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1 Introduction
Parametric curves defined by control points have always been an important research topic
in computer-aided geometric design and computer graphics, in which approximation and
interpolation are the two most commonly used tools. This paper focuses on parametric
interpolatory curves, that is, parametric curves that interpolate their control points.
There are a large number of parametric interpolatory curve constructions that have been
developed. We cannot provide an exhaustive survey, but many of these methods can be re-
ferred to [1]. Among these methods, the cubic Catmull-Rom spline [2-5] is a well-known
parametric interpolatory curve representation. But the shape of the cubic Catmull-Rom
spline cannot be adjusted when the control points are fixed, which limits its applications
to a certain extent. For practical shape modeling, we often need to change the local shape
of the spline. The first purpose of this paper is to propose a novel quartic Catmull-Rom
spline with free parameters that can achieve local and global adjustment by keeping the
control points unchanged.
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After the new quartic Catmull-Rom spline is constructed, a further problem arises:
how to determine the optimal values of the free parameters to make the modified quar-
tic Catmull-Rom spline meet some specific requirements? Indeed, shape optimization
of parametric curves has attracted more and more attention in recent years, and various
objective functions have been proposed to optimize the shape of parametric curves. The
internal energy of curves is a widely used objective function, which usually includes stretch
energy, strain energy (also called bending energy), and curvature variation energy (often
replaced by Jerk’s energy), see [6—13]. The external energy of curves is another common
objective functional for optimizing the shape of curves, see [14—16]. Because the control
polygon can be regarded as the simplest shape-preserving interpolation, the quadratic os-
cillation in average minimization has been adopted to optimize the shape of interpolation
curves, see [17, 18]. The derivative oscillation minimization has been used to optimize
the shape of some interpolation curves because approximating the derivative of the con-
trol polygon can be regarded as the simplest way to construct monotonicity-preserving
interpolation, see [19]. Inspired by these shape optimization methods, this paper’s second
purpose is to optimize the shape of the quartic Catmull-Rom spline by minimizing the
internal energy, the quadratic oscillation in average, and the derivative oscillation.

The main contributions of this paper are as follows:

(a) We present a novel quartic Catmull-Rom spline with free parameters. The spline not
only inherits the features of the cubic Catmull-Rom spline but also has local adjustability
when the control points remain fixed.

(b) We adopt the internal energy minimization, the quadratic oscillation in average min-
imization, and the derivative oscillation minimization to determine the optimal values of
the free parameters contained in the quartic Catmull-Rom spline. The three minimization
methods can construct the quartic Catmull-Rom spline with minimal internal energy, the
shape-preserving quartic Catmull-Rom spline, and the monotonicity-preserving quartic
Catmull-Rom spline, respectively.

The rest of this paper is organized as follows. In Sect. 2, we briefly review the cubic
Catmull-Rom spline. In Sect. 3, we present the definition and characteristics of the quartic
Catmull-Rom spline. In Sect. 4, we provide three methods for optimizing the shape of the

quartic Catmull-Rom spline. Finally, we give a brief conclusion in Sect. 5.

2 Review of the cubic Catmull-Rom spline
Cubic Catmull-Rom spline is one of the common parametric curves defined by control
points. Generally, the cubic Catmull-Rom spline is given by [2—5]

3
(t)=Y bit)pij, i=0,1,...,n-3, 1)
j=0

where 0 <t <1,p; (i=0,1,...,mn > 3) are control points, b;(t) (j = 0,1,2,3) is the basis
which can be expressed by

bo(t) = 2 (-t + 262 - 1),

bi(t) = 2(2- 562+ 38%), @
by(t) = 3 (¢ +4¢> - 36%),

bs(t) = 3 (1> + £%).
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The basis expressed in (2) has the following properties:
(a) Partition of unity, that is,

bo(t) + bi(t) + ba(t) + bs(t) = 1.
(b) Symmetry, that s,

bi(1-1)=bs(t), i=0,1,2,3.
(c) Properties at endpoints, that is,

bo(0) = b2(0) = b3(0) = 0, b1(0) =

bo(1) = b1(1) = b3(1) = 0, by(1) =1,

By0)=-1/2,  B0)=B40)=0,  BH0)=1/2,
by =by(1)=0,  B(1)=-1/2,  by(1)=1/2.

By computing from Eq. (1) we have

c.(0)=p;,1, ¢(1) =pio- (3)

C’[(O) = %(piﬂ _pi)’ c,i(l) = %(pHS _pi+1)' (4)

Equation (3) shows that cubic Catmull-Rom spline interpolates its control points except
for p, and p,,. From Egs. (3) and (4) we have cgf)l(O) = cgk)(l), k = 0,1, which show that the
cubic Catmull-Rom spline satisfies C* continuity. The interpolation and C* continuity are
the salient features of cubic Catmull-Rom splines.

