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Abstract—A variational algorithm for the construction of 3D Delaunay meshes in implicit domains
with a nonsmooth boundary is proposed. The algorithm is based on the self-organization of an elastic
network in which each Delaunay edge is interpreted as an elastic strut. The elastic potential is con-
structed as a combination of the repulsion potential and the sharpening potential. The sharpening
potential is applied only on the boundary and is used to minimize the deviation of the outward normals
to the boundary faces from the direction of the gradient of the implicit function. Numerical experi-
ments showed that in the case when the implicit function specifying the domain is considerably differ-
ent from the signed distance function, the use of the sharpening potential proposed by Belyaev and
Ohtake in 2002 leads to the mesh instability. A stable version of the sharpening potential is proposed.
The numerical experiments showed that acceptable Delaunay meshes for complex shaped domains
with sharp curved boundary edges can be constructed.
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INTRODUCTION

There is a large class of problems in which the computational domain is specified implicitly as a isolevel
surface of a function. There are various methods for the generation of such functions. In particular, R-functions
(see [1]) make it possible to construct domains of a complex shape by combining implicit functions of ele-
mentary domains using Boolean operations.

There exist efficient algorithms for constructing tetrahedral meshes in implicit domains. Typically,
instead of specifying the domain boundary explicitly, these algorithms use a fast algorithm for the calcu-
lation of the intersection point of this boundary with an arbitrary straight segment. In [2], a fast algorithm
for the construction of tetrahedral meshes with a theoretical guarantee of quality in the case of domains
with a smooth boundary was proposed. In [3, 4], an algorithm for constructing meshes in implicit
domains was described. In this algorithm, the vertices of the 3D Delaunay mesh are lifted to the surface
of a paraboloid of rotation forming a convex polyhedron in the 4D space inscribed in the paraboloid of
rotation. The difference between the volume of the paraboloid of rotation and the volume of the inscribed
polyhedron is used as a functional describing the distortion of the Delaunay mesh. When this functional
is minimized, the Delaunay mesh is self-organized both due to the displacement of the mesh vertices and
rebuilding the mesh connectivity structure. In [5], the implicit representation of the domain is used for
the construction of hexahedral meshes in a domain and quadrilateral meshes on a surface.

The starting point for the present work is the paper [6], where a simple algorithm for the construction
of 2D and 3D Delaunay meshes was proposed. This algorithm was implemented as a one page long code
in MATLAB. The idea of the algorithm in [6] is as follows. All the mesh edges are interpreted as elastic
struts with a given distribution of length, and the mesh construction is reduced to the construction of an
equilibrium state of the elastic network. The target edge lengths are specified such that the struts are
slightly compressed in the equilibrium state. The mesh vertices that move out of the domain in the process
of relaxation are projected back onto the domain boundary. If the Delaunay property is violated in the
process of relaxation, the mesh is rebuilt to restore it. The implicit domain is represented by signed dis-
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tance from the boundary. A remarkable property of this algorithm is the topological regularity of the
resulting meshes even in the case of chaotic initial approximations.

In [7, 8], an algorithm that can be used for domains with a nonsmooth boundary was proposed. This
algorithm makes it possible to automatically reproduce sharp boundary edges as a subset of the mesh
boundary edges using special sharpening forces, which were proposed for the visualization of implicit
domains in [9]. No a priori sharp boundary edge specification or detection is necessary.

In this paper, we show that the self-organization algorithm can be implemented as a solution of a vari-
ational problem and propose a modification of the sharpening force that can be used for implicit functions
that strongly deviate from the signed distance functions. In this case, the original sharpening terms from
[9] lead to numerical instability.

Note that there is an alternative approach to the generation of tetrahedral meshes in implicit domains
with nonsmooth boundaries. In this approach, the boundary surface is first reconstructed by building a
polyhedron that approximates the boundary using edge sharpening algorithms, such as those used in [9, 10].
Then, the tetrahedral mesh can be obtained by successively applying surface mesh generation algorithms
and then 3D mesh generation algorithms (a review of such methods can be found in [11]). For this pur-
pose, algorithms that guarantee the construction of a tetrahedral mesh given a surface triangulation as
described in [12] can be used. In [13], this problem was solved using the advancing front technique, while
the tetrahedral mesh generation algorithm with a given boundary triangulation is used only in the subdo-
mains where the fronts meet.

In this paper, we do not consider the comparison with such a class of algorithms. The objective is to
demonstrate the ability of the self-organization algorithm to generate Delaunay meshes with automatic
edge sharpening for complex shaped implicit domains.

