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BLENDING SURFACES BY SMOOTHING
PDE SPLINES

M. Pasadas and M.L. Rodriguez

Abstract. This work is concerned with how we can mix conditions of both interpolation
and approximation in order to find a blending surface joining two or more surfaces when
approximating a given data point set, and modelled from a certain partial differential equa-
tion. We establish a variational characterization for the solution of this problem and we
establish some convergence result. Finally, we discretize this problem in a finite element
space.
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§1. Introduction

A blending surface is a surface that smoothly joins two or more given surfaces. In CAGD,
solid objects are often represented by their boundary surfaces. These boundary surfaces can be
classified into two types:

e Primary surfaces, that mainly define the shape of the objects, and

e Blending surfaces, that are important because they erase sharp edges and corners which
are undesirable for functionality or aesthetic reasons.

The problem of constructing a system of surfaces that meet smoothly arises in a wide variety of
applications in CAGD. For example, in designing a gate valve, sharp edges are avoided since
they retard the fluid flow.

This problem appears particularly in the automotive and aerospace industries too, where
the manufactured objects are designed from some interpolation and approximation data, and
also when verifying some hydrodynamic properties that can be modelled by certain differential
equations.

So, automatically constructing blending surfaces is important to facilitate the design pro-
cess.

There are many possibilities to generate blending surfaces. In the 80’s many authors like
Warren[10] and Hopcroft and Hoffmann[6, 7, 8] studied blending surfaces from an algebraic
viewpoint.
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However, many problems in engineering, architecture, geology and other fields require
smooth curves and surfaces whose shape cannot be described by an elementary representation.
Because of this, new methods have been introduced.

Bloor and Wilson[1, 2, 3, 4] pioneered another modelling technique for the generation
of blending surfaces, the PDE method, that generates a smooth surface by solving a partial
differential equation with some given boundary conditions.

Greiner[5] presents an iterative procedure to obtain blending curves or surfaces.

This work is concerned with how we can mix conditions of both interpolation and approxi-
mation in order to find a surface that verifies some boundary conditions when approximating a
given data point set and which is modelled from a certain partial differential equation. In [9],
we studied a similar problem for explicit curves introducing the concept of ODE curve.

The paper is organized as follows. In Section 2, we briefly recall some preliminary nota-
tions. In Section 3, we define and characterize the notion of PDE surface. Section 4 is dedicated
to the formulating of two convergence results. Section 5 is devoted to studying the associated
discrete problem in a space of finite element. Finally, in Section 5 we present some graphical
examples that state the efficiency of the method.

§2. Preliminaries

We shall use the following notations and assumptions:
e (2 is a bounded nonempty domain of R?;
e the Euclidean norm and inner product in R* will be denoted by (-) and (-, -) respectively.

o L%(Q;R?) stands for the linear space of real Lebesgue measurable functions such that
Jo(u(x))?dx < +o0;

e for each n € N, we designate by H"(2;R3) the usual Sobolev space of (classes of)
functions u € L*(; R?), together with all their partial derivatives 0'u, in the distribution
sense, of order |i| < n, where for all i = (iy,iy) € N, |i| = i; + iy and d'u(x) =

olilu
OrOxy’

e A" will be denote the closure of C5°(Q; R?) in H"(Q; R?).

Obviously HQ(Q;R?) = L?(Q;R3).

forany x = (21, 22) € Q;

The linear space L%(€);R?) is equipped with the inner product (u,v), = /(u(x), v(x))dx
Q

and the corresponding norm |u|y = (u, u)é.
The Sobolev space H™(£2; R3) is equipped with the inner product

- [ et

li|<n
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1
the corresponding norm ||ul|,, = ((u,u))?, the semi-inner products

u,u
ule/al (x))dx, 0 <1 <mn,
lij=t

1
and the corresponding semi-norms |u|; = (u,u)?, forall 0 <! <n.

j , 9) ,
We use the notation %(x) = D’v(x) (n(x),...,n(x)) for all j € N, where D’v(x) is

the j—th Fréchet derivative of v and x is the unit outer normal vector at x € Q. For j = 0,
0

%(x) indicates v(x).
n

Moreover, we denote by (R¥)*! the space of the real vectorial matrices with & rows and [
columns, with the inner product and corresponding norm

=3 laij, biy) (A1 = <<A7A>>1%,3

i=1 j=1
with A = (aij)1<i<k and B = (b”)1<z<k If I = 1 we write ((-, -))r and ({-)); instead to

({(+, )r1and << >>k 1, respectively.
Finally, for two real vectorial matrix A = (a;;)

denote by AB € R*? the real matrix given by AB

(R?’)’” and B = (b;;) € (R®)"" we

€
a .
( s=1\8) 8 1<i<k
1<j<p

Letn > 1andlet L : A?"(Q;R3) — L*(Q; R3) be a differential operator given by
LU(X) = Z (—1)‘J‘a](le<X) 8iu(x)), X € Q7 (1)
‘iM.]lSn
where p;; € Cll(Q; R?) and p;; = pj;, for all |i, [j| < n.