Due to the interpolation and C! continuity, the cubic Catmull-Rom spline has been suc-
cessfully used in geometric design [20, 21] and engineering applications [22, 23]. However,
the cubic Catmull-Rom spline would be uniquely determined when all the control points
are fixed. In this case, the spline has no degrees of freedom, which limits its applications
in engineering. To alleviate the shortcoming of the cubic Catmull-Rom spline in shape

adjustment, we need to construct a Catmull-Rom spline that can adjust its shape freely.

3 The quartic Catmull-Rom spline

To construct a Catmull-Rom spline with shape adjustment ability, we raise the spline’s
degree to be quartic and introduce free parameters into the spline. In this section, we
first construct the basis of the quartic Catmull-Rom spline and then define the quartic

Catmull-Rom spline by the proposed basis.

3.1 The basis
The specific construction processes of the basis can be found in the Appendix, we directly

give its definition as follows.
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Definition 1 The basis fi(o;t) (i =0, 1,2, 3) of the quartic Catmull-Rom spline is defined
by

folas ) = 2(=t + 2(1 + )£ — (1 + 4a)£® + 2at%),
filest) = 32— (5+2a)6* + (3 + 4a)t® - 2at?),
folost) = %(t +2(2-a)t? = (3 - 4a)t® - 2at?),
Sl 8) = %(—(1 —20)t% + (1 — 4a)t® + 2at?),

where 0 <t <1, « is an arbitrary real number.

Theorem 1 The basis expressed in Eq. (5) has the following properties:
(@) Partition of unity.
For any a, there is fo(a; t) + fi(o; t) + folas £) + fa(os £) = 1.
(b) Symmetry.
For any a, there is fi(o; 1 — t) = f5_i(a;£),i=0,1,2,3.
(¢) Properties at endpoints.

For any a, there are

So(e;0) = fo(;0) = f3(;0) =0,  fi(;0) =1,
Sfoles1) = file; 1) = f3s(e;1) =0,  fal;1) = 1,
Jola;0) =—1/2, F;0) =f;(a;0) =0, fo(0;0) =1/2,
Jola;1) = f5(a;1) =0, fla;1) =-1/2, filo;1) =1/2.

(d) Monotonicity.
For any t € [0,1], fo(e; £) and f3(a;t) are monotonically increasing about o, while fi(c; t)

and fo(o; t) are monotonically decreasing about o.

Proof By simple calculations, (a), (b), and (c) are not hard to be deduced. We only verify
(d). For any ¢, from Eq. (16) we have

dfo(o; dfs(a;
fO(a t) _ f3(a t) =t2(1—t)2 >0,
do do
dfi(a;t)  dfs(a;t
ﬁ(a ) _ ﬁ(a ) :—tz(l—t)2§0.
do do
Thus, the monotonicity has been proved. O

Theorem 1 shows that the proposed basis inherits the features of the basis of the cubic
Catmull-Rom spline. It is not difficult to verify that Eq. (5) becomes Eq. (2) when « =0,
that means the basis of cubic Catmull-Rom is a special case of the proposed basis. From
the monotonicity, the shape of the proposed basis is dependent on the free parameter «.

Figure 1 shows graphs of the basis with multiple values of «.

Page 4 of 14
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3.2 Thespline

Definition 2 The quartic Catmull-Rom spline R;(«;;¢) (i = 0,1,...,n — 3) is defined by

3
Ri(ast) = E filai; )qijy i=0,1,...,m=3,

Jj=0

where0<t<1,q,(i=0,1,...,mn > 3) are control points, fi(; t) (j = 0, 1,2, 3) is the basis

expressed according to Eq. (5).

We can see from Eq. (6) that each quartic Catmull-Rom spline segment R;(«;;£) has
a free parameter o;. When o; =0 (i =0, 1,...,n - 3), the quartic Catmull-Rom spline be-

comes a cubic Catmull-Rom spline, that means the cubic Catmull-Rom spline is a special

case of the quartic Catmull-Rom spline.

Theorem 2 The quartic Catmull-Rom spline expressed in Eq. (6) has salient features as

follows:

(@) Interpolation.

(6)

For any ;, the spline interpolates its control points except for q, and q,,.

(b) Continuity.
For any a;, the spline reaches C* continuity.
(c) Shape flexibility.

Page 5 of 14
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(b) Global adjustment

Figure 2 The quartic Catmull-Rom spline with different free parameters, where the solid lines represent the
spline and the solid points represent the control points

The shape of the spline can be freely adjusted while all the control points are kept un-
changed.