In various Delaunay mesh generation algorithms, typically a certain number of flat tetrahedra called
slivers appear. The removal of flat tetrahedra usually results in the violation of the Delaunay property.
In [8], a variational approach was used to remove slivers; it produces very good meshes that, however, do
not satisfy the Delaunay property. A review of the variational mesh optimization methods can be found
in [14].

1. DESCRIPTION OF THE SELF-ORGANIZATION ALGORITHM
FOR THE CONSTRUCTION OF MESHES IN IMPLICIT DOMAINS

Implicit domain specification. Consider a bounded domain Q < R3. We assume that the boundary of Q
is Lipschitz continuous and piecewise regular. Let a function u(x): R? — R be given such that the condi-
tion u(x) < 0 is satisfied at the interior points of the domain, and u(x) > 0 outside the closure of the
domain. We assume that u(x) is Lipschitz continuous, piecewise smooth, and its derivatives along a
nonsingular vector field that is transversal to dQ2 exist and are bounded away from zero in a finite layer .§
near 0€2. In fact, this assumption means that the behavior of the implicit function near the boundary is
qualitatively similar to the behavior of the signed distance to the boundary. This assumption can be for-
malized by requiring, e.g., that there exists a quasi-isometric mapping y(x): R3> — R3 such that y(Q) = Q,
and u(x) = d(y(x)), where d(y) is the signed distance function for the domain . The Lipschitz constant
for the signed distance function does not exceed unity, while the range of the Lipschitz constants for the
function u(x) is defined by the quasi-isometry constant of the mapping y(x). The case when the local Lip-
schitz constant changes abruptly across a sharp edge is the most difficult case from the computational
point of view because it can lead to the computational instability as shown in this paper.

Since the mesh generation technique proposed in this paper is heuristic, we do not use rigorous for-
mulations of the requirements for the domain.

Tetrahedral mesh in the implicit domain. Let us discuss what kind of 3D computational meshes gener-
ated by a mesh generation algorithm can be considered to be acceptable. The 3D domain 2 specified by
the inequality u(x) < 0 is approximated by a polyhedron Q, with the boundary 0Q, consisting of planar
triangles glued along their whole edges. Inside Q,, a normal tetrahedral partition J is constructed such
that the set of its boundary triangles is a subset of the faces of this partition. Furthermore, it is required
that the surface 92, be pointwise convergent to dC2 as the size of the boundary mesh edges tends to zero.
In addition, it is required that the piecewise constant field v, of the unit normal vectors to d€), be conver-
gent to the piecewise continuous field of the unit normal vectors v to the surface 0Q). The parameter /4 plays
the role of cells size; i.e., it is assumed that the maximum edge length in the mesh J does not exceed Ch,
where C is a constant.
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GENERATION OF DELAUNAY MESHES IN IMPLICIT DOMAINS 1903

Thus, it is assumed that there exists a homeomorphism ,,: R3 — R3 such that y,(Q,) = Q, y,(0Q,) = 0Q,
and (a) for all p € 0Q),,, it holds that |p — y,(p)| — 0 as # — 0 and (b) for all p € Q, that do not belong to
the set of edges of 7, it holds that |v,(p) — v(y,(p))| = 0 as h — 0.

However, the numerical construction of such a homeomorphism is too computationally expensive; for
this reason, heuristic proximity measures are used.

The most popular approach to the computational mesh generation is as follows. First, a triangular sur-
face mesh approximating the boundary of the domain € is constructed, and then the 3D mesh decom-
posing the resulting polyhedron is generated. In the algorithm proposed in this paper, we use another
approach—the 3D mesh inside the domain and the boundary mesh are generated simultaneously.

Self-organization algorithm. The idea behind the self-organization algorithm of a point system is as fol-
lows. Using a mechanical analogy, assume that the mesh vertices are point masses that repulse from each
other thus modeling a hypothetical elastic medium. As a result of repulsion, a point can go beyond the
domain Q. The points that have been moved out of Q are projected back onto its boundary. As a result,
the algorithm produces a hypothetical “equilibrium” mesh in which all the forces acting on the point mass
are balanced. The repulsion forces must be chosen to make the elastic medium compressed in the equi-
librium state.

