jBim(uo). . 7(ug,v) = 377 a;Bja(v).

(u,v0) = 2100 2 j—o Lij Bim(u) Bjn(vo). Like above, one can setb; = 3 % P jBjn(vo).

s (u,v0) = D00 biBim (u).

Remark 3.2. Noticing the position vector for the tensor product of two Bézier curves,

one can deduce the following properties below:

e The Bézier surface (or patch) is contained in the conver hull of its extreme

points (control points).
e The Bézier sub-patch interpolates four points.

o The tangent plane at any control point interpolates the given control point as

well as two neighboring points.
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Definition 3.3. Tangent plane: A plane which is orthogonal to the normal vector at
any point of the surface if the normal vector exists. The tangent plane to a surface

consists of all tangent lines to any point 7(u,v) lying on the surface.

Formulae for determining the tangent plane at any given point 7(u,v) for the
parametric form r(u,v) = (z(u,v),y(u,v), z(u,v)) are given below for a point P =

F(Uo,vg) € R?) .

— ox(u,w) Oy(u,w) 0z(u,w
TU(U,’U):( ((9u )’ yéu )’ <(9u )>

— ox(u,w) Oy(u,w) 0z(u,v
T”(u’v):( ((%)’ yt(%)’ f%)>

N(u, U) _ Pu(u,v) X7y (u,0)

T P (uw) x 7 (w0

Tangent plane: (F(u,v) — 7(ug, vo), N (g, vo)) = 0.

Note that N (u,v) denotes the unit normal at any given point #(u,v). To add, the
vectors 7, & T, are tangent to the surface patch at the point ¥(u,v). The collection of
all tangent vectors at a point of the surface is called the tangent plane of the surface

at that point.

Remark 3.3. A Bézier surface of degree m X n is smooth almost everywhere except

at isolated points.

Definition 3.4. First Fundamental Form induced by R? : Let M be a reqular surface
patch parameterized by the curve ¥ = 7(u,v) C R3, in other words, 7 : R* — R3.
Furthermore, let A be a point and A’ be a point infinitesimally close to A, in which

A and A" are points in the tangent space T,M of M for p = (u,v) € M. Also,
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let du and dv be chosen directions of a Bézier surface patch. Therefore, the First
Fundamental Form measures the distances along paths of the surface patch. One can

express the differential of " as the equality below for u € [0, 27] and v € [0, 27| :

dF = Sdu + St dv = 7ydu + Tdv.

The differential above corresponds to the speed of the curve ¥(u,v) by taking the

dot product of A = di" & A’ = drT, shown below:

AA" = drdiT = (dr,dr) = (Fudu + Tydv, Fydu + Todv) = ||7]|?du?® + 27, -

Fydudv + |7, ||*dv?.

Let AA' = ds*, E = ||F||?, F =7y -To, G=|7|>. This reduces to the equality
below, which is the First Fundamental Form of a surface in terms of the arc-length
parameter s giving norms of vectors in the tangent plane, hence length of curves on

the surface:
ds? = Edu® + 2Fdudv + Gdv?.

In matriz form, the First Fundamental Form, also known as the intrinsic metric,

can be written in the quadratic form below:
ds? = 7T A% = <du d'U>

Remark 3.4. The First Fundamental Form can be represented as the following in-
ner product with respect to (Uy,02) € T,M shown below for vy = Uy and any point

p=r(u,v) € M:
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Remark 3.5. Matrixz A is a positive definite & symmetric matriz. In other words,
E F du

(du dv) 18 strictly positive.
F G dv

Lemma 3.1. The formula ds? is consistent with the definition of the length of a curve

on the surface y(t) = 7(u(t),v(t)), t € [0,1].

Proof. The derivative of the Arc-Length formula in Definition 2.7 is %&t) = ||7(¢)]].

Furthermore, one must use the differential of 7 from Definition 3.4, which is

dr = 7,du + Tydv.
Utilizing the equalities above, one obtains the following below:

G = 117G + 7 G

1951 = o/ + 7o) - (7t + 7 5)

19| dt = /(P Fuydii® + 2(Fy, Tydudv + (Fy, 7o) dv2dt

||| = /E(y(t))du? + 2F (v(t))dudv + G(v(t))dv?, where (E, F, G) are the coef-

ficients of the First Fundamental Form.

This implies that dS(t) = \/E(y(t))du® + 2F (y(t))dudv + G((t))dv2.
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Then, setting s = S(t), ds = /E(y(t))du? + 2F (y(t))dudv + G(v(t))dv?.

. ds? = Edu® + 2F dudv + Gdv?, completing the proof.

]

Remark 3.6. The First Fundamental Form is altered when the surface patch in
Definition 3.4, is altered.

Example 3.1. Determine the First Fundamental Form of the unit sphere parameter-

ized by r(u,v) = (cos(u) cos(v), cos(u) sin(v),sin(u)), u € [~7, 5] and v € [0, 27].

Taking partial derivatives, one obtains the expressions below:

7, = (—sin(u) cos(v), — sin(u) sin(v), cos(u))

7y = (— cos(u) sin(v), cos(u) cos(v), 0).

Calculating the coefficients of the First Fundamental Form, one obtains the ex-

pressions below:

E = ||F,]|? = sin®(u)cos?(v) + sin®(u)sin?(v) + cos?(u) = sin®(u) +

cos®(u) =1

F =7, -7, =sin(u) cos(v) cos(u) sin(v) — sin(u) cos(v) cos(u) sin(v) = 0

G = ||7|)? = cos?(u) sin?(v) cos?(u) cos?(v) = cos?(u).

.. The First Fundamental Form of 7" is shown below:
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Figure 3.2: Unit sphere, where 7(u,v) = (cos(u)cos(v), cos(u)sin(v),sin(u)), v €

[—%. 5] and v € [0, 27].
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ds? = du® + cos?(u)dv?.

Lemma 3.2. Utilizing Lemma 2.1, one can evaluate the first-order partial derivatives

of the multivariate formula (3.1) provided in Definition 3.1, shown below:
P, v) = 3000 S0 g (Pt — Pig) Bimo1 (1) Bja(v)
7o, v) = 300 S n(Pijsr — Pij) Bin (w) Bjn-1(v).
Calculating the coefficients of the First Fundamental Form will require four in-

dices, in other words, i # kN j #1 fori,j,k,l € NU{0}. These dot products, given

in Definition 3.1, are generalized below:
E=n? Y o Bian—1(t) Bim—1(t) By (0) Bin (0){Pi1,j — Pi g, Pesra— Pay)
F=n2y o Bime1 () B () Bj (V) Bn—1 (V) (Pis1j = Pijs Prasr — Pea)

G=n’ ZZQ}iS’LZBLO Bi m (1) By g (1) Bjn—1(0) Bin—1 (V) {Pis1,;— P j, Pes11—Pra)-

Remark 3.7. Utilizing the coefficients above, one can generalize the First Funda-
mental Form in terms of the arc-length parameter s of an m x n Bézier surface patch.

This is shown below:

ds? = n2[y o Bim—1 (1) Bon—1(t) By (0) B (v) (Pig1j — Pij Pesry —
Pk,l>du2

+ 2y 0 Bim—1 (1) Bion () B (0) Bip—1 (0)(Pis1 j— Pi g, Peggr—Peg)dudv
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e om0 Bim (W) Brm (4) Bjin—1 (0) Bn—1 (V) (Pis1j— Pij, Prsra— Pig)dv?).

Definition 3.5. Reqular Surface: Let M C R® be a surface parameterized by the
curve 7 : R2 — R3. This surface is called a reqular surface if and only if 75, x 17 # 0

exists.

Definition 3.6. Orientable Surface: Let M C R3 be a reqular surface. M is said to
be orientable if it allows a smooth differentiable field of unit normal vectors globally

defined on the entire surface.

Definition 3.7. Gauss Map: Let p = 7(u,v) € M be an arbitrary point of an ori-
entable surface M and let +N,(r(u,v)) be the two possible directions of the unit
normal vectors at the given point, in which the formula ]\7(1@”0) 1s described in Defi-
nition 3.5. The map N : M — S*, N(p) = N,,, where S* is the unit sphere in R?, is

called the Gauss Map of M.

Definition 3.8. Weingarten Map: Let M be an orientable surface and let N be the
Gauss Map defined above. Furthermore, let p = 7(u,v) € M be an arbitrary point.
The linear map W, : T,M — T,M, such that W, = —dN,, is called the Weingarten

Map. This is also the negative differential of the Gauss map.