Proof For any «;, by the endpoints properties of the quartic basis, we have

Ri(Oli}O) =941 Ri(ai; 1) =q;.- (7)
de‘(O[l‘; 0) 1 dRi(ai; 1) 1
dt - §(Qi+2 -q,), dt - E(qns = qi1)- (8)

Equation (7) shows that the spline interpolates its control points except for q, and q,,.

kR (0. . KR (o
d RL*AE‘Z‘“'O) =4 Rc‘lifl’l) , k = 0,1, which shows that the spline

From Egs. (7) and (8) we have
reaches C! continuity.
Since the expression of the spline contains free parameters «;, we can easily adjust the

shape of the spline by altering the values of «; when all the control points are fixed. O

Theorem 2 indicates that the quartic Catmull-Rom spline owns shape adjustability
based on inheriting the features of the cubic Catmull-Rom spline. We can change the
free parameter of each spline segment to achieve local adjustment, while we can modify
all the free parameters to be the same to realize global adjustment of the spline. Figure 2
shows the shape adjustability of the quartic Catmull-Rom spline.

We can see from Fig. 2 that the quartic Catmull-Rom spline can easily achieve local
adjustment or global adjustment by modifying the free parameters, which is impossible

for a cubic Catmull-Rom spline.
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Figure 3 The quartic Catmull-Rom spline with inappropriate free parameters, where the solid lines represent
the spline and the solid points represent the control points. In each example, the control points are the same
asin Fig.2

4 Shape optimization of the spline

Although the quartic Catmull-Rom spline has shape adjustability because of the free pa-
rameters, it should be noted that the shape of the spline can be unsatisfactory if the free
parameters are not appropriately selected; see Fig. 3.

In addition, sometimes people may need to determine the free parameters to make the
shape of the quartic Catmull-Rom spline meet some specific requirements. Hence, we
need to give schemes for optimizing the free parameters according to some objectives.
Since the internal energy, the quadratic oscillation in average, and the derivative oscillation
have been successfully used to optimize the shape of some parametric curves, we adopt
them to optimize the shape of the quartic Catmull-Rom spline and present the schemes
in this section.

4.1 The spline with minimal internal energy

Three types of commonly used internal energy of a curve are stretch energy, strain en-
ergy (also called bending energy), and curvature variation energy (often replaced by Jerk’s
energy). For a parametric curve b(¢), its stretch energy, strain energy, and Jerk’s energy
are usually approximately described by fol 16 (2)|12 dt, fol |b”(£)||> dt, and fol 167 (£)]1% dt,
respectively; see [6, 7]. Because the free parameter of each quartic Catmull-Rom spline
segment is local, we only need to consider the internal energy of each spline segment but
not that of the whole spline. We can approximately express the three internal energies of
each quartic Catmull-Rom spline segment as

1
Ei,k = /
0

for any «;, where k = 1,2, 3.

2

KR .(y.:
d*R;(a;; t) dr ©)

dex

From Egs. (5) and (6) we have
Ri(a;2) = ri(t)a; + s(2), (10)
where

rit):= %(—t(l —1)%q; + (1 - 1)(2 + 2t - 3£%)q,,, +t(1 + 4t - 3£%)q;,, — (1 - 1)£7q,,3),
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si(t) = (1 - 0)*(q; — @11 — Gisy + ir3)-

By substituting Eq. (10) into Eq. (9), we have
! 2
Eix= f IO +sL @) de
0
1 ) 1 1 )
= o> / 0@ de + 20 f (rV) - s @) de + / Is“@)|° de. (11)
0 0 0

It is clear that only ¢; is a variable to be determined in Eq. (11). Hence, we can get the
following model for constructing the quartic Catmull-Rom spline segment with minimal

internal energy:

min  Eji(a;), (12)

a;€R
where k = 1,2,3. Then we can get the following theorem.

Theorem 3 To construct the quartic Catmull-Rom spline segment with minimal internal

energy, the free parameter of each spline segment should be taken as

[y - sV e)) de
o =— .

(13)
Jo IR0 @12 de
Proof From Eq. (11) we have
dE,' ; 1 1
% =2 / [rO@)| de +2 / (rO(e) - sV (e)) de. (14)
i 0 0

To obtain the quartic Catmull-Rom spline segment with minimal internal energy, there
should be M = 0. Since the control points are different, fol ||r5k)(t)||2dt # 0 always

do;
holds. Then we can get Eq. (13) from Eq. (14). Since the solution of % =0 is unique,
Eq. (13) must be the global minimum of Eq. (12). O

After determining the free parameter of each spline segment by Eq. (13), we can generate
the whole quartic Catmull-Rom spline with minimal internal energy. However, we find
that fol (rgk)(t) . sgk)(t)) dt =0 (k = 2,3), then the free parameter calculated by Eq. (13) is
a; = 0. This means the quartic Catmull-Rom spline with minimal strain energy or Jerk’s
energy is exactly the cubic Catmull-Rom spline. Figure 4 shows curves generated by the

quartic Catmull-Rom splines with minimal internal energy.

