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Abstract

In isogeometric analysis framework, computational domain is exactly described using the same
representation as that employed in the CAD process. For a CAD object, we can construct various
computational domain with same shape but with different parameterization. One basic requirement
is that the resulting parameterization should have no self-intersections. In this paper, a linear and
easy-to-check sufficient condition for injectivity of trivariate B-spline parameterization is proposed.
By an example of 3D thermal conduction problem, we show that different parameterization of
computational domain has different impact on the simulation result and efficiency in isogeometric
analysis. For problems with exact solutions, we propose a shape optimization method to obtain
optimal parameterization of computational domain. The proposed injective condition is used to
check the injectivity of initial trivariate B-spline parameterization constructed by discrete Coons
volume method, which is the generalization of discrete Coons patch method. Several examples
and comparisons are presented to show the effectiveness of the proposed method. Compared with
the initial parameterization during refinement, the optimal parameterization can achieve the same
accuracy but with less degrees of freedom.
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1. Introduction

CAD modeling software usually relies on splines or NURBS representations, but the analy-
sis software for CAD object uses mesh-based geometric descriptions (structured or unstructured).
Therefore, in conventional approaches, several information transfers occur during the design phase,
yielding approximations and non-linear transformations that can significantly deteriorate the over-
all efficiency of the design optimization procedure.

The isogeometric analysis (IGA for short) approach proposed by Hughes et al. [19] is employed
to overcome this difficulty by using CAD standards as unique representation for all disciplines. For
3D analysis problems, the isogeometric approach consists in developing methods that use NURBS

representations for all design and analysis tasks:
e the geometry is defined by NURBS surfaces;
e the computation domain is defined by trivariate NURBS volumes instead of discrete meshes;

e the solution fields are obtained by using a finite-element approach that uses NURBS basis

functions instead of classical Lagrange polynomials;
e the optimizer controls directly NURBS control points.

This framework allows to compute the analysis solution on the exact geometry (not a discretized
geometry), obtain a more accurate solution (high-order approximation), reduce spurious numerical
sources of noise that deteriorate convergence, avoid data transfers between the design and analysis
phases. Moreover, NURBS representation is naturally hierarchical and allows to perform refinement
operations to improve the analysis result.

In finite element analysis (FEA), mesh generation, which generates discrete geometry as com-
putational domain from given CAD object, is a key and the most time-consuming step. In IGA
framework, parameterization of computational domain, which corresponds to the mesh generation
in FEA, also has some impact on analysis result and efficiency. Moreover, in FEA, one can perform
arbitrary refinements on the computational mesh, but in IGA using tensor product B-splines, the
refinement is not arbitrary, we can only perform refinement operations in u direction and v direc-
tion by knot insertion or degree evaluation. Hence, parameterization of computational domain is

more important in IGA.



The parameterization of a computational domain in IGA is determined by control points, knot
vectors and the degrees of B-spline objects. For IGA problem of three dimension, the knot vectors
and the degree of computational domain are determined by the given boundary surfaces. Hence,
finding the optimal placement of inner control points for a specified physical problem, is a key
issue in IGA. A basic requirement of resulting parameterization for IGA is that it doesn’t have
self-intersections. In this paper, we first propose a linear and easy-to-test sufficient condition for
injectivity of trivariate B-spline parameterization. Then we show that different parameterizations
of computational domain has different impact on the simulation results in IGA. For problems with
exact solutions, a shape optimization method is proposed to obtain an optimal parameterization of
computational domain. Discrete Coons volume method is proposed to construct initial trivariate
B-spline parameterization from given boundary surfaces. Some examples and comparisons are
presented based on the heat conduction problem to show the effectiveness of the proposed method.

The remainder of the paper is organized as follows. Section 2 reviews the related work in
isogeometric analysis. Section 3 proposes the linear sufficient conditions for injectivity of trivariate
B-spline parameterization. Section 4 describes a test IGA model and shows the impact of different
parameterizations of computational domain. Section 5 presents the discrete Coons volume method
to construct initial trivariate B-spline parameterization from boundary surfaces, and the shape
optimization method to obtain an optimal parameterization of a computational domain. Some
examples and comparisons are also presented in Section 5. Finally, we conclude this paper and

outline future works in Section 6.