The spatial distribution of edge lengths of the computational mesh is given by the scale function f},(x):
R3 — R, f,(x) > 0, which can be interpreted as the target edge length at the point x. It was shown in [6]
that it is more convenient to use the relative scale function 4(x) > 1 that specifies the ratio of the edge
lengths at different points of the domain. Then, the absolute size is given by the function f,(x) = Mh(x),
where the coefficient M depends on the volume of the domain Q (which is typically not known a priori)
and on the fixed mesh size. The last dependence can be replaced by a dependence on the total number of
mesh vertices #n.

Assume that a set of points ‘€ = {p,, p, ..., p,} in R?is given. Denote by T (€) a tetrahedral Delaunay
partition without tetrahedra that do not belong to the computational domain. The union of all tetrahedra
in J makes up the polyhedron Q,,, which in general may or may not approximate the domain Q. Denote
by 7, the set of edges of the tetrahedral mesh and by %, the set of boundary faces. Denote by Pthe 3 X n
matrix where the ith column is the vector p,.

Let us associate with each mesh the elastic potential
W(P)=W.(P)+W(P),

where W,(P) is the vertex repulsion potential and W,(P) is the sharpening potential used to align the
boundary faces to make their normals codirectional with the gradient of the implicit function.

The repulsion potential is written as

WU(P)= Y wee),

eeT,
%M—Lﬁ, L< L,
0, L>1L,

we(e) =

where

L= |Pi - Pj|
is the length of the edge e and L(e) is the target length of e, which is given by the formula

Ly(@) = Mh( 1, + 1)

As an alternative, the logarithmic repulsion potential
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Quadratic potential
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Fig. 1. The quadratic potential for a single vertex.
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Fig. 2. The logarithmic potential for a single vertex.

may be used. The sharpening potential is written as

W(P)= Y w(/)

feF,

where the contribution of the boundary face fhas the form

3
_1_area(f) V(N
w(f) 2|VMLO(C)QE(@, ¢)"Vu(c))

i=l1
Here p,, p,, and p; are the vertices of the face f, ¢ = (p; + p, + p;)/3 is the centroid of this face, and
Ly(c) = Mh(c).

The behavior of the quadratic and logarithmic potentials is illustrated in Figs. 1 and 2, respectively. In
these examples, the elastic energy is a function of two 2D vectors—the constant vector p = 0 and the vari-
able vector (x,, x,)". The figures show the resulting function of two variables. The qualitative behavior of
the functionals is similar, but the logarithmic potential is singular and does not admit edges of zero length.
In the 3D case, the behavior of the functionals is qualitatively similar.

Figures 3 and 4 illustrate the behavior of the functionals in the case when six 2D vertices are given and
the seventh vertex is a variable vector x|, x, that is an interior vertex of the triangulation consisting of six
triangles. The bold lines show the domain where the Hessian matrices are positive definite.

The fixed points are situated at the vertices of the regular hexagon with the side equal to the target
length L divided by a factor of 1.2.

This simple illustration explains why the elastic mesh must be in a slightly compressed state. It is also
clear that, for the configuration consisting of six points, there exists an interior convexity zone around the
geometric center at which the minimum is attained.

An elastic mesh is said to be in the equilibrium state if, at the current value of the vertex matrix P, the
elastic energy W(P) attains the local minimum provided that the vertices of the faces in %, lie on the sur-
face u(x) =0.
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Fig. 3. The quadratic potential for a configuration consisting of seven vertices and the domain where the Hessian matrix
is positive definite.
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Fig. 4. The logarithmic potential for a configuration consisting of seven vertices and the domain where the Hessian matrix
is positive definite.

Therefore, the equilibrium state of the elastic mesh is a solution P to the variational problem
min W (P)
subject to the conditions
u(p,))<0, i=1...,n

The necessary minimum condition is the well-known Karush—Kuhn—Tucker (KKT) condition: there
exists a vector A = (A, ..., A,,)T such that

Ly (P) = min L, (P),

where

Ly (P) =W (P)+ Y Lu(p)
i=l
is the Lagrange function and A, are the Lagrange multipliers satisfying the complementary slackness con-
dition Lu(p;) = 0 and the dual feasibility condition A, > 0. The solution P also satisfies the constraints of

the original problem u(p;) < 0. If the functions W and u are smooth, the solution should satisfy the set of
differential equations

O_W_'_)L@_u

; =0.
op; op;
For the interior vertices, we have u(p,) < 0 and A, = 0, so that the standard stationarity conditions
op;
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are satisfied. The boundary vertices p; satisfy the equality u(p;) = 0, and the Lagrange multipliers satisfy
the inequality A; > 0. Here we assume that, due to the “compressed state”, the reaction force on the
boundary is nonzero.