4.2 The shape-preserving spline

Let L(¢) := L;(¢) = (1 — t)d; + td;,1, where d; (i = 0,1,...,n) are data points in the plane,
then L(t) can be regarded as the simplest shape-preserving interpolation. Based on this,
quadratic oscillation in average minimization has been used to construct shape-preserving
interpolation; see [17, 18]. Here, we adopt the quadratic oscillation in average minimiza-

tion to construct the shape-preserving quartic Catmull-Rom spline.
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SRY

(a) The spline with minimal stretch energy

SRY,

(b) The spline with minimal strain energy or Jerk's energy , i.e., cubic Catmull-Rom spline

Figure 4 The quartic Catmull-Rom spline with minimal internal energy, where the solid lines represent the
spline and the solid points represent the control points. In each example, the control points are the same as in
Fig. 2

i+3

Figure 5 A segment of quartic Catmull-Rom spline with different shape parameters, where the solid lines
represent the spline with different shape parameters, the dotted lines represent the control polygon, and the
solid points represent the control points

Recall that the quartic Catmull-Rom spline segment R;(«;;£) interpolates at q;,; and
g;.,, and the value of the free parameter ¢; has an influence on the approximation of
Ri(a;;t) to Q;(¢), where Q;(¢) := (1 - £)g;,, + tq;,,; see Fig. 5.

Thereby, we can get the following model:

1
min i) = /0 |Ruers ) - )|, (15)
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where Q;(¢) := (1 — £)q;,; + 1q;,5, i = 0,1,...,n — 3. Then we can obtain the theorem as
follows.

Theorem 4 To construct the shape-preserving quartic Catmull-Rom spline, the free pa-

rameter of each spline segment should be taken as

I R CORCIORL TONE

i (16)
Jo @)1 de
Proof By Eq. (10) we have
! 2
@)= [ I+ - Qo) de
0
1 1
—a? (B , () - (s:(8) - Q:
_al./o |r:)]| dt+2a,/0 (ri(e) - (s:(t) - Qi(1))) dt
[ ls0-a] e a7)
o L I .
From Eq. (17) we have
d;(e;) ! !
daoj =2a,-/0 ||ri(t)||2dt+2/0 (ri®) - (si(6) - Qi(2))) de. (18)

To make the quartic Catmull-Rom spline shape-preserving, there should be %j") =0,

i=0,1,...,n-3.Since the control points are different, fol lr:(®)]1? dt # 0 always holds. Then
we can get Eq. (16) from Eq. (18). Since the solution of % =0 is unique, Eq. (16) must
be the global minimum of Eq. (15). O

After determining the free parameter of each spline segment by Eq. (16), we can gen-
erate the whole shape-preserving quartic Catmull-Rom spline. Figure 6 shows the cubic
Catmull-Rom spline and the shape-preserving quartic Catmull-Rom spline interpolating
the following data:

(a) x=0.5,05,35,6.0,8.5,11,14,17,20, 20,
y =93,93,104, 120,98, 86,102, 81, 90, 90,

(b) x=0,0,0.5,1.5,3,4,7,8,8, y =xsinx.

We can see from Fig. 6 that the shape-preserving quartic Catmull-Rom spline is closer
to the control polygon than the cubic Catmull-Rom spline.

4.3 The monotonicity-preserving spline

Given a set of monotonic data points d; (i = 0,1,...,#) in the plane, it can be seen that
LU'i(¢) =diy2 —diq (i=0,1,...,n - 3) reflect the monotonicity of data points. Hence, the
derivative oscillation minimization has been considered an effective way to construct

monotonicity-preserving interpolation; see [19]. Here, we use the derivative oscillation
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(a) Interpolating the given data (b) Interpolating the function xsinx
Figure 6 The shape-preserving quartic Catmull-Rom spline and the cubic Catmull-Rom spline. In each
example, the dotted lines represent the control polygon, the dashed lines represent the cubic Catmull-Rom
spline, the solid lines represent the shape-preserving quartic Catmull-Rom spline, and the solid points
represent the data points

minimization to construct the monotonicity-preserving quartic Catmull-Rom spline.
Then we can get the following model:

1
min Jer) = / IR s ) - @), (19)
73S 0

where Q';(£) :=q;,5 — q;,1, 1 =0,1,...,n — 3, R';(;; ) represents the derivative of R;(c;;£)
about ¢. Referring to Theorem 4, we give the following theorem without proof.