2. Related work

In this section, we review related works in IGA and parameterization of computational domains.

The concept of IGA was firstly proposed by T.R Hughes et al. [19] in 2005 to achieve the
seamless integration of CAD and FEA. Since then, many researchers in the fields of mechanical
engineering and geometric modeling were involved in this topic. The current work on isogeometric
analysis can be classified into three categories: (1) application of IGA to various simulation prob-
lems [2, 5, 6, 11, 14, 18, 20, 29, 31]; (2) application of various geometric modeling tools to IGA
[7, 13, 24, 8]; (3) accuracy and efficiency improvement of IGA framework by reparameterization

and refinement operations [1, 3, 9, 10, 15, 21, 25].



The topic of this paper belongs to the third field. As far as we know, there are few works
on the parametrizations of computational domains for IGA. T. Martin et al. [25] proposed a
method to fit a genus-0 triangular mesh by B-spline volume parameterization, based on discrete
volumetric harmonic functions; this can be used to build computational domains for 3D IGA
problems. A variational approach for constructing NURBS parameterization of swept volumes
is proposed by M. Aigner et al [1]. Many free-form shapes in CAD systems, such as blades of
turbines and propellers, are covered by this kind of volumes. E. Cohen et.al. [9] proposed the
concept of analysis-aware modeling, in which the parameters of CAD models should be selected to
facilitate isogeometric analysis. Approximate implicitization technique is used for parametrization
of computational domain in [26]. In [30], we consider optimal parametrisation of planar domains
for 2D isogeometric analysis. In this paper, we extend this approach to volumetric problems. A
method for generating optimal analysis-aware parameterization of computational domain for 3D

IGA problems is proposed based on shape optimization method.

3. A linear sufficient condition for injectivity of planar B-spline parameterization

The main idea of the isogeometric approach is to use the same representation for the geometry
and the physical solutions we are interested in. Schematically, the geometry € involved in the
physical problem can be a parametric volume in a three-dimensional space R3. Let us call x =
(x,y, z) the coordinates associated to this space. In our case, this geometry will be represented
by a parameterization ¢ for a domain P of the parameter space. Let us call u the coordinates of
this parameter domain, which could be of dimension 3 for a volume. This parameterization will
be given by B-spline functions with knots in P and control points in R3.

The concept of isogeometry consists in representing the physical quantities ® € RP on the
geometry {2 using the same type of B-spline representation as for the geometry 2. In other words,
given a point x = o(u) €  with u € P, we associate to it the physical quantities ®(u) where
®(u) is a B-spline function with nodes in P and control points in RP. This means that the map
x € Q) — ® € R? is defined implicitly as x — ® o 0~ 1(x).

Consequently, the framework of isogeometry is thus valid when the parameterization o of the
geometry is injective (or bijective on its image). We are going to describe sufficient and easy-to-

check conditions for the injectivity of o. We will consider this problem in the context of finding



a “good” parameterization of a domain when its boundary is given. In [23], a general sufficient

condition is proposed for injective parameterization.

Proposition 1. Suppose that o is a C' parameterization from a compact domain P C R™ with
a connected boundary to a geometry @ C R™. If o is injective on the boundary OP of P and its

Jacobian J, does not vanish on P, then o is injective.

For a parameterization o from [a, b] x [c, d] x [e, f] to © C R3, we define the boundary surfaces as
the image of {a} x[c, d| x[e, f], {b} x[c,d]x[e, f], [a, b] X [c, d]| x{e}, [a, b] x[c,d]x{ [}, [a, b] x[e, f]x{c},
[a,b] x [e, f] x {d}, by 0. We say that o defines a regular boundary if these surfaces do not intersect
pairwise, except at their end curves and if they have no self-intersection.

As a consequence of the previous proposition, we get the following injectivity test for standard

trivariate B-spline parameterization of a 3D computational domain.

Proposition 2. Let o be a C' parameterization from [a,b] x [c,d] X [e, f] to Q C R which defines

a regular boundary. If its Jacobian J, does not vanish on [a,b] X [c,d] X [e, f], then o is injective.