Ifthe elastic energy and the function u(x) that specifies the constraints are not smooth, the subgradient
form of the KKT conditions should be considered. Taking into account the heuristic nature of the pro-
posed algorithm, we will not consider this version of the problem statement. In addition, the computation
of the tangent cones for irregular functions is too computationally expensive. In practice, the approxima-
tion of the gradient is calculated using a finite difference method. The coordinates of the boundary verti-
ces are found using the gradient projection technique: the points are moved along the antigradient of W,
and if they travel beyond the domain boundary, they are projected back onto this boundary. The fairly
complicated set of heuristic rules described below can be interpreted as a subgradient version of the min-
imization algorithm.

As a result, the self-organization algorithm is formulated as follows. Let the initial matrix of vertex
positions PP be given.

Fork=0,1, ...

(a) for the vertex matrix P¥, the tetrahedral Delaunay partition is constructed;

(b) the tetrahedra that are not in Q are removed using a special set of criteria, the resulting mesh is

denoted by J%, and the set of its boundary faces by @’Z;

(c) one step of the algorithm of conditional minimization of the elastic energy by the displacement of
vertices is made:

P =argminW (V' (P* + t5PY))), P* =v(P* +155PY),

where 8 P¥ is the matrix of the minimization direction.

The operator V' projects each vertex p lying outside the domain onto the surface u(x) = 0 using the sim-
ple iterative algorithm

m m u(p"Vu(p"
P = - o M) 0
V™)
Here the parameter m is the index of the local iteration. If u(x) is a linear function and t;, = 1, formula

(1) describes the normal projection on the plane u(x) = 0. In the general case, iterations (1) should be

repeated until the deviation of the point p™ from 0Q2 becomes less than a threshold €,. In practice, this is
reduced to checking the inequality

ju(p™)| < €[Vu(p™), 0

where € = 10~ can be considered as the accuracy of projection.

The elastic relaxation and the mesh connectivity reconstruction are alternated until the minimum of
the functional is attained on a Delaunay mesh or a stopping criterion (the quality of the mesh and the
quality of the boundary approximation are sufficiently good) is fulfilled.

The energy minimization procedure seems to be conventional; however, the computation of the min-
imization directions is based on intricate empirical rules that are responsible for the stable reconstruction
of sharp edges.

In order to calculate the gradient of the elastic potential, the contribution from all edges and all bound-
ary faces of the mesh must be summarized:

oW _ ow,(e) ow,(f)
op; Z op; ! Z op; .

eeT i pieV(e) SeF :pieV(f)
Here V'(Q) is the set of vertices of the geometric object Q.

Let us write out the derivative of the local potential for the boundary face:

3

>, —0)'e)’
ow, _area(f) T j=1 Oarea(f)
—=—g( i T ) &+ :
b L) T T T ey o
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For simplicity, the dependence of the gradient direction g(¢) = Vu(c)/|Vu(c)| on p; is neglected. Fur-
thermore, as will be shown below, the second term on the right-hand side of this formula is dropped as
well when the minimization direction is calculated.

The derivative of the quadratic potential on the edge e = (p,, p,,) With respect to the vector p, has the
form

L
awt_(r~f}m—pm, L<L,

P o, L>1L,

while the derivative of the logarithmic potential is

L)L
% _ (1 _fojfo(pl - pm)’ L< LOa
o o, L>1L,

Numerical experiments showed a certain advantage of the logarithmic potential over the quadratic
potential. In particular, the use of the logarithmic potential seems to lead to a more efficient self-organi-
zation process, especially when the initial mesh vertices are concentrated in a wrong region.

It is convenient to introduce the so-called “repulsion forces” and “sharpening forces,” which simply
indicate the contribution of the repulsion and sharpening potentials, respectively, to the minimization
direction vector.

Dropping details, these “forces” can be defined by

ow, ow.
_1adv (PY _1a

dg’j op; dS’j op;

k
i (P") = F.(p) + F(p).

This formula implies that the gradient of the repulsion potential and the gradient of the sharpening
potential are scaled independently of each other. This seems strange, but in fact this is a consequence of
the assumption that the repulsion and sharpening gradients are orthogonal. Therefore, this formula is a
simplified version of matrix scaling. The scaling factors are calculated using estimates of the second-order

derivatives of the potentials. In practice, these gradients are not orthogonal, but the formula above turned
out to be effective.