Theorem 5 7To construct the monotonicity-preserving quartic Catmull-Rom spline, the
free parameter of each spline segment should be taken as

L 5i0- Qi) dt
S @))1? de

i (20)

After determining the free parameter of each spline segment by Eq. (20), we can generate
the whole monotonicity-preserving quartic Catmull-Rom spline. Figure 7 shows the cubic
Catmull-Rom spline and the monotonicity-preserving quartic Catmull-Rom spline inter-
polating the following monotone data:

(a) x=-3,-3,-1,0,3,5,6,6, y=-3,-3,-2,0,1,2,4,4,

(b) x=0.1,0.1,0.2,0.6,1.0,1.2,1.4,1.4, y= 1/x%.
Figure 7 shows that the monotonicity-preserving quartic Catmull-Rom spline is better
than the cubic Catmull-Rom spline when approximating the monotone data.

5 Conclusion

We first proposed a novel quartic Catmull-Rom spline with local free parameters in this
paper. Different from the cubic Catmull-Rom spline, the quartic Catmull-Rom spline
was not only globally adjustable but also locally adjustable. This feature was very con-
ducive to geometric modeling. To construct the quartic Catmull-Rom spline with specific

Page 11 of 14
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Figure 7 The monotonicity-preserving quartic Catmull-Rom spline and the cubic Catmull-Rom spline. In
each example, the dotted lines represent the control polygon, the dashed lines represent the cubic
Catmull-Rom spline, the solid lines represent the monotonicity-preserving quartic Catmull-Rom spline, and
the solid points represent the data points

shapes, three schemes for determining the optimal values of the free parameters were
presented. These schemes could generate the spline with minimal internal energy, the
shape-preserving spline, and the monotonicity-preserving spline. In contrast to the cubic

Catmull-Rom spline, the quartic Catmull-Rom spline was more practical in geometric
modeling.

Appendix: Construction process of the basis
To introduce free parameters into the basis, we raise the degree of basis to be quartic.
Suppose that the new basis f;(£) (i = 0, 1,2, 3) is expressed as

(b A0 O AO)=(1 ¢ 2 & )M, (A1)
where M is an undetermined matrix expressed by

ago do1  do2 A3
aip 411 diz a3
M=|ayy an axn ax
asp d31 d3xy adss

a40 d41  A42 443
By taking derivation calculus to equation (A.1), we have
(ko £0 KO FO)=(0 1 2 32 4)M. (A.2)

Firstly, we hope the quartic basis satisfies the same properties at the endpoints as the
basis of the cubic Catmull-Rom spline. From equation (A.1) we have

aopo = Or aop1 = 1, apg = Or aop3 = 01 (AB)
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and

dgo + 1o + do + dzp +dgg = 0,

do1 + a1 +dy +az; +dg =0,

(A4)
ay +dix +dx +az +dgp =0,
ao3 + a13 + doz + dsz + dgz = 0.
From equation (A.2) we have
ap =-1/2, a1 =0, ap =1/2, a13 =0, (A.5)
and
ajo + 26120 + 36130 + 4614() = 0,
a + 26121 + 36{31 + 46141 = —1/2, (A6)
aip + 2&122 + 3(132 + 4(142 = 0,
ais + 2(123 + 36133 + 4!143 =1/2.
Then from equations (A.3)—(A.6), we can obtain
az = 1 + ay, as =-5/2 + au, axy =2+ dgy, azz = —1/2 + aug, (A.7)
asp = -1/2 - 2&140, as) = 3/2 - 26141; as = -3/2 - 2&42,
(A.8)

as3 = 1/2 - 26143.

Secondly, we hope the quartic basis satisfies the partition of unity. From equations (A.7)
and (A.8) we have

ago + ag1 + dgy + Adgz = 1. (A9)

Finally, we hope the quartic basis satisfies the symmetry. By computing from equation
(A.1), we have

ago = A43, g = dg. (A.10)

By setting a4 = @, from equations (A.9) and (A.10) we have a4 = —o, a4y = —, da3 = @.

Thus, we get
0 1 0 0
-1/2 0 1/2 0
M= l+a -5/2 -« 2-« -12+a|. (A.11)
-1/2-20 3/2+2 -3/2+420 1/2-2«
o - - o

By substituting equation (A.11) into equation (A.1), we can obtain the expression of the
quartic basis.
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