These tests involve injectivity conditions on the boundary, which can be checked recursively us-
ing the same techniques, non-intersection tests for boundary curves and surfaces which are provided
for instance by geometric (subdivision) algorithms and the local injectivity condition correspond-
ing to the non-vanishing of the Jacobian. This last condition requires to test on all the domain (2
that the Jacobian does not vanish. Hereafter we propose a sufficient and easy-to-test condition to
ensure the local injectivity condition.

We consider the case of a trivariate parameterization

c:ueP:=][ab] x|e.d x[e, f] = o(u) := > cijxNijx(u),
0<i<l4,0<,5<I2,0<k<lI3

where ¢; ;1 € R3 are the control points and N; jr(u) are the B-spline basis functions. The derivative
of o(u) with respect to u; can be expressed in terms of the differences Ail, ik = Citljk — Cijk

1 1 1
Oy, 0(u) := Z wi,j,kAi,j,kNi,j,k(u)’

0<i<l1—1,0<5<l2,0<k<lI3

where NZ-]L ik is the B-spline basis function with one degree less in uy, wil ik is a positive factor. We

Al
denote by Ci(c) the convex cone of R? generated by the half rays R - ﬁ
i,J,k
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Similarly, the derivative of o(u) with respect to ug can be expressed in terms of the differences

2 I .
A7k = Cigaik — Cigk

2 2 2
Ouyo(u) := Z wi i kA7 kN7 (1),

0<i<ly,0<5<l2—1,0<k<lI3

where Nizj i is the B-spline basis with one degree less in uy, w? ;i 18 a positive factor. We denote
2

AZ .
by Ca(c) the convex cone of R? generated by the half rays R - ﬁ
i,7,k

Similarly, the derivative of o(u) with respect to us can be expressed in terms of the differences

3 o .
A7 = Cijk+1 — Cijk:

— 3 3 3
Ouzo(u) := E wi,j,kAi,j,kNi,j,k(u)a
0<i<11,0<5<12,0<k<I3—1

where Ni?:j,k is the B-spline basis with one degree less in us, wi j & 18 & positive factor. We denote
by Cs(c) the convex cone of R? generated by the half rays R - HigijZII If this cone is generated by
two opposite vectors, which are on a straight line, we define C;(c) 7ays any half-space. For a cone C,
we denote by C* the cone without the origin 0.

We say that two cones Cy,Cy are transverse if R-C; and R - Cy intersect only at {0}. We say

that three cones Cq,Cs,Cs are cotransverse if
e ( is a vertex of the convex hull of Cq,Cs, Cs;
e the convex hull of the cones C;,C; and the cone Cj, are transverse for all {3, j, k} = {1,2,3}.

Notice in particular that if C1,Cy,C3 are cotransverse, then C;,C; are transverse for 1 <17 # j < 3.

This definition implies the following result:

Lemma 1. If three convex cones C1,Co,C3 are cotransverse, then |uj,ug,us| has a constant sign

for all u; EC{, us EC;, us EC;.

Proof. As the cones C1,C2,C3 are convex, the set Cy, C3, C; are connected. Thus the lemma is
proved if we can show that |u;, ug, us| # 0 for all u; € Cf, ug € C3, uz € C5.

As 0 is a vertex of the convex hull of Cy,Cs,C3, there exists a plane Hy such that Yu € C;
i=1,2,3, Hy(u) > 0.

As the convex hull of the cones C;, C; and the cone Cj, are transverse for all {7, j, k} = {1,2, 3},

there exist a plane Hy, such that Vu € C; UC;, Hi(u) > 0 and Vu € Cj;, H(u) <0.
6



Suppose that there exists u; € Cj, uy € C3, uz € C3 with |u;,uz,ug| = 0. Then there exists
a1, a9, a3 € R not all zero, such that aju; + asus + agug = 0.

If one of the o is zero, then the cones C; and Cy, (for {i,7,k} = {1,2,3}) cannot be transverse,
which is excluded.

If all a; have the same sign (say «; > 0), then
Hg(a1u1 + asug + 043113) = OqHO(ul) + CYQHQ(HQ) + O(3H0(ll3) > 0.