Definition 3.9. Second Fundamental Form: In terms of the Weingarten map of
Definition 3.8, the inner product below gives the Second Fundamental Form for vector

U2 € T,M and a point p = 7(u,v) € M :

I, (01, V) = (Wp(01), Ua) = —(DN,(0h), U2). (3.2)



The Second Fundamental Form describes how curved the surface is.
Utilizing the inner product (3.2), one can determine the coefficients of the Second

Fundamental Form in the quadratic form Il = edu® + 2fdudv + gdv?. These coeffi-

cients are shown below in terms of the Weingarten map:

g9 = _<DNP(FU)7FU> = <NaFvv>-

In matriz form, the Second Fundamental Form can be written in the quadratic

form below:

e f du

[(u,v) = T AZ = (du dv)
fog) \dv

Example 3.2. Determine the Second Fundamental Form of the unit sphere parame-

terized by 7(u,v) = (cos(u) cos(v), cos(u) sin(v),sin(u)), v € [-F, F] & v € [0, 27].

Taking partial derivatives, one obtains the expressions below:
7w = (—sin(u) cos(v), — sin(u) sin(v), cos(u))

Ty = (— cos(u) sin(v), cos(u) cos(v), 0).
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First, one must calculate 7, x 7, which is shown below:

~ ~ ~

i J k
det [ —sin(u) cos(v) —sin(u)sin(v) cos(u) | = — cos*(u) cos(v)i—cos?(u) sin(v)j—
—cos(u) sin(v)  cos(u) cos(v) 0

~

cos(u) sin(u)k.

Calculating [|7, X 7,||, one obtains:

V/cost(u) cos?(v) + cost(u) sin?(v) + cos?(u) sin®(u) = | cos(u)|y/cos?(u) + sin®(u) =

cos(u).
*. Combining the above expressions will give the following result:
N (u,v) = — cos(u) cos(v)i — cos(u) sin(v)j — sin(u)k.
Calculating the second order partial derivatives will yield the equalities below:
T = —(cos(u) cos(v), cos(u) sin(v), sin(u))
Tuw = Tow = (sin(u) sin(v), — sin(u) cos(v), 0)
oo = —(cos(u) cos(v), cos(u) sin(v), 0).

Finally, calculating coefficients (e, f, g) will give the results below:

= N7,y = cos?(u) cos?(v) +cos?(u) sin®(v) +sin?(u) = cos(u)+sin(u) =1 = E
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—

N - 7y = — cos(u) cos(v) sin(u) sin(v) + sin(u) cos(u) sin(v) cos(v) =0 = F

f:

—

g =N -7, = cos?(u) cos?(v) + cos?(u) sin?(v) = cos?(u) = G.

. The Second Fundamental Form is shown below:

MM(u,v) = du® + cos?(u)dv?.

Lemma 3.3. Utilizing Lemma 2.1, one can evaluate the second-order partial deriva-

tives of the multivariate formula in Definition 3.1, shown below:

m—2

P, 0) = Y Y n(n = 1)(Piyay = 2Py + Pij)Bim-2(u) B (v)
i=0 j=0
m—1n—1
Tuw (U, v) = nQ(PH—Lj—H — P — P+ Pij)Bim—1(u)Bj,—1(v)
i=0 j=0
m n—2
Poo(,0) = > Y n(n = 1)(Prjra = 2P, jp1 + Pij) Bim(u) Bjna(v).
i=0 j=0

Let the unit normal vector denoted ]\7, defined in Definition 3.3, the first-order
partial derivatives 7, T, and the coefficients of the First Fundamental Form (E, F, Q)

described in Lemma 3.2. One can utilize the definition of the cross product of 1, €

Ty, Shown below:

Ty X Ty = det(Ty, 7)) = Py Ty Tus | - (3.3)

—

Tvr Tuwy Tog
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Furthermore, one can utilize the following equation below for 6 € (0, 2x], where 6

is the angle between the vectors 1, & 7, :

17 X Tl = (|7l - 7] - sin(6). (3-4)

The cross product formula in terms of equation (3.4) can be simplified as the

equation below in terms of coefficients E, F,G for 0 € (0,2m]:

|7 X 7|l = VE - G - sin(0). (3.5)

Utilizing equations (3.3), (3.4) and (3.5), the unit normal vector, denoted N, can

be written as the following equation below:

i j k
vV — 1 S S S
N = V E-G-sin(0) - det Tup Tug  Tug

- - -
Tvr Toy Tog

One can also write N more formally in terms of four indices. In other words,

i £kNgF#L fori, gk, € NU{0}. This formula is shown below:

-1,
N— Z?lo,jlo(l%ﬂ,j

Py j)Bim-1(u) Bjn(v) X S50 L0 (Prjer = Pig) Bi(u) Bjn1(v)

1> 0 (Pi1g = Pig) Bim—1(uw) Bjn(v) X Y000 L0(Prjsr — Poj) Bin () Bjna (v)||

Lemma 3.4. Calculating the coefficients of the Second Fundamental Form will require
an additional two indices, in other words, p # q for p,q € NU{0}. These dot products,

giwven in Definition 3.9, are generalized below:
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=n(n—1) Z Bp,m72(u)Bq,n(U><]\77 Poi2g —2Ppi14+ Pog)

p=0,4=0
m—1n—1
Z Bpm—1( qn—l(v)<ﬁa Poi1g+1 — Ppirg — Ppgi1 + Bpg)
p=0,g=0
m,n—2
=n(n—1) Z Bym (1) Bgn—2(v) <N7 Pogi2 = 2Py g1 + Pog).
p=0,q=0

Theorem 3.1. Utilizing the coefficients of Lemma 3.4, one can generalize the Second

Fundamental Form in terms 0f]\7 of an (m x n) Bézier surface patch as follows:

[I(w,v) = nf(n —1) Z;n:oiio Bp,m—2(u)Bq,n(U)<Na Ppiog—2Pp114+ Pp7q>du2

+2n Z;n olqn 01 j2 m—l(u)Bq,n—l(Uﬂﬁv Poit,ge1— Bpr1,g— Py g1+ Ppg)dudv
+(n —1) Zm’n_z Bp,m<u>Bq,nf2(U) <N7 Pygy2 — 2P, 441 + Pp,q>dv2]'

p=0,g=0

Remark 3.8. [t is tedious to generalize the fomulae Gaussian Curvature, Mean Cur-
vature and the Principal Curvatures of an m xn Bézier surface due to the lengthiness
of the formulas and the large degrees of the polynomials being worked with. Therefore,
one can give the general formulas of these curvatures by taking a limited number of

control points in the u direction and the v direction.

Remark 3.9. The Weingarten map, defined in Definition 3.8, can also be represented

below in matriz form in terms of coefficients a,b, c,d:
~1

(&
W, = - = ['IL (3.6)
¢ d F G f g
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Multiplying the matrices on the right-hand side of equation (3.6), one will obtain
the coefficients a, b, c,d in terms of the coefficients of the First and Second Funda-

mental Forms shown below:

_ Ge-Ff
“TEG_F?
h_Gf—Fg

 EG — F?2

_ Ef—Fe
‘T EG_F?
d_Eg—Ff

- EG — F?’

Definition 3.10. Gaussian Curvature: Let k, denote the Gaussian curvature of a
Bézier surface at an arbitrary point p = r(u,v) € M. One can write k, in terms of
W, in Remark 3.9, which is shown below:

o det (II)  eg— f?
~det(I)  EG - F?

kp = det(W,)

Definition 3.11. Mean Curvature: Let H, denote the Mean curvature of a Bézier
surface at an arbitrary point p = 7(u,v) € M. One can write H, in terms of W, in

Remark 3.9, which is shown below:

 1Ge+ Eg—2Ff

1
H, = —trace(W,) 5 BG_ 72

2
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Definition 3.12. Principal Curvatures: Let (A1, \2) denote the minimum and maz-
imum principal curvatures, respectively, of a Bézier surface. One can find Ay, Ao as

the eigenvalues of W, in Remark 3.9, where I denotes the identity 2 X 2 matriz:

det(W, — \I) = 0. (3.7)

Referring to equation (3.7), the result will provide the eigenvalues Ao = (A1, A2) of
the Weingarten matriz in terms of the coefficients (E, F,G) & (e, f,g), shown below
for Ay = min(\, X2) & Ao = maz (A, Ao) :

)\%2_Ge—2Ff—|—Eg (Ge— Ff)(Eg—Ff)— (Gf — Fg)(Ef — Fe)

A 0.
EG—Fz 2T (EG — F2)2 0

In terms of k, and H,, defined in Definition 3.10 and Definition 3.11, respectively,

the equation above can be written in the form below:

ALy = 2HpA12 + K, = 0. (3.8)

The principles curvatures A1 o = (A1, A2), which are roots of equation (3.8), are

presented below:
)\1 == Hp - Hg — Rp
)\2 = Hp—|— \/H;g —K/p.

Remark 3.10. The Gaussian Curvature, denoted k,, can be represented as the prod-

uct of A1 & Xs.
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Remark 3.11. The Mean Curvature, denoted H,, can be represented as the average

QfAléyAz

Example 3.3. Determine the Gaussian Curvature, the Mean Curvature and the Prin-

ciple Curvatures of the unit sphere parameterized by

7(u,v) = (cos(u) cos(v), cos(u) sin(v),sin(u)), v € [-5, 5] & v € [0,27].