We note that we can write

Lu = (Lu;)1<ics, Where Lu; = Y (=1)NdY((p; 0 pyy) (ps 0 0'u)),

\i\7|j|§n
with p;, i = 1,2, 3, the orthogonal projections of R? into R.
Now, we consider the symmetric bilinear form associated with L defined on H™(Q; R3) x
H™(Q;R3?) by
(uav)L = Z (pijaiua ajv)()

[il,1i|<n

and we assume that

Y Epropy) ()€ >0,VxeQ, k=1,23, 2)
‘iMlen*l
and that there exists v > 0 such that
Z €l<pk © le)(x)SJ > l/<£>§n7vx € Q? k= 172737 (3)

lil,l3l=n
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forall € = (£,,&,) € R?, where &' = £i'¢22 forany i = (iy,i,) € N?, and (- ), indicates the
Euclidean norm in R2.

Due to (3), the differential operator L is said to be strongly elliptic on €.

It can be easily shown that under the hypotheses (2)—(3) the bilinear form (-, ), defines a
semi-inner product on H"(Q; R?) whose associated semi—-norm is denoted by |u|;, = (u, u)?.

In addition, we suppose that (-, -); is coercive on H7(Q;R?), that is, there exists C' > 0
such that
(w,u);, > Clju|)?, Vu € HJ(Q;R?).

§3. Formulation of the problem

We introduce the following assumptions. Suppose we are given:
e the functions f € L2(Q;R3) and h; € C(Q;R?), forj =0,...,n — 1;
e aset A= {ay,...,a,} of m =m(r)distinct points of 2, with r € N;
e aset B = {by,...,by} of N distinct points of 0€2;
e adatavector 3= (83,,...,08,,) € R¥.
Now, we suppose that
AU B contains a P,_;(Q; R?)-unisolvent subset,

where P, (€; R3) is the linear space of polynomial functions defined from € into R? of total
degree less than n — 1.
Moreover, we define the operators

p: H"(Q;Rg) — (R3)m, T H"(Q;R?’) N C”_l(ﬁ; ]R3) — (R?’)N’”
given by

pv = (V(a)hcicm,  TV= (i"f(@)) 7

the convex set
H={uec H'(QR)NC" (4R?) : Tu=1y}

where 'y = (h;(b;)) 1<i<v , and the linear space

0<j<n—1
Hy={uc H'(Q;RHNC" (R : 7u=0}.
Finally, we consider the boundary value problem
Lu(x) = f(x), x € {,

j 4
%(x):hj(x),xéaQ,Ongn—l, )

where L is the differential operator defined in (1).
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Definition 1. Given ¢ > 0, we say that & € H isa PDE spline associated to (4), A, B, 8,y
and ¢ if o is a solution of the problem

VveH, Jo)<Jv), (5)
where J is the functional defined on H"(2; R?) by
J(v) = ({pv = B))7, + e(IVIL — 2(£,v)o). (6)

Now, we present a variational characterization of the PDE surfaces.

Theorem 1. Problem (5) has a unique solution which is characterized as the unique solution
of the following variational problem: Find o € H such that
Vv e Hy, ((po,pv))m +e(o,v)L = ({(B,pV))m +c(f, V).
Analogously, we present a method of Lagrangian multipliers to solve Problem (5).

Theorem 2. Thereexistsa unique (o, A) € H x (R3)"" such that

{(pa, PV} + £(0, V)1 + (A V) ) = (B, PV + (£, V)o,
for all v € H*(Q;R?) N C"~1(Q;R?), where o isthe unique solution of Problem (5).

§4. Convergence

We keep all the former notations and hypotheses. We can see that p depends on r and =
depends on N.

First, we suppose that N is fixed and that ¢ = (m). Let g € H and we denote by o the
PDE spline associated with (4), A, B, pg, 7g and ¢.

Theorem 3. Suppose that the following hypotheses hold:

1
sup min{x — a)s = o (—) , T — 400,
xeq acA r
and
e=o(r), r — +oo.

Then, one has
li " —gll,=0.
Jim ol —gll, =0
Now, we suppose that the boundary value problem (4) has a solution u € H?"(); R?). We
denote by oY the PDE spline associated with (4), A, B, pu, 7u and . Then we can prove the
following result:

Theorem 4. Suppose that

in(x — b)y = o(1), N .
Xseua%glelg<x )2 =o0(1), N — 400

Then, one has

lim ||y —ul, =0.