This is not possible if aju; + asus + aguz = 0.
If the «; have not the same sign, then one has a sign (say a; < 0) and the two other have the

opposite sign (a; > 0, > 0 for {3, j,k} = {1,2,3}), then
Hi(azu; + ajuj + ogoug) = o Hi(wg) + a;H(uj) + o Hi(uy) > 0.

This is not possible if aju; + asus + azuz = 0.
We deduce that for all u; € Cf, up € C3, us € C3, the vectors uy, ug, us are linearly independent

and |up, ug, us| # 0. O

Proposition 3. Let o be a trivariate B-spline parametrisation, which is at least C1 from P =
[a,b] x [c,d] x [e, f] to @ C R3 given by the control points c. If the boundary surfaces do not
intersect and have no self-intersection point and the cones Ci(c),Ca(c),Cs(c) are transverse, then

o is injective on P.

Proof. We check first that the transversality of the cones C;(c),Ca(c),C3(c) implies that the Jaco-
bian of ¢ is not vanishing. This Jacobian J,;(u) is obtained by taking the determinant |0y, 0, Ou,0, Ou, 0|
which expands as
1 2 3 12 3 1 2 3
Z Z Z |Ai7j7k’Ai/,j’,k’?A’i”,j”,k” wi,j,kwi’,j’,k’wi”,j”,k”Ni,j,k(U)Ni',j/,k’(U)Ni”,j“,k”(u)~

0<i<ly—1, 0<i'<ly, 0<i"<ly,

0<j<l2, 0<j'<lz—1, 0<j"<la,

0<k<ls 0<k/<l3 0<k"<I3—1

As the cones Ci(c), Ca(c) and Cs(c) are cotransverse, by lemma 1 we deduce that the de-

1

terminants |A;

A?,J,’k,, A?”,j”,k”| have a constant sign for Az-l’j’k € Ci(c), A?’,j',k’ € Cy(c),
A3, g € C3(c). As the basis functions and the factors are positive, the Jacobian J,(u) can-
not vanish at u € G, except if all the Ni{m(u) ]\737]4,7141,,(u)7 Nf},d,/’k,, (u) vanish, which is not possible.

The map o is locally injective on P. By Proposition 2, we deduce that o is globally injective

onP. O O



(a) cotransverse cones (b) non-cotransverse cones

Fig.1. Injectivity test by cones.

Another type of conditions has been used in [17] or [27] to check the injectivity of a trivariate
parametrisation. It involves computatation of circular cones and the analysis of vector products of
such circular cones. The one we propose is simple and leads to linear constraints for the interior
points as we will see.

Fig.1 shows two examples of the injectivity testing method.

3.0.1. Linear constraint for injectivity.

This condition can be used to devise an algorithm which constructs an injective trivariate B-
spline parameterization from given boundary control points. Given six boundary surfaces described
by the controls points ¢; o Ci s k> €0,5,k> Ciy,j,k> Ci,j,05 Cijls, With 0 <4 <11,0 < j <l12,0 <k <3,
we define the boundary cone C(c) (resp. C3(c), C9(c)) as the cone generated by the vectors
A%,j,o(c)a A},j,lg(c) for 0 <i <13 —1,0<j <ly (resp. Agyjyk(c), A?27j7k(c) for0<j<lp—1,0<
k <ls, A?&k(c), A?,b,k(c) for 0 <i<1;,0 <k <l3—1). We assume that these boundary surfaces
form a regular boundary and that the three boundary cones C9(c), C9(c), CI(c) are cotransverse.

Given six boundary B-spline surfaces, the linear constraint condition for injective trivariate
B-spline parameterization can be derived such that the three cones constructed from the first

derivative vectors are cotransverse.

As the boundary cones C)(c), C3(c), CI(c) are cotransverse, we can find

e a plane Hj such that Vu € C?’*(c) (1=1,2,3), Ho(u) > 0, and



e a plane Hj such that Yu € C?’*(c) U C?’*(c), Hi(u) > 0 and Yu € Cg’*(c), Hi(u) < 0 for
{i,5,k} ={1,2,3}.