From the worked examples above, one notices that the coefficients of the First
Fundamental Form and the Second Fundamental Form are equivalent, in other words,

e=F f=F g=G. This gives the following Weingarten map provided in Remark
3.9 below:

EG—-F2 GF-FG 1 0
EG—F2? EG—F2
W, = =
_ _ 2
EF—-FE EG-F 0 1

EG-F? EG-F?

As stated in Definition 3.10, the Weingarten map above will provide the Gaussian

Curvature of the unit sphere, shown below:

k= det(W,) = (1)(1) - (0)(0) = 1.

The Mean Curvature of the unit sphere is also shown below in terms of the Wein-

garten map above:

10
H, = Strace =1(1+1)=1.
01

The principal curvatures, provided in Definition 3.12, can now be solved by solving

the quadratic equation in terms of k, & H, below:
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ALy = 2H Mo+ Ky =AM, —2X 2 +1=0. (3.9)

Solving the quadratic equation (3.9) will give the roots, denoted as the principle

curvatures, shown below:

One can utilize Remarks 3.10 & 3.11 to check that k,, H, & X\ o are correct.

Example 3.4. Let (Poo, Pro, Po1, Pi1) € R3 be the set of non-planar control points
of a (2 x 2) Bézier surface patch, in other words, i = 0,1 and j = 0,1 and z # 0.
Compute the First and Second Fundamental Forms, the Gaussian Curvature, the
Mean Curvature and the Principal Curvatures of this surface patch by utilizing the

control points listed below:

Pop = (2,1,1)
Po1 = (2,3,1)
Pio=(1,1,2)
P1=(1,3,3). (3.10)

The Tensor-Product formula described in Definition 3.1 for an mxn Bézier surface

is shown below fori=0,1 €6 j=0,1":

1

#(u,v) =Y " Bia(u) > PijBja(v)

i=0 j=0

F(u, ’U) = P07oBO’1(U)B()J(U)—FPOJBOJ(U)BLl(U)-FPLQBLl(U)BOJ(U)"i‘PLlBLl(u)BLl(T»

[y
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(u,v) = (1 —u)(1 —v)Poo+v(1 —u)Poy +u(l —v)Pro+uvPy,.

Using the set of non-planar control points of (3.10), one can represent the Tensor-

Product formula as the vector 7(u,v) below:

M(u,v) = (2 —u, 1 +2v,1 4+ u + wv).

3.0

i
t#“&ﬂ‘;
A $
‘o%f (K
f:“, ¢’:‘¢ ““ “1»
":’::’ﬂ" u
"# SRS
QAKX oy
R
b

#,‘.

2.0

Figure 3.3: Example of a 2 x 2 Bézier surface, where 7(u,v) = (2—u, 1420, l +u+uv),
u e (0,1) and v € (0,1).
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In order to compute the First Fundamental Form of the Bézier surface patch,
the first-order derivatives of the vector 7(u,v) must be evaluated. These vectors are

provided below:

7w = (—1,0,v 4+ 1)
7y = (0,2, u).

One can now determine the First Fundamental Form with the first-order deriva-

tives listed above. The necessary computations are shown below:

E=|r|?=v*+2v+2

ST -
F=r, r,=uw—+u

G =17 =4+

. The First Fundamental Form is ds* = I(u,v) = (v* + 2v + 2)du® + 2u(v +

Ddudv + (4 + u?*)dv?.

The cross-product, its L2 norm and the unit normal vector N (u,v) of the (2 x 2)

Bézier surface patch are shown below:

i j k
Faxry=det| -1 0 v+1|=-2(+1)i+uj—2k
0 2 U
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7o x 7]l = VA + 1)2 + u? + 4 = V402 + 8v + u? + 8

N —2(v+1),u,—2
N(u,v0) = ek

In order to compute the Second Fundamental Form of the Bézier surface patch,
the second-order derivatives of the vector 7(u,v) must be evaluated. These vectors are

provided below:

Fuw = (0,0,0)

Fuv = Tou = (0,0,1)

T = (0,0,0).

One can now determine the Second Fundamental Form with the second-order
derivatives and the unit normal vector listed above. The necessary computations are

shown below:

e=N"r, =0

— NT#7 — —2
F=NTw= romrrs
g= NTF,, = 0.
.. The Second Fundamental Form is Il(u,v) = \/ﬁmdudv.

The matriz representations of I(u, v) and Il(u,v), denoted Ay and Ay, respectively,
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and their determinants, are provided below:

vP+20+2 u(v+1)

u(v+1) 4+ u?

det(Ar) = v + 40* + 8v + 8

0 =4
o VA4v2+8v+u2+8
A]HI -
-4 0
V4v2+8v+u?+8
_ —16
det(AH) T 4v248v+u?+48-°

To determine the coefficients of the Weingarten map, one must determine the in-

verses of Ayr. This matrix is provided below:

2
A = ) 4+u —u(v+1)

u?+4v24+8v+8 9
—u(v+1) v +2v+2

The coefficients of the Weingarten map, given in Remark 3.9, are provided below

for the (2 x 2) Bézier surface patch:

a b 4+u* —u(v+1) 0 2

W = _ 1 \/4v2+gv+u2+8
p T u244v248v+8 9 _4
c d —'LL(’U + 1) V7 + 2v + 2 \/W 0
du(v +1)

(402 + 8v + u? + 8)2
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B —4(4 + u?)
(40 4 8v + u2 4 8)?

—4(v? +2v + 2)
C =
(402 + 8v + u? + 8)2

du(v+1)
(402 + 8v + u2 +8)2

The Gaussian Curvature k,, provided in Definition 3.10 is given below by utilizing

the determinants above:

Kp = det(Wp) = m < 0.

The Mean Curvature Hy,, provided in Definition 3.11, is given below by utilizing

the Weingarten map above:

_1 o 4u(v+1)
Hy = jtrace(W,) = (402 48v+u2+8)%

The Principal Curvatures (A1, Aa), provided in Definition 3.12, are evaluated below

by utilizing k, and H, above and the quadratic formula:

N2, = 2H, Mo + K, =0

A2, — 8u(v+1) Ao — 16 =0
127 2isutuzts)s 2 (@7 H8utu?48)2 T

Ay — 8u(v+1)+v64u2v24+128u2v+128u2+256v2 451204512
1,2 — 3
’ 2(4v2+-8v+u2+8)2

~

Ao — Au(v+1)E4/ (vV2+20+2) (u2+4)]
9 =

’ (4v2+8v+u?+8)

[NV
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~
~

(2+4)]

u(v —\/W u(v v v
A = AR ] Ay (220

(4v24-8v+u2+8) (4v24-8v+u2+8)

(VY
[Ny

Note that k), is strictly negative, therefore the signs of Ay and Ay must be opposite
for (u,v) € [0, 1], which is the case above. Furthermore, the reader can check that the
Principal Curvatures obtained above are correct by Remark 3.10 and Remark 3.11, in

_ ERPVED
other words, K, = M2 and H, = 572,
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Chapter 4

Singularities of Cubic Bézier

Curves
Recall the position vector of a cubic Bézier curve 7: [0, 1] — R? with four control

points { Py, P1, P, P3} as below:
(4.1)

3

> PiBis(t) = (1—1)*Py + 3t(1L — t)°P + 3t*(1 — t) P, + £° P,
i=0

Lemma 4.1. The formulas to convert the derivatives of a parametric curve 7(t)

(z(t),y(t)) C R?, fort into some open interval, into the derivatives of the curve as a

function y = f(x) are:

dy _ (@)
dv (%)

Py 4@
dx? (fl—f)

Remark 4.1. We determine the first and second derivative of the parametric curve

of equation (4.1) as shown below:
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7(t) = =3(1 —t)*Py +3(3t — 1)(t — 1) P, + 3t(2 — 3t) P, + 3t* Py
7" (t) = 6(1 — t) Py + 6(3t — 2) P, + 6(1 — 3t) Py + 6t Ps.