N—+400 €
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§5. Discretization

The solution of the above described problem is usually not easy to find explicitly, so we are
going to discretize it in order to apply a numerical method for its resolution.

Therefore, we have to consider a space of finite dimension, where we will formulate and
solve the discrete problem.

In this case, the functional finite-dimensional space that we have chosen is a finite element
space but we could consider solving other spaces: for instance, a spline space of tensor product
type, or a box-spline space.

Thus, let € R? be a polygonal bounded open set and suppose we are given:
e asubset 7 of R* where 0 is an accumulation point;
e forall h € H, a partition 7, of Q2 made of rectangles or triangles of diameter less than h;
e for any h € H, a parametric finite element space X, constructed on 7;, such that
X, € H'(Q;R*) n O™ (4 RY).

Now, we suppose that
Vb € B, bisaknotof 7,

and we consider the convex set
Hy={ueX,: tu=y}

and the linear space
H) ={u€ X,: Tu=0}.

Definition 2. Given ¢ > 0, we say that o, € H}, is a discrete PDE spline associated with (4),
A, B, B,y and ¢ if o}, is a solution of the problem

Vv e Hy, Joy) < J(v), (7
where J is the functional defined in (6).
Now, we present two results which are the discrete versions of Theorems 1 and 2.

Theorem 5. Problem (7) has a unique solution which is characterized as the unique solution
of the following variational problem: Find o}, € H}, such that

Vv € HY, ((poy, pV))m + (0. V) = (8, pv))m + (£, V).
Theorem 6. There existsa unique (o, A) € Hj,, x RM" such that
<<pah7 pV>>m + 5(0’h, V)L + <<)‘7 TV>>N,7L = <</67 pV>>m + €(f7V)07 Vv e Xh7 (8)

where o, is the unique solution of Problem (7).
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We consider a basis B = {w;, ..., wyz} of the finite element space X,. Let us compute the
(unique) solution of Problem (7).
Z

Obviously &, = )  aw; and, from (8), it follows that there exists A € RV such that
=1

Zaz pw,,pv > + g(th)L) + <<A77—V>>N7n = <</67pv>>m + g(f’ V>07 Vv e Xha

and verifying
Z
T (Z Oél'wi> =Y.
=1
Taking v = w;, fori =1,..., Z, we obtain a linear system of order Z + Nn with the unknown

a17~--7aZ7)\17---7)\Nn-

The matrix form of this system is

(or 0 )(3)=(5)

where
C=A"A+:cR, D= (T‘-"i)lgigz , f=A"8+ ((wi, f)O)lgigz )
with
A= (wj(@))izizn . R=((wiwj)i)iger

§6. Numerical Examples
Let 2 = (0,1) x (0,1) and we consider the cylindric surfaces parameterized respectively by
f(x,y) = (2y — 1,2cos(2mx), 2sin(27x)), (z,y) € Q,

and
g(z,y) = (2y + 1, cos(2mx), sin(27x)), (z,y) € Q.

We apply our construction method of blending surfaces using discrete PDE splines from a
partition in 8 x 4 equal rectangles whose sides are parallel to the coordinate axes, the BFS’s
rectangle of class C'* and the boundary-value problem

( 84u 4u 84u
811 of
_ : 9 <r<
u(z,0) =f(z,y), an(%o) an(l’?l), 0<z<1,
ou of
_ Ju _a <r<
| e 0) = £ey), 0= D), 0<e<t,
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with a > 0.

Consider the vectorial function h(z,y) = (2y — 1,0.5 cos(27x), 0.5 sin(27z)).

Figure 1 shows the two cylindrical surfaces and the graph of curve h(z, 0.5), with 0 < x <
1.

From top to bottom and from left to right, respectively, Figure 2 shows the blending surface
that smoothly join the two sylindrical surfaces by the discrete PDE spline obtained from:

e A=0,e=1,a=1;
e A=0,e=1,a=10;
° AZ{(i/9,0.5),i:O,...,S},ﬁ:ph,sz10_3,a:10;

e A={(i/9,0.5),i=0,...,8}, 8= ph,e=10"%a = 10.

§7. Conclusions

We have developed a construction method of blending surfaces using PDE splines. These
splines are constructed minimizing a quadratic functional which includes two measures of how
well the spline approximates a data point set and the solution of a given boundary—value prob-
lem of a partial differential equation. Boundary conditions are given by the surfaces that we
want to blend.

The problem has been discretized in a finite element space and the constructed discrete
PDE surface is obtained by a linear system whose order depends only on the dimension of the
discretization space.
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Figure 1: Two cylindrical surfaces and a circumference that contains the approximation points.
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Figure 2: Some blending surfaces that smoothly join the two cylindrical surfaces.
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