Such separating planes can be deduced easily from convex hull computations of finite sets of vec-
tors, which are generating the cones C?(c), C9(c), C3(c) or their unions. Such construction can be
considered as the trivariate generalization of the work in [22]. Based on above construction, the lin-
ear constraint conditions of inner control points with injective trivariate B-spline parameterization

can be presented as follows,

Ho(cit1,56 — Cijk) > 0, Hi(Civ156 — Cijjk) < 0, Ha(Cit1,56 — €ijk) > 0, Hy(Civ1 5k — Cijk) > 0,
Ho(cijr1k — Cijk) > 0, Hi(Cijr1k — Cijk) > 0, Ha(Cijy1k — Cijik) <0, Ha(Cijy1k — Cijik) >0,

Ho(cijr+1 — Cijk) > 0, Hi(Cijrr1 — Cijr) > 0, Ha(Cijrr1 — Cijk) > 0, H3(Cijrt1 — Cijr) <O,

where 0 <7 < 11,0< 5 <2,0< k <3.
These conditions provide an easy-to-check method for the injectivity of a parameterization. In

Section 5, we will employ it to check the injectivity of an initial parameterization.

4. Isogeometric analysis and parameterization of computational domain

In this section, we aim at presenting the reasons why solutions from IGA depend strongly on

the choice of the parameterization. This will be illustrated on a heat conduction problem.

4.1. Test model — heat conduction problem

Given a domain 2 with I' = 0Qp U0, we consider the following thermal conduction problem:

V(k(x)VT(x)) = f(x) inQ

T(x) = Tp(x) on 9Qp (1)
or
on

K(x)=—(x) = Pp(x) on Iy,

where x are the Cartesian coordinates, T' represents the temperature field and x the thermal con-
ductivity. Dirichlet and Neumann boundary conditions are applied on dQ)p and 9y respectively,
To and @ being the imposed temperature and thermal flux (n unit vector normal to the bound-
ary). f is a user-defined function that allows to generate problems with an analytical solution, by

adding a source term to the classical heat conduction equation.



Fig.2. Interface for isogeometric solver in AXEL.

According to a classical variational approach, we seek for a solution T € H'(f2), such as

T(x) = Tp(x) on 9Qp and:

/ V(r(x)VT(x)) (x) d = / F(x) (%) dQ Vi € B, (9),
Q
where 1(x) are test functions. After integrating by parts and using boundary conditions, we obtain:
- [ 9T Vit s [ a0 v dr = [ 1) vix) a0, )
N

According to the IGA paradigm, the temperature field is represented using B-spline basis
functions. For a 3D problem, we have:

ni TNy ng

TEnC) =YY Y NP N () NIH(C) T,

=1 j=1 k=1

where Nj functions are B-Spline basis functions and u = (£,7,() € P are domain parameters.

Then, we define the test functions ¥ (x) in the physical domain as:
Niji(x) = Niji o 0 (w9, 2) = Nij(&,m, ¢) = NFH(&) N () NE*(Q).

The weak formulation Eq. 2 reads:

Ny MNg

ZZZTM/ X)V Nyst(x) V Nijp(x) dQ:/m ®o(x) Nijr(x) dT' — /f Niji(x) d€.

r=1 s=1 t=1
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Finally, we obtain a linear system similar to that resulting from the classical finite-element

methods, with a matrix and a right-hand side defined as:
Mijgrst = / K(X)V Nyt (x) V Nyji(x) d2

Q

= / k(T (1)) VuN,st(u)B(u) ' B(u) VyNyg(u)J(u) dP
P

Sijk: _/ CI)O( ) ’ij‘ dF—i—/ f z]k dQ
0N
— - [ ®(T(w) Nu(w(w) df + / FOT () Rig(w)T(w) dP.

where J is the Jacobian of the transformation, BX is the transposed of the inverse of the Jaco-
bian matrix. The above integrations are performed in the parameter space using classical Gauss
quadrature rules.

Starting from a trivariate B-spline parametric volume as computational domain, a general
framework of an isogeometric solver for heat conduction problem (1) has been implemented as
plugins in AXEL', yielding a B-spline parametric volume with 4D control points as solution field.
This plugin is written in C++ and QT, and has nice user-interface as shown in Fig.2. The vi-
sualization tools of analysis results are implemented as a part of the isogeometric toolbox of the

project EXCITINGZ.