Thus, using g—g, the first derivative of the cubic Bézier curve as a function of x
can be expressed below as the quotient of its parametric equations by taking Py =
(20, %0), Pr = (w1,41), P2 = (22, y2), P = (73,Y3):

y(t) _ (1 =)y + (Bt —1)(t — D1 + (2 — 3t)y> + 2y

' (t) B —(1—=1t)2zo+ (3t —1)(t — D)y + (2 — 3t)xs + 20, (4.2)

Definition 4.1. Cusp: A cusp, also denoted as a sharp corner or a turning point,

x
1s a singularity in which the tangent changes direction. This occurs when i 0

d
at some particular value of t*. If d_?z{ # 0 at that same value of t*, the graph has
a vertical tangent at that point. For a cubic Bézier curve, if the cusp occurs at t*,
the derivative function of the position vector will have an infinite discontinuity at the

point t* as in one of the cases described below, and the curve has a vertical tangent

a. hmt—nﬁ*‘ zi_gtt; =+o0 & limt_>t*+ i:—gg = —00
b. li A N B T v _
. lmt%t* x/(t) (0.¢} lmt_>t*+ w/(t) +QO
dx dy S
If both au and a are zero at some value of t, then the cubic Bézier curve has a

cusp if, besides the previous possible limits, we have

/ /
im 20 _ o YO g
t—t— ' (t) et 2/ (1)

and the curve has a tangent of slope L at that point.
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Remark 4.2. The value t* € (0,1) is determined by evaluating when condition below

holds for some t € (0,1) :

17 (@)1 = ()" (t) = 0, (4.3)

or reduced to the condition below for some t € (0,1) :

7'(t) = 0, (4.4)
after which one needs to evaluate the limit.

An example of a cubic Bézier curve with a cusp at t* = % is provided below:

Remark 4.3. For any set of four control points, the resulting cubic Bézier curve can

only have at most one cusp.

Example 4.1. Let {Py, P\, P, Ps} = {(0,0),(1,1),(0,1),(1,0)}. Therefore, using
equation (4.1) and Definition 4.1, the Bézier curve and its first derivative can be

represented as the position vector 7(t) = (x(t),y(t)) below:

7(t) = (4% — 6t* + 3t, 3t — 3t?) (4.5)
7(t) = 3(4t — 4t + 1,1 — 2t). (4.6)

Now, as 7'(t) # 0, one can solve equation (4.4) to determine the roots of the

equation (4.6). This is shown below :

(42 — 4t +1,1—2t) = 0,

42 —4t+1= (2t —1)* =0

1-2t=0.
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Both the quadratic equation and the linear equation above give the solution t* = %,
where we will show that the curve 7(t) has a cusp. Plugging t* into equation (4.5),

).

NN

Y

D=

one obtains the point F(%) = (SE(%),?J(%)) = (

Furthermore, the limit as t approaches to the cusp point from the right and the
left of fl—g shows that there is an infinite discontinuity. This is observed below using

Lemma 4.1, % and equation (4.6):

dy 1-2¢ —1

T MZ_4tf1 . 2017 v1:E(O,é)U(%,1)'

. ay __ . 71 . . @ . . 71 o
lim L1 =lim, - 575 =400 & llmH%+ o= hmH%+ 57 = —00.

Therefore, as 7(t) is a function (any vertical line intersects the curve at one point
only), then there is an infinite discontinuity for % at the point (%, Z%) corresponding

to the value t* = % The curve and its corresponding non-convex control polygon are

shown below:

-0:5

Figure 4.1: Example of a Bézier curve with a cusp, where 7(t) = (4¢3—6t>+3t, 3t—3t?),
te(0,1).
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Another example of a cubic Bézier curve with a cusp at t* = % is provided below:

Example 4.2. Let {Py, Py, P,, Ps} = {(0,1),(3,1),(1,%),(1,0)}. Therefore, using
equation (4.1) and Definition 4.1, the Bézier curve and ils first derivative can be

represented as the position vector 7(t) = (x(t),y(t)) below:

9t*  14¢3
F(t) = (Tt — 15t + 9¢t, 1 + == T) (4.7)
18t 422

F’(t):(21t2—30t+9,? - ). (4.8)

Now, as 7'(t) # 0, one can solve equation (4.4) to determine the roots of the

equation (4.8). This is shown below :

(2142 — 30t + 9, 18 — £28) =

2142 =30t +9=3(7t* — 10t +3) =3(1 —t)(3—Tt) =0

m_%:t(w 2ty _ .

5 5 5 5
The first quadratic equation gives the solutions t = 1, t* = % and the second
quadratic equation gives the solutions t = 0, t* = % We wnill dismiss the solutions

=0 and t = 1 due to these parametric values not being part of the domain of the
cubic curve. If we would allow these parametric values as part of the domain, then
7(0) and (1) will equate to Py and Py, respectively, which cannot occur. Now, we

will show that the curve 7(t) has a cusp. Plugging t* into equation (4.7), one obtains

the point 7(3) = (2(3).¥(3)) = (35, 353)-
Furthermore, the limit as t approaches to the cusp point from the right is equiv-

alent to the limit as t approaches to the cusp point from the left of % and is finite.

This is observed below using Lemma 4.1, % and equation (4.8) :
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2
18t 42t
dy 2

5 5 —
de — 2142—30t+9 _ 5(1—1)° vte(&%)u(é,l)'

Then,

. Q 1 i
hmt—%* de — hmt—%* 5(1—t)

— 3 ; dy _1; — 3
=5 & hmt—>%+ dr = 1My s+ 555 = 35-

Therefore, the curve 7(t) has a cusp at the point (%, %) corresponding to the

3

value t* = =. The curve (in red) and its corresponding non-convex control polygon

(in blue) are shown below:

15 “\
T
1 L_——— '
Lds
0 05 1.5 2 25 T

Figure 4.2: Example of a Bézier curve with a cusp, where 7(t) = (7t3 — 15t* + 9¢, 1 +
9 ) te(0,1)
5 /) y L)

5
Definition 4.2. Loop: Let ti,t, € (0,1) be two parametric values such that t; #
ty and t; < ty. These two values correspond to the self-intersection point of the
parametric equations x = x(t) & y = y(t) if and only if t1,ty satisfy the simultaneous

conditions below:

y(t) —y(t2) = 0.

If a Bézier curve with the above data satisfies equations (4.9), then the curve has

a loop.
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Remark 4.4. For any set of four control points, the resulting cubic Bézier curve can
have at most one loop. As previously discussed, this loop will correspond to the two

values t1,ty € (0,1) giving the same point on the curve.

An example of a cubic Bézier curve with a loop, self-intersecting at the values

t,ta = {52(3V3=7), 2(3v/3 + 7)}, is shown below:

Example 4.3. Let {Py, P1, Py, Ps} = {(0,1),(4,1),(1,3),(1,0)}. Therefore, using

equation (4.1), 7(t) can be written as the position vector below:
F(t) = (12t — 21#* + 10£°, 1 + 6> — 7t%). (4.10)

Nezt, using equations (4.9) and (4.10), one obtains the system below:

—12(ty — ;) +21(t3 — 13) — 10(t3 — #3) = 0

(3 — 1)) — 6(t5 — ) = 0.
Dividing each equation by the trivial solution to —t; = 0 and using elementary

algebra to factor to cubic and quadratic expressions, the simplified system of equations

18 provided below:

21(ty +t1) — 10(t3 + tyte + 13) = 12
(4.11)

T(t2 + tity + t3) — 6(ta + 1) = 0.

Solving equations (4.11) using substitution will give the following equations below:
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t%—i—htz—f—ﬁzg—g

(4.12)

ta+t =2,

Then, isolating the linear equation of equation (4.12) for ty or ty and then using

the quadratic formula gives the pair of solutions (ty,ts) = (5—92(3\/5 -7, 2%(3\/5 +

7)). These solutions correspond to the point f’(%ﬁ) = (:v(MZS‘/g),y(MES‘/g)) =

(%, %). Therefore, the Bézier curve defined by the position vector 7(t) has a

loop. The curve (in red) and its corresponding non-convex control polygon (in blue)

are shown below:

—1 —

1
0 1| .|2 3 4

Figure 4.3: Example of a Bézier curve with a loop, where 7(t) = (12t — 21t +10t3, 1+
6t2 — 7t%), t € (0,1).

Definition 4.3. Inflection Point: An inflection point, denoted (xo,1y0) € R?, is a
point on a curve in which the curvature changes sign and, thus, is a simple (or odd-

. . . 2
order) root of the second derivative function 372.

Remark 4.5. Note that equation 32—2 = 0 at a point (x(ty),y(to)) is equivalent

XL
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to 7'(tg) x 7" (t) = 0 as 7'(t) x 7"(t) = (0,0,2'(t)y"(t) — y'(t)2"(t)) and ;%g =

' (H)y" () =y’ (D" (t)
(='(1)* ’

At inflection points, the curvature is zero and the sign of the second derivative

% changes. Therefore, the possible inflection points for a parametric curve 7(t) =

(z(t),y(t)) can be determined by solving for ty the root of the equation 7 (t) # 0 :

7'(t) x 7"(t) = 0. (4.13)

Then one has to study the sign change of the last coordinate of the vector 7' (t) x

7" (t) around the root t.