4.2. Isogeometric analysis with different parameterization

As mentioned above, given six boundary B-spline surfaces, we can construct various trivari-
ate B-spline parametric volumes with different parameterizations. For Example I in Fig. 3, we
present two kinds of parameterization for a computational domain Q(z,y,z) = [0,6] x [0,6] x
[0, 6] represented by cubic B-spline volumes, where the knot vectors in &, 1 and ( directions are
{0,0,0,0,1,2,3,4,4,4,4}. Fig. 3 (a) and Fig. 3 (b) present two different placements of inner
control points, Fig. 3 (c¢) and Fig. 3 (d) show the isoparametric surfaces on the computational
domain with respect to different placements of inner control points.

We test these two parameterizations on the heat conduction problem (1) with source term

2
fla,y,2) = = sin(50) sin( %) sin( 5

—sin( ) 3)

"http:/ /axel.inria.fr/
http://exciting-project.eu/

11



(a) control point placement I  (b) control point placement II

(c) isoparametric surfaces I~ (d) isoparametric surfaces II

Fig.3. Two different parameterizations of computational domains.

For this problem with boundary condition To(x) = 0 and ®g(x) = 0, the exact solution over the

computational domain [0, 6] x [0, 6] x [0, 6] is

T(x,y,2) = sin(%x) sin(%y) sin(%z). (4)

Fig.4 (a) show the approximate solution field with respect to parameterization I; Fig.4 (b)
show the approximate solution field with respect to parameterization II. In Fig.4 (c), the exact
solution field are presented. Obviously, parameterization I is better than parameterization II for
this specified heat conduction problem.

Refinement via knot insertion is an efficient operation to improve the result of isogeometric

analysis. We compare the error history during refinement operation for these two different param-
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Fig.4. Simulation results and exact solution: (a). solution field of parameterization I ; (b). solution field of

parameterization II ; (c). exact solution field; (d). error analysis with the curve (log M, loge), where M is the cube

root of number of control points in each refinement.
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eterization in Fig.4 (d). The error is computed in relative Ly norm as follows [24]

e_\/fQ T(T — T)dQ

o TT TdS

where T is the exact solution and T is the approximate solution. From Fig.4, we see that different
parameterizations have different impact osn the final result after refinement operation. Though
the convergence rates of the two different parameterization are in good agreement with theoretical
convergence (4 for cubic parameterization), for an error value about 4 x 10, parameterization I
requires 19 x 19 x 19 control points, and parameterization II requires 35 x 35 x 35 control points.

The above example and its analysis show that good parameterization of computational domain
is a key issue for IGA. In the next section, we will propose a shape optimization method to construct

optimal parameterization of a computational domain.

5. Optimization method for parametrization of computational domain

5.1. Problem statement

The problem studied in this section can be stated as follows: given six boundary B-spline
surfaces, find the inner control points such that the trivariate B-spline parameterization of a com-
putational domain is optimal for an IGA problem with known exact solution. The extension of
the proposed method to isogeometric problems without known exact solution is one of our ongoing

work.

5.2. Shape optimization method

The shape optimization problem consists in finding the shape which is optimal in that it mini-
mizes a certain cost function while satisfying given constraints. The purpose of shape optimization
in CAE is to optimize the CAD object for some physical problem, and the design variables are the
control points of the CAD object. For 3D isogeometric shape optimization problems, the design
variables are the control points of boundary B-spline surfaces.

Inspired from the idea of shape optimization, in order to obtain optimal parameterization of
computational domain, we should let the inner control points, rather than boundary control points,
be the design variables for the shape optimization, and find the best placement of inner control

points to make the value of a cost function as small as possible.
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Fig.5. Boundary control points for | = m =n = 2.

5.2.1. Initial construction of inner control points.

For the shape optimization problem, we need to construct an initial placement of inner control
points as starting point in the iteration process. In this paper, we propose discrete Coons method
for parametric volume generation from given boundary surfaces, which is a trivariate generalization
of the method proposed in [16]. For B-spline volume generation, the inner control points can be
obtained by the linear combination of the boundary control points.