Remark 4.6. Regarding a cubic Bézier curve with four control points, there can be
a mazimum of two inflection points for t € (0,1). The number of inflection points is

dependent on the location of these control points. This will be proved later in Theorem

4.1,

An example of a cubic curve with one inflection point at the value t = 2 — /3 €

(0,1) is shown below:

Example 4.4. Let {Py, P, P>, Ps} = {(0,1),(3,1),(1,2),(1,0)}. Therefore, using
equations (4.1) and (4.13), the position vector and the first and second order deriva-

tives of T(t) can be written as the vectors below:

3t 3

F(t) = (5—5,1+3t2—4t3). (4.14)
7 (t) = g(l — % 4t — 8t%). (4.15)
7(t) = —3(t, 8t — 2). (4.16)

Then, the cross product of the first and second order derivatives of 7(t) is provided

below:
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i i  k
7)) x P () = =5 det [ 1 —¢2 4t —82 0| =320,0,—2(t> — 4t + 1)).

t -2 0

Solving equation (4.13) for the formula above is equivalent to solving the quadratic

equation below:

2 —4t+1=0. (4.17)

The solutions to equation (4.17) are t = 2 ++/3. Though, as 2+ /3 ¢ [0,1], one
must select t = 2 —+/3. Therefore, 7(t) has only one inflection point. The location of
this inflection point is determined using equation (4.14) att = 2—+/3, which gives the
point 7(2—+/3) = (6v/3—10,48v/3—82). The curve and its corresponding non-conver

control polygon are shown below:

An example of a cubic curve with two inflection points at the value t = % — ‘1/—15 €

(0,1) and t = & + ‘1/—13 € (0,1) is shown below:
Example 4.5. Let {Py, P, P>, Ps} = {(0,1),(2,1),(1,2),(1,0)}. Therefore, using
equations (4.1) and (4.13), the position vector and the first and second order deriva-

tives of (t) can be written as the vectors below:

F(t) = (48° — 9t + 6t, —gt3 - ;tQ +1). (4.18)
7' (t) = 3(4t* — 6t + 2,t — gﬁ). (4.19)
7" (t) = 3(8t — 6,1 — 5t). (4.20)

Then, the cross product of the first and second order derivatives of 7(t) is provided

below:

78



}
Figure 4.4: Example of a Bézier curve with one inflection point, where 7(t) = (3 —
L1432 —4t%), t € (0,1).
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S
r(t) x 7(t) =9-det | 442 — 6t +2 ¢t — 32

(] =

=9(0,0,11¢2 — 10t + 2).

8t —6 1-5¢ 0

Solving equation (4.13) for the formula above is equivalent to solving the quadratic

equation below:

11t — 10t +2 = 0. (4.21)

The solutions to equation (4.21) are t = & + ‘1/—13 € (0,1). Therefore, 7(t) has two
inflection points. The location of these inflection points are determined using equation

(4.18) att = li—— andt = +\f which gives the points (< —1—\[) (1.218,0.989)

11 117
and 7(Z — f) (1.093,1.067). The curve and its corresponding non-convex control

polygon are shown below:

2

1|
Figure 4.5: Example of a Bézier curve with exactly two real inflection points, where
F(t) = (4% — 92 + 6t, —2¢3 + 3t2 + 1), t € (0, 1).

Remark 4.7. Many cubic Bézier curves have zero inflection points, no loop nor

cusp. Such a curve is also known as an arch. For instance, the control points
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{Py, P1, Py, Ps} = {(0,1),(—1,1),(1,—1),(1,0)} correspond to the position vector of
a Bézier curve 7(t) = (=5t + 9t — 3t,5t3 — 6t + 1) which is an arch. The curve (in

red) and its corresponding convex control polygon (in blue) are shown below:

Figure 4.6: Example of a Bézier curve with an arch, where 7(t) = (=53 + 9¢* —
3t, 5% — 6t + 1), t € (0,1).

Throughout the study of the singularities of cubic Bézier curves, one can introduce
the characteristic point R = (A, u) € R?, for which X\ and p are solely dependent on
the location of the control points {Pi, Po} = {(\, 1), (1,)}. By fixing the control
points { Py, P3} = {(0,1), (1,0)}, one can classify the types of singularities for a cubic
Bézier curve with control points {Fy, Pi, P>, P3} by observing the cases below. In
other words, one can show that the (A, p)-Cartesian plane is split up into various
regions depending on the location of the characteristic point R. Note that the values

A, i cannot take on the value 0, or simultaneously 1, as the four points must be

diStiDCtP()#Pl%Pz%Pg.

As previously discussed, the inflection points of the cubic Bézier curve, if any,
correspond to curvature which changes sign, and in particular we have point(s) of
vanishing curvature. One should use the equation 7’(t) x #”(t) = 0 in Cartesian

coordinates due to less tedious computations. With respect to the parametric equa-
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tions x = z(t) and y = y(t), one must introduce the formula below to determine the

quantity of inflection points and their respective locations:

w(t)y"(t) — 2" (t)y'(t) = 0. (4.22)

Note that 7(t) = (x(t),y(t)), 7'(t) = («'(t), ¥/ (t)) and 7"(t) = (2"(t),y"(t)).
Furthermore, the position vector of the cubic Bézier curve as well as its derivatives
corresponding to the set of control points { Py, Py, P, P3s} = {(0,1), (A, 1), (1, ), (1,0)}

are provided below:

F(t) = (3PN — 2% — 62\ + 3t + 3¢\, (1 — t)(3t%u — 2t> +t + 1)). (4.23)
7'(t) = (=3(1 — t)(3\t — 2t — ), —=9t>1u + 6> + 6t — 6t). (4.24)
7" (t) = (18t — 12t — 12\ + 6,12t — 18ut + 61 — 6). (4.25)

Plugging in equations (4.24) and (4.25) into equation (4.22) will give the following:

—3(1 = t)(3Nt — 2t — \))(12t — 18ut + 6 — 6) — (18Nt — 12¢ — 12X + 6)(—9t%u +
6t% + 6ty — 6t) = 0.

£2(—18X + 54M — 1811) + (36 — 54Ap) + (18\u — 18X) = 0.

Therefore, in the quadratic form, one may write this equation as the roots of the

function F(t) below:

F(t) = A+ Bt +C = t*(— 18\ + 54y — 181) + (36 A — 54\ 1) + (18 \pu — 18)). (4.26)

Therefore, the discriminant function A = B? — 4AC and functions A, B and C

of F(t) are provided below using equation (4.26) :
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)
A=1803 u—\—p)

B = 18)(2 — 3p) o

C=18\(n—1)

\ A = 324 \u(4N — 3 p + 4p — 4).

In addition, depending on the number of inflection points on the curve, the signs
of the curvature at the endpoints ¢ = 0 and ¢ = 1 must be considered. Though
these endpoints are not considered in the domain of the curve, 7(t) will still allow
the parametric values ¢t = 0 and ¢ = 1 as its components are polynomials. Using
the Cartesian form to determine the curvature of the cubic Bézier curve 7(t), one
must solely compute the numerator (in the limiting sense) of x(0) and (1), as shown

below:

F(0) = A(0)*> + B(0) + C = C. (4.28)
F(1)=A(1)?*+B(1)+C=A+B+C. (4.29)

The previous notations A, B, C, A and the product F(0)F(1) = AC + BC + C?

will be considered in the theorem below.

Remark 4.8. The cubic Bézier curve can either have up to two real inflection points,
a cusp point, a loop or none of these points due to the Variation Diminishing property,
2.12. Heunristically, if the cubic curve has a cusp and a loop simultaneously, then a
gien line may intersect the curve more times than it will intersect its control polygon,

which would violate the Variation Diminishing property.

Remark 4.9. By the Tangential property, 2.3, the control polygon of a cubic Bézier

curve with a cusp point can never be convex. If the control polygon, with four control
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points, is a convex quadrilateral, then this curve will never be tangent to the segments

PyPy and P, Ps, violating the Tangential property. If the curve has a loop, then the
shape of its control polygon will be identical to the control polygon of the cubic curve
with a cusp point. Then, the control polygon will only be convex in the case where the

cubic curve has no cusp, no loop nor inflection points.

Theorem 4.1. [1] [4] Let { Py, Py, P2, P3s} = {(0,1), (A, 1), (1, ), (1,0)} be the control
points of a cubic Bézier curve for A € R\{0}, p € R\{0}, and A, u not simultaneously

equal to 1.

The following three types of special points can occur for such a Bézier curve of
degree n = 3: a cusp, denoted (t*), a loop point, and one or two inflection points.
The existence of these points depends based on the five cases relative to A, B,C and
A are shown below:

Cusp, no inflection points nor loops:
(

(A,B,C)#0

A =0

—B
kO<ﬂ<1.

Loop, no cusp nor inflection points:
(

(A, B,C) #0

A <0

—B+v-3A
\O < — 924 < 1.

Exactly two inflection points, no cusp nor loop:
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(A,B,C)#0
A >0

AC+BC+C*>0

— B+
\O < —%4 < 1.

Exactly one inflection point, no cusps nor loops:
(A,B,C) #0

A >0

AC+ BC +C* <.
\

No inflection points, no cusps nor loops:
(

(A,B,C)#0
A <0

AC+BC+C?>0

—B4+/—3A —B4++/—3A
\—214 <0 or — > 1.

Proof. Case 1: Cusp.

The cubic Bézier curve has a cusp, denoted t*, for t* € (0, 1) when ¢* is associated

with the quantities below for (A, B,C') # 0:

(A,B,C)#0
=38 (4.30)
A=0

To obtain the quantities of (4.30), one must use the condition 7/(t) = 0 to deter-

mine the cusp of the cubic Bézier curve. The computations are shown below:
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F(t) = (=3(1 — t)(3M\t — 2t — N\), —=9t?p + 612 + 6t — 6t) = (0,0),

(1—t)(3M—2t—\) =0
(4.31)

t(3tpu — 2t — 2+ 2) = 0.
The first equation gives solutions ¢ = 1 and 3At — 2t — A = 0 and the second
equation gives solutions ¢t = 0 and 3ty — 2t — 2u + 2 = 0. These solutions re-written

in terms of A\ and p of t* are shown below:

(
t=1
t=20
(4.32)
o
A= g
o —1)
u” 3t —2

One can dismiss the first two solutions as they are not part of the domain of the

parametric value t*. Isolating the quantities of A and p for t, one obtains below:

= A
3A—2
(4.33)
t* — 2(M_1)
T 3u—2"

Then, eliminating the parameter ¢* between p and A of (4.33) and then using cross

multiplication, one obtains:

A 2(p—1)
3\ -2 3u—2"

ABp—2) =2(p—-1)3X - 2),
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3uUN — 2\ = 6\ — 4p — 6\ + 4. (4.34)

Then, for equation (4.34), cancelling out like-terms and placing all terms to one
side of (4.34) gives below:
B\ — 4N —dp+4 =0, (4.35)

To note, one can notice that equation (4.35) is equivalent to A = 0, which is a

hyperbola in the A, i plane. The standard form of the hyperbola is given below:

4 4 4

A=3-3)=73 (4.36)

Then, there is a unique root of the equation At>+ Bt+C = 0 as /A = 0. Therefore,

the parametric value t* € (0, 1) is shown below by plugging in A = 0 into t = %ﬁ,
the solutions of the equation At?> + Bt +C =0 :
-B A(3p — 2
po—B__ABu=2 (4.37)

2A 23\ —A—p)’

Now, the derivative j—g = zigg in terms of the configuration {(0, 1), (A, 1), (1, u), (1,0)}

is provided below:

y'(t)  t(3tp—2t —2p+2)

7)) (1—t)BM—2t—\)

y'(t,t")
& (4,07

Using the quantities A = % and p = % from (4.28), the derivative can

be represented in the form below:

Which can also be written as the fraction below:
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Taking the limit as ¢ approaches t*, one must examine the factor (¢ — t*) of the

derivative zigiz*; As t* #£ 0, the derivative can be written below in terms of the factor

(t—1t*):

y'(t,tr)  2t(p— 1 —1t7)
o' (1) N1 —t)(t—t)

One can notice that there is a factor (¢ — t*) on both the numerator and the
denominator. When ¢ approaches t*, the factor (¢t — ¢t*) approaches 0. In other
words, this shows that the cusp point ¢t* is a removable discontinuity of y, (i i% Then,
by Definition 4.1, the cubic curve 7(¢) can never be described as the graph of a
function y = f(z) with the configuration {(0, 1), (A, 1), (1, u), (1,0)} at any cusp point

€ (0,1) as 2/(¢t,t*) = y/'(t,t*) = 0.

fy(tt

) is shown below for

Then, the limit as t approaches to the cusp point t*

A p# 0

2tp -1 —) o 2(p—1)  2(p—1)
] =1 - R, t* #£0, 1.
PRI D =) R NI—1) Al 70,

Or,

2t(p—1) . 2(p-—1) 2 (p—1) ;
S V t  YC Rl Y R B i

As the two-sided limits above exist and are finite due to A, u being finite, there

exists a cusp point, denoted t*, when A =0 and 0 < ;—f < 1.
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Case 2: Loop point.

The cubic Bézier curve has a loop, also called a self-intersection point, when the

parametric values t1,ts € (0,1), t; < ty are associated with the quantities below:

(

(A,B,C) #£0

A <0.

Recall that a cubic Bézier curve has a loop for the parametric values ¢y,t; € (0,1),

t1 < t2 when the conditions below are satisfied for x = z(t) and y = y(¢):

z(ty) —x(t2) =0

y(t1) —y(t2) = 0.

The computations of applying these condition to determine at which points A,

correspond to a loop are provided below:

(12 —3)(BN —2) + 3(t; — t2)*(1 — 2\) + 3(t1 — t2)A =0

(4.39)
(1 —3)(2 = 3p) +3(n — 1)(8 — 13) = 0,
Which is equivalent to the system below:
(t1 — to) (13 + tata + 13) (BN — 2) + 3(t1 — t2)*(1 — 2X) + 3(t1 — t2)A =0 (4.40)
.40

(t — ) (8 + tata +13)(2 — 3u) + 3(n — 1) (t1 — t2) (¢t + t2) = 0.
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Reducing the equations of (4.40) by dividing them by the trivial solution ¢t; —t5 = 0

will give the following equations:

(62 4 1t + t3) (BN — 2) + 3(t1 + t2)(1 — 2X) = =3\

(4.41)
(62 + t1ty + 13)(2 — 3p) +3(u — 1) (¢, + t2) = 0.
One can represent (4.41) in the matrix form MX = N, shown below:
BA—2 3—6A\) [+ tity + 13 -3\
= . (4.42)
2—3u 3u—3 t1 + 1t 0

Using row-reduction on augmented matrix (4.42), one can determine a solution
for the system (4.41) in terms of ¢ +¢;t2 +t3 and ¢, + to. The row-reduction is shown

below:

3A—2 3—-6)| -3\
2—3u 3u—3| 0

1
R
2—-3u 2
1 3=6) | =3\
33—2 | 3A—2
3u—3 ’
1
Ry — Ry
3-6) _3)
1 32 2

0 —9Apu+3p+3X 3\
(2=3p)(3A=2) | 3x—2
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(2= 3u) (31 — 2)
—OAu+ 3+ 3N

1 3—6A —3)\

3A-2 3A—2
A2-3w) ’
0 1 —3AututA
3 — 6
Ry — R
Poaa—27
A—3)
10| 5o t3 + tity + t
A(2—3p)
0 1| S it ta

Then, in the matrix form MX = N, one obtains the system of equations below,

represented in terms of functions A, B, C, /AA:

B+ tity + 6 = 25k = % e
_ e _op
b+t = = = 4

Solving (4.43) for t1,t2 = t12 in terms of functions A, B, C, A\, one must isolate

the second equation for either ¢; or t5, which gives the equation below:

h="2 = (P
1 — A 2 — A 2] -

Then, plugging t; into the first equation gives the following computations:

B > (B , 3C
(g tr)) —(Gte)etiE="1

, B B* 3C
bttt e T
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B B? 3C
t5+ Vicha (ﬁ — 7) = 0. (4.44)

Note that t; = min{ty,?2} and to = max{t;,t2}. Using the quadratic formula to

determine the parametric values ¢; o of equation (4.44) gives the computations below:

—B
=B 4 1\/Z3B2 + 12AC
; .

(4.45)

t1o =

Then, equation (4.45) is represented below for t15 € (0,1) solely in terms of
functions A, B, C, A for A < 0:

 —B+/-38

t1o = 4.46
= (4.46)

Case 3: One inflection point.
The cubic Bézier curve has one real inflection point for ¢ € (0,1) when t is asso-

ciated with the quantities below for (A, B,C) # 0:

F0)F(1)=C(A+ B+C) <0
(4.47)

A > 0.

Note that in terms of the quantities of (4.47), A # 0 due to the necessity that

AF# 0, u#0or 4\ — 3 pu+4p —4 # 0. If these conditions are not satisfied, then the
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cubic Bézier curve will degenerate into a straight line as plugging A = = 0 into A
will give A = 0 and taking A = g = 0 will give a linear (n = 1) Bézier curve of control
points { Py, P} = {(0,1), (1,0)}, which is not possible. Also, if 4\ —3Au+4pu—4=0
then the cubic Bézier curve must only a have a cusp point, which cannot occur as the

curve cannot have two special types of points simultaneously. In addition, A £ 0 as

B \F B+\F

the quantity or the quantity (depending on which of these quantities

are within the interval (0,1)) must be real.

If the cubic Bézier curve for ¢t € (0,1) has exactly one real inflection point, then
the sign of the curvature before the inflection point and after the inflection point will
change. Therefore, one must determine the signs of the curvature at the endpoints

t=0and t =1 (in the limiting sense). This will give the condition below:

k(0)k(1) < 0.