Suppose that given boundary surfaces are B-spline surfaces, the opposite boundary B-spline
surfaces have the same degree, number of control points and knot vectors. If the boundary control

points are given as shown in Fig.5, then the interior control points P;;; can be constructed as

15



follows,

Pijr = (1—i/)Pojr+i/lP1jr+ (1 —3/m)Piok+j/mPimk

P Py, 1—4/m
(1= k/n)Pijo+k/nPij, —[L—ijlify) | = O0F TomE il

Pioi Pk j/m
P, P, 1—-%k/n
_[1 _ ]/m,j/m} ,0,0 4,0,n /
Pi,m,O Pi,m,n i k/n
Pqy P, 1—14/l
(1= k/mkym) | TO0 Prio /
Pojn Prjm | | i/l ]

Pooo Pomo 1—j/m

(1= k/n) |[1—i/L,i/]

Pioo Pimpo | | J/m

PO,O,n PO,m,n 1 _j/m

Pl,O,n Pl,m,n J/m

+k/n |[1—id/l,i/l]
Then the corresponding B-spline volume has the following form

I m k
o(&mC) =D > > PijrNi(©)N;(n)Ni(Q).

i=0 j=0 k=0

where N;(£), N;(n) and Ni(¢) are B-spline basis function with knot vectors given by boundary
surfaces. Fig.6 presents an example of resulted Coons volume by this method.

Remarks 2. Since the sum of the coefficients equals 1, the resulting inner control points lie in the
convex hull of the boundary control points.

Remarks 3. For some given boundary surfaces, this construction may cause some self-intersections,
and lead to an improper parameterization for IGA. We use the linear injectivity condition proposed
in Section 3 to check the injectivity of initial parameterization. If it does not satisfy the condition,

the linear programming method is used to produce another initial parameterization.

5.2.2. Optimization method.

In the proposed approach, we minimize the error computed from the IGA solution and the exact
solution, by moving inner control points of the computational domain. Therefore, we consider the
coordinates of the inner control points as optimization variables and the error of the IGA solution

as cost function. The optimization algorithm used for this study is a classical steepest-descent
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(c) B-spline control lattice (c) Iso-parametric surfaces

Fig.6. B-spline Coons volume.

method in conjunction with a back-tracking line-search. For this exercise, the gradient of the cost
function is approximated using a centered finite-differencing scheme.
Each iteration k of the optimization algorithm can be summarized as follows, starting from a

point xj in the variable space, we perform the following operations:

1. Evaluation of perturbed points xp + eey;

2. Estimation of the gradient V f(zy) by finite-difference;

3. Define search direction dy = —V f(z1);

4. Line search : find p such as f(zx + pdi) < f(xg);

These steps are carried out until a stopping criterion is satisfied.

5.3. Examples and comparison
In this section, we will present some parameterization results and compare them with the initial

solution with respect to the heat conduction problem (1).
17



5.8.1. Example II .

The second example is for the parameterization of the domain 2 = [0,3] x [0, 3] x [0, 3] by
cubic Bézier surfaces. The corresponding source term and exact solution is presented in (3) and
(4). The parameterization result and comparison with initial parameterization are shown in Fig.7.
The initial error is reduced by 20.34% as shown in Fig.7 (e). The final parameterization is clearly

better than the initial parameterization during refinement operations as presented in Fig.7 (f).

5.3.2. Example III .

The next example is for the parameterization of the domain
Vz,y,2) = {(z,9,2)| 1<y <2’,0<2<1,0< 2 <1}

by trivariate Bézier volume with degree 3 x 6 x 3. The parabolic ruled surface is represented
by degenerate bicubic Bézier surface. For the problem with boundary condition To(x) = 0 and

®g(x) =0 in (1), we can construct an exact solution T'(x,y, z) as follows
T (z,y, z) = sin(r(y — 2°)) sin(7z) sin(ry) sin(rz).

The initial placement of inner control points is produced by the discrete Coons method as shown
in Fig.8 (a). The final parameterization results and some comparisons are also shown in Fig.8. We
can find that there are some self-intersections on the control lattice in Fig.8 (b). However, there is
no self-intersection on the final parameterization as shown in Fig.8 (c¢). During the optimization,
the initial error is reduced by 6.61% as shown in Fig.8 (g). The error history during refinement
operation is presented in Fig.8 (h). For an error value about 3 x 10~%, initial parameterization

requires 5 X 5 x 11 control points, and final parameterization requires 11 x 11 x 35 control points.