7" (&) <" (D)

FoE - are shown below:

The quantities £(0) and (1), using k(t) =

o sl ¢ c
"0 =TT R e

) x 71| A+B+C A+ B+C
[7(1)]|® 27| 2712 |l

Then, for there to be one inflection point on the cubic Bézier curve on ¢ € (0, 1),

either of the following cases must be satisfied:

A+B+C
272 |l

< 0 and > 0,

c
27NN

A+B+C

2l < 0-

> 0 and

_Cc
22N
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The denominators of the quantities x(0) and (1) are strictly positive due to A # 0
and p # 0. Due to this, isolating for C' and A + B + C does not change the signs of

the inequalities above. Then, this immediately gives the reduced conditions below:

C<0and A+ B+C >0,

C>0and A+ B+C <0.

The conditions above are equivalent to equations (4.28) and (4.29), respectively.

Then, the condition above is equivalent to the condition below:

F(0)F(1) < 0.

Then, by (4.24) and (4.25), the condition above is equivalent to the condition

below:

C(A+B+C)<0. (4.48)

Then, in terms of A, y, the region C(A + B + C) < 0 in standard form is shown

below in terms of the curvature x(t):
(18 A — 18A) (18 \u — 18) = 324 u(1 — N)(1 — u) < 0.
Which is equivalent to the condition below:

Ap(l =X (1 —p) <0,

In addition, though not necessary, there exists an inflection point when A = 0

when {A =0} C {A\u(1—A)(1—pu) < 0}. This quantity is derived using the equation
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At? + Bt + C = 0 below:

(0)t> + Bt + C =0,

Bt+C =0, (4.49)

—C
t=—. (4.50)

Note that when A = 0, equation (4.49) is linear.

Then, using (4.50), there exists an additional case regarding the existence of one

real inflection point on a cubic Bézier curve for ¢ € (0, 1), shown below:

Case 4: Two inflection points.

The cubic Bézier curve has two real inflection points for ¢ € (0,1) when t is

associated with the quantities below for (A, B,C) # 0:

O < M < 1
2 (4.51)
A > 0.

The quantities _B;;*/Z of (4.51) are immediate when analyzing the roots of At*+

Bt+C = 0. For the cubic Bézier curve to have two real inflection points for ¢ € (0, 1),

At* + Bt + C' = 0 must correspond to two roots in the domain (0, 1).

The quantities of (4.51) are sufficient but can be extended in terms of the product
of (4.28) and (4.29). By definition, when the cubic Bézier curve on ¢ € (0,1) has two

real inflection points, the curvatures at the endpoints (in the limiting sense) must have
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the same sign. The proof of how the product x(0)x(1) implies the product F(0)F (1)

is given in Case 3.

Then, one obtains the condition below:

C(A+B+C)=AC + BC+C? = (1 = A\)(1 — ) > 0.

As discussed, the quantities = 2%4‘/5 € (0,1) implies that the cubic Bézier curve

has two inflection points for A > 0. Then, these quantities must be analyzed when

A>0and A <0.

For A>0:

0<%Z<1,

0<;§%ﬁ§<A. (4.52)
For A<0:

0<#<1,

a<BEVE (4.53)

2

Then, the quantities of (4.51) can also be represented as the following cases below:

(

A>0
A >0

AC+BC+C?>0

0< B2 4
\
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’

A<O0
A >0

AC+BC+C*>0

A< =8B g,
\

Case 5: No inflection points, no loop nor cusp (Arch).
The cubic Bézier curve has no cusp, denoted t*, no loop, denoted ¢;5 and no

inflection points for ¢ € (0,1) when ¢ is associated with the quantities below for

(A, B,C) #0:
(A,B,C)#0
A <0

AC+BC+C?>0

—B+/=3A —B+y=3A
|~ <Oor —4r— > 1

First, a cubic curve with an arch has the property F(0)F(1) = C(A+B+C) >0
due to no inflection points being present on ¢ € (0,1). In other words, x(0) and x(1)

assume the same sign.

As the cubic curve cannot have a cusp point, A # 0. Then, A\, u cannot satisfy

the equation below:

Recall the condition F(t) = At? + Bt + C = 0, which detects the quantity and re-

spective locations of the inflection points of the cubic Bézier curve, in which A, B, C, A
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are functions of (4.27). For there to be no real inflection points on the curve for
t € (0,1), the roots of the function F'(¢) must not be real. These quantities are shown

below:

_B+ &

When the cubic Bézier curve is an arch, the function F'(¢) must either be strictly
greater than zero or strictly less than zero. In other words, the second derivative must

either be strictly positive or strictly negative. These conditions are shown below:

F(t) <0 or F(t) > 0. (4.54)

The first-order and second-order derivatives of the function F(t) = At?* + Bt + C

are shown below for A # 0:

F'(t) = 2At + B, (4.55)
F'(t) = 2A. (4.56)

The goal is to show that no real inflection points are present when (4.54) is satisfied
and when the parametric value ¢ is outside the domain ¢ € (0,1). The unique critical

point of F'(t) is shown below for t € R :

F'(t) = 24t + B = 0,

-B

=
2A

Plugging t* into F'(t) yields the computations below:
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.. B> B2
F(t*) = A 94 + C,
. 4AC — B?
) = —3—
. B? —4AC
. —1
F(t") = EA' (4.57)

When F(t) > 0 for all ¢, then F(t*) > 0 and when F(t) < 0 for all ¢, then
F(t) < 0.

In addition, when A > 0, (4.56) is strictly positive. In other words, when A > 0,
F(t) is strictly concave up, which results in t* = 5% being a local minimum of the
parabola F'(t). Then, when A > 0, F'(t) must be strictly positive, meaning that the
parabola is strictly above the t-axis. Immediately, (4.57) gives A < 0 due to no

t-intercepts.

When A < 0, (4.56) is strictly negative. In other words, when A < 0, F(¢)
is strictly concave down, which results in t* = % being a local maximum of the
parabola F'(t). Then, when A < 0, F(t) must be strictly negative, meaning that the
parabola is strictly below the t-axis. Immediately, (4.57) also gives A < 0 due to no

t-intercepts.

As A <0, F(t) cannot have any real solutions for ¢ € R. Then, = 2%4‘/3 e C.

Then, only Case 2 is satisfied, which indicates the possible presence of a self-
intersection point. For there to be no self-intersection on the domain ¢ € (0, 1), the

inequalities below must be satisfied in terms of the quantities ¢; » of Definition 4.2:
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—B++/-3A —B++-3A
o4 <0 or B R > 1.

]

We will now consider the possible types of cubic Bézier curves based on the position

on the given values (A, 1) as a position of a point in the (A, p)-plane.

Corollary 4.1. Let the control polygon of the cubic Bézier curve with control points
{Po, P1, Py, Ps} = {(0,1), (A, 1),(1,1),(1,0)} as in the previous theorem be denoted
by v. Let R = R(\, 1) be called the characteristic point of the resulting Bézier curve.

The distribution of the special types of points of the cubic Bézier curve with con-
trol points { Py, P1, Ps, Ps} = {(0,1), (A, 1), (1, ), (1,0)} are given below based on the

position of R in one of the regions of the (X, u)-plane:

2
Cusp: Re |JCi

i=1
3
Loop: Re |JLi
i=1
4
One inflection point : R € |JO_i (4.58)

=1

3
Two inflection points : R € |JT.i
i=1

4
Arch: R € |JN_i,

\ =1

The regions of (4.58) are defined as follows:
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C1UC2— (A € R [ (A= H(u— ) =3\ {0 <A< 1})
L1={(\u) eR?*|3u®>—=3u+ <0 and 4\ — 3 \u+4p—4 >0}
L2={(\pu) €R?[3)\2 =3\ + <0 and 4\ — 3\ + 4p — 4 < 0}
L3={(\p) €eR?| A>3 and 4\ — 3\p +4p — 4 < 0}
O1={(\p) eR?|0<A<1andp>1}

O2={(M\p) eR?|A<0and 0 < p<1}
O3={(\pu)eR?|0<A<1andp<0}

O4={A\p) eR2|A>1and0< <1} (4.59)
T1={\p) €R*|AX<0andpu>1 and 4\ — 3\ +4pu — 4 < 0}
T2={(\p) €R*|X>1and p <0 and 4\ — 3 \u+4pu — 4 < 0}
T3={\p) €R*|X>1and p>1 and 4\ — 3\ + 4 — 4 > 0}
Nil={\p)eR?|0<A<land0<p<1}

N2={(\u) eR?*|X<0 and p <0}

N3={(\pu) eR?|3u>—=3u+A>0and A\ <0 and pn > 1}

NA={(A\p)eR* |3\ =3A+p>0and X\ >1 and p <0}

The hyperbola (A —3)(n—3) = 5 (red curves) and the parabolas 3p* — 3+ X =0

and 3X\* — 3\ + u = 0 (blue curves) split the \, u plane in Figure 4.7 into various

regions depending on the location of the characteristic point R in terms of A\, u in

(4.59).