5.8.5. Example IV .

The final example is for the parameterization of the domain € = [0, 6] x x[0, 3] x [0, 3] by cubic
B-spline surface with knot vector {0,0,0,0,1,2,3, 4,4,4,4} in the £ direction and knot vector
{0,0,0,0,1,1,1,1} in the n and ¢ directions. The corresponding source term and exact solution
is presented in (3) and (4). The initial placement of inner control points is non-uniform as shown
in Fig.9 (a), and the final parametrization result and some comparison are also shown in Fig.9.
During the optimization, the initial error is reduced by 2.34% as shown in Fig.9 (g). The error

history during refinement operation is presented in Fig.9 (h).

18



\
=
|

|

0.846303
= 0916774
0761673
| 0825097
| 841742
0507782
| 0550064
0423151 |
| 0458387
0.338521 |
| = 0.36671
253891 |
| 0275032
0.169261 |
| e 0.183355
00846303 "
= 00916774
0
0
£ 0.1 T T T - 2
rror
log(e) initial
0.09f 8re
s - - - - optimal
0.08 -
-5
0.07}
-6
0.08}
-7t
0.05
-8
0.04f
-9
0.03 1ol
0.02} il
0.015 2 4 6 8 10 -2 15 2 25 : 35 4
Iteration number log(M)
(e) error history during the (f) error history during the refinement
optimization process process

Fig.7. Example II.

19



2
g

4
-y

ié
1L
1l

(a) initial control lattice (b) final control lattice (¢) final iso-parametric surfaces
1

i
4|
i
P
1

|

1.30747 0.740016 0.891691

1 1.07912 0.626211 0.760382

[ 0850773
I
[ 0622425

] 0620074

512406

0.497765

.3986

0394077 0284795 0.366457

0165729 017099 0235148

.0.0626186 00571845 0.10384

-0.290967 -0.0566207 1 -0.0274687

0519314 -0.170426 Lmerry

0747662 Q2p2m 0290086

0.97601 -0.398036 -0.421394

(e) final solution field (f) exact solution field

1
log(e)
0

initial

- - - - optimal
-1

(] 2 4 6 8 10 45 2 25 3 35
Iteration number log(M)

(g) error history during the optimization  (h) error history during the refinement process

Fig.8. Example III.
20



7

2

5

— /?7

——

—— |
—

(a) initial control lattice

P — +
— T i — »a
2 = 7 == ) — 2 4

v

1V/1]
4

|

S
/

(c) final control lattice

(e) final iso-parametric surfaces

Error

0.5r

0.4r

0.3f

0.2f

0 2 4 6 8 10
Iteration number

(g) error history during the optimization

(f) exact solution field

log(e)
-1

-2

-3

-5

-6

initial

- - - - optimal

Fig.9. Example IV.
21

35
log(M)

0.540917
0432533
B 0324148
0215763
0.107379
-0.00100589
-0.10939
0217775
-0.32616
-0.434544

-0.542929

0595833

0.476617

=1 0.357401

0238185
0118969
-0.000246942
-0.119463
-0.238679
-0.357895
047711

0596326

0696133
0556635
g 0417137

1 0277630
0138141
00013572
-0.140855
-0.280353
0.419852
-0.55935

-0.698848

(h) error history during the refinement process



6. Conclusion and future work

Parameterization of computational domains is the first step in an IGA process. In this paper,
we show that for different parameterizations of a 3D computational domain, significantly different
simulation results can be obtained. Based on this observation and inspired by shape optimization,
an approach for optimal parameterization of 3D computational domain is proposed for problems
with exact solution. We also proposed a linear and easy-to-check sufficient condition for injectivity
of trivariate B-spline parameterization, and a B-spline parametric volume construction method
from given boundary surfaces. Several examples are presented to illustrate the effectiveness of the
proposed method.

The construction of an optimal parameterization of 3D computational domain for general
problem, in which the exact solution is unknown, is also a part of our ongoing work. One possible
way is to find a proper a posteriori error estimation method for IGA, and perform the optimization

based on this estimation. We will discuss this topic in another paper.
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