Remark 4.10. The regions of (4.58) are represented by the picture below:
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N_3 O 1 L 3
C\1
T T3 —
T1 °* —
0.2 N_1 0 4
0 A

N_2 ! o3 N_4

Figure 4.7: Distribution of the three types of special points of the A, i plane of a
cubic Bézier curve with control points {(0, 1), (A, 1), (1, x), (1,0)}.
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Proof. The regions are determined by the conditions of Theorem 4.1 and are made
explicit below:

Cusp point:

0< — <1
2A ’

A =0.

In terms of A, i, the quantities above become:

A(Bp —2)
(BA — A — p)

0< 5 < 1. (4.60)

A(4X — 3+ 4p — 4) = 0.

When A > 0, (4.60) becomes:

0 < 3A\p —2X < 6 — 2X\ — 2p,
A(AXN =3 \u+4p—4) = 0.

Breaking down the above chain of inequalities gives:

A(Bu—2) >0,
SAL — 2\ < 6 — 2\ — 2p,
A(AXN =3 \u+4p—4) = 0.

Which becomes:

A3 —2) >0,
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1(3\ —2) > 0,
AN =3 \p+4p —4=0.

The two inequalities above and A = 0 give the curve C_1, which is the upper

section of the hyperbola (A — 3)(u — 3) = 3 in Figure 4.7.

When A < 0, the relations (4.60) become:

0> 3\ — 2\ > 6\ — 2\ — 24,
A(AXN =3 \u+4p —4) = 0.

Breaking down the above chain of inequalities gives:

ABu—2) <0,
O AL — 20N — 20 < 3Ap — 2\,
A(AXN =3 \u+4p—4) = 0.

Which becomes:

ABu—2) <0,
w(3A —2) <0,
AN =3 \p+4p—4=0.

The two inequalities above and A = 0 give the curve C_2, which is the lower
section of the hyperbola (A — 3)(u — 3) = 5 in Figure 4.7. Note that the curve C_2
)

excludes the values A\, u € (0,1).
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Self-intersection point:

—B++-3A
< —)<1

0
2A ’

(4.61)
A < 0.

Breaking down (4.61) gives the following inequalities:

“B- V358
o4 > 0,

—B ++/-3A <1
2A ’

A < 0.

When A > 0, the inequalities above can be written as:

0<+/—3A < —B, (4.62)
0<+/—3A <24+ B. (4.63)

Using the positivity of —B and 2A + B, another inequality is produced, which is

shown below:

2A > —-B > 0.

Which can be broken down into the following inequalities:

2A > —B,

B <0.
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Squaring both sides of (4.62) and (4.63) gives the inequalities below:

B*> —3A >0,
4A% + 4AB + B* > -3/ > 0,
2A > —B,
B <0,
A < 0.

Then, replacing A with B2 — 4AC and simplifying gives:

B? —3AC >0,
A?+ AB+ B?* —-3AC = A(A+ B -3C)+ B*>0,
2A > —B,
B <0,
A <.

In terms of A, u, the inequalities above become:

A 3% — 3\ > 0,
12+ 3ur? — 3 > 0,
6Ap — 2\ — 2 > 3 — 2,

A2 —3u) <0,
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Au(4N — 3Ap 4 4p — 4) < 0.

Which becomes:

AN+ 3u% —3p) > 0,
p(p 4+ 302 —3)) > 0,
(3 —2) > 0,

A3 —2) >0,
Ap(4AN — 3 A+ 4p —4) < 0.

The four inequalities above and A < 0 give the region L._3 in Figure 4.7.

When A < 0, one should use the quantities below:

—B +/—3A =0
24 ’

—B —/-3A <1
2A ’

A < 0.

The inequalities above can be written as:

0<+v—3A < B, (4.64)
0<+v/—3A < —(2A + B). (4.65)

Using the positivity of B and —2A — B, another inequality is produced, which is

shown below:
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2A < —B < 0.

The latter can be broken down into the following inequalities:

2A < -8B,
B > 0.

Squaring both sides of (4.64) and (4.65) gives the inequalities below:

B* > —3A >0,
4A% +4AB + B* > —3A > 0,
2A < -8B,
B >0,
A < 0.

Then, replacing A with B2 — 4AC and simplifying gives:

B? —3AC >0,
A? + AB+ B? —3AC = A(A+ B —3C) + B*> 0,
2A < -8B,
B >0,
A <.

In terms of A, u, the inequalities above become:
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A2+ 30u% =3\ >0,
12+ 3ur? — 3 > 0,
6ApL — 2\ — 20 < 3Ap — 2,
A2 —3u) >0,
AN =3 \u+4p—4) < 0.

These inequalities become:

M+ 3p% = 3p) >0,
p(p 4+ 302 —3)) > 0,
1(3\ —2) < 0,
ABu—2) <0,
A4\ — 3+ 4p —4) < 0.

The four inequalities above and A < 0 give the regions L._1 and L_2 in Figure

4.7. In addition, note that L_1 is bounded by the hyperbola (A — 3)(u — 5) = 5 and

the parabola 3u? — 3 + A = 0. Also, the region L_2 is bounded by the hyperbola
(A -

Colw

)(n— 3) = 5 and the parabola 3X* — 3\ + p = 0.

One inflection point:

C(A+B+(C) <0,

A > 0.
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Note that the proof of the derivation of the quantities above was provided in Case
4 of Theorem 4.1. Recall that the region C(A+ B+ C) =324(1 - A\)(1 —p) <0 is

rectangular and corresponds to regions O_1, O_2, O_3 and O_4 in Figure 4.7.

Two inflection points:

—B+ VA
— <1
0< oA < 1,

A > 0.

Breaking down the inequality above gives the following inequalities:

_B- A
T

—B+ A
a1 <1,

A > 0.

When A > 0, the inequalities above can be written as:

0 <A< —B, (4.66)
0<+/A <24+ B. (4.67)

Using the positivity of —B and 2A + B, another inequality is produced, which is

shown below:

2A > —-B > 0.

This can be broken down into the following inequalities:

2A > —B,
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B < 0.

Squaring both sides of (4.66) and (4.67) gives the inequalities below:

B?> A >0,
4A? +4AB + B* > A > 0,
2A > -8B,
B <0,
A > 0.

Then, replacing A with B2 — 4AC and simplifying gives:

AC > 0, (4.68)
A+B+C>0,

2A > —B,

B <0,

A > 0.

Note that when A > 0, (4.68) reduces to C' > 0.

In terms of A, u, the inequalities above become:

n(A—=1) >0,

6ApL — 2\ — 20 > 3 — 2,
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A2 —3u) <0,
Ap(AN = 3+ 4p —4) > 0.

This becomes:

Ap—1) >0,
p(A—1) >0,
pn(3A —2) >0,
A3 —2) > 0,

Ap(4AN — 3 A+ 4p —4) > 0.

The four inequalities above and A > 0 corresponds to region T_3 in Figure 4.7.

When A < 0, one should use the quantities below:

—B+ VA
oA > 0,

B_JA
—bovae
Y

A > 0.

When A < 0, the inequalities above can be written as:

0 <A < B, (4.69)
0<+/A<—(2A4+B). (4.70)

Using the positivity of B and —(2A + B), another inequality is produced, which
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is shown below:

2A < —B < 0.

This can be broken down into the following inequalities:

2A < —B,

B > 0.

Squaring both sides of (4.69) and (4.70) gives the inequalities below:

B?> A >0,
4A% +4AB + B* > A >0,
2A < —B,
B >0,
A > 0.

Then, replacing A with B? — 4AC and simplifying gives:

AC > 0,
A+B+C <0,
2A < -8B,
B >0,

A > 0.
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Note that when A < 0, (4.71) reduces to C' < 0.

Then, on terms of A, i, the inequalities above become:

Alp—1) <0,
n(A—1) <0,
6 — 2\ — 20 < 3Ap — 2,
A2 —3u) >0,
Ae(AX = 3+ 4p —4) > 0.

This becomes:

AMp—1) <0,

p(A—1) <0,

1(3\ —2) <0,

A(3p —2) <0,
A(4X\ — 3Ap 4 4 — 4) > 0.

The four inequalities above and A > 0 give the regions T_1 and T_2 in Figure
4.7. In addition, note that T_1 is bounded by the line 4 = 1 and the hyperbola
(A—3)(w—3) = 3. Also, the region T_2 is bounded by the line A = 1 and the

) —

Also, the regions that have not been produced by any of the inequalities above

Lol
NeJfieN

hyperbola (A — )(u —

4
are the regions |JN.i.
i=1
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