In our elastic model, the motion of the vertices is governed by the relaxation model rather than by
Newton’s law; therefore, the forces defined above are speculative. However, their use helps understand
the algorithm’s behavior.

To write out the final expressions for the calculation of the forces, it is useful to introduce the following
notation.

Let star,(p;) denote the set of the mesh edges outgoing from the vertex p,, and star(p;) denote the set of
vertices of these edges without p,. It is also useful to introduce the concept of the vertex star of the surface:

star}(p,-) is the set of all boundary faces adjacent to the boundary vertex p;, star, (p;) is the set of edges, and

star’(p;) is the set of boundary vertices of the star. In all cases, it is assumed that, in each boundary star, its
elements are ordered around p; counterclockwise as seen from the outside of the domain.

Then, for the interior vertex p,, we have

Z d.(pis PP —p))

F(p) = 2=,
Z (I)e(pi’pj)

pjestar p;

where

L L
O(pip)) = (—0 - 1)—", L=|p—p,

1
, L :Mh(— .+ )
L L 0 2(p 2
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On the boundary, this formula is modified as

> 0 P y(pi = )
F(p)) = -2

z (I)e(pi’ p_/)

pjestar p;

The operator IT;; in this formula is defined by

pi—Dj, p;&star’(p,),
(I =vv))(p; — p;)+max(0,v; (p; — p;))V;,

where the vector v; is the discrete unit outward normal to the boundary mesh at the vertex p,. It is calcu-
lated by the angular averaging of the normals to the adjacent triangles:

D> (V)

festar}(p,)
VvV, = — ,

D> (V)

Sestary(p;)

Hij(pi - Pj) = {

where v(f) is the unit outward normal to the face fand a,(f) is the angle of fat the vertex p;. This represen-
tation of the operator I1; eliminates the possibility that the repulsion force will push the boundary vertex
inside the domain, which otherwise would be possible on a concave or saddle-like surface.

Another modification of the repulsion force is used when an edge of a Delaunay tetrahedron is posi-
tioned as an internal strut between the opposite sides of the acute wedge near its tip. For each acute wedge,
a dilatation is specified that “opens” this wedge, i.e., makes it less acute. Consider an internal Delaunay
edge e belonging to the Delaunay tetrahedron 7, and assume that both vertices p; and p, of this edge lie on
the domain boundary. Let the gradients « at these vertices be contradirectional in the following sense. For
the vertices p, and p,, we specify a set of directions of the gradients G, and G, that includes Vu(p,)/|Vu(p;)|

and Vu(c(f))/|Vu(c(f)|, f € star;(p;); i.e., in addition to the direction at the vertex itself, the directions of
the gradients at the centroids of the adjacent faces are used.

Now, we calculate the directions g and g3 as the most contradirectional ones:

Z(gl,g5) =max £(g,,8,), & <G, & €G,, (3)

oD =n— Lg, g5). If the maximal angle is greater than 37/4, then a special stretching coefficient & is
calculated. Otherwise, we set k = 1. Consider two planes g;/""(x — p;) = 0, i = 1, 2. These planes intersect

on a line, which is orthogonal to the vectors g and g5. Let us construct the circular cylinder with the axis
coinciding with this line and that passes through the centroid ¢(7) of T. As a result, we obtain two quan-
tities—the cylinder radius R and the length D = Ra. of the part of the cylinder that is inside the hypothetical
acute wedge between two planes. If it holds that

D < Mh(c(T)),
then

__ D
Mh(c(T))

Otherwise, we set kK = 1. The geometric meaning of the parameters R, o, and D is illustrated in Fig. 5.

4

If k£ < 1, then the length L of the edge e should be recalculated in the stretched system of coordinates

® %
X' :((l—va)+lva)x, v=~8L"8 (5)
k g - &
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Fig. 6. Angle correction.

This transformation implies that the edge is stretched along the direction v and L in the expression for
¢, is replaced with L

1
L= (Lz + (ki - 1j<vT<p1 - ,,2))2)2_

This correction decreases the degree of compression of the of the transversal edge near the tip of an
acute wedge and makes it possible to decrease the inclination of the interior edges from the direction v.

Numerical experiments (see Fig. 6) showed that this correction improves the quality of approximation
of sharp edges.

Consider the expression for the sharpening force

PIRRICAVR): )
F(py) = —L=tie . E=3pnf) = %
> ¥, f)
Sestar; p;

where
W(p,, f) = —a) £y = W, £ - p) @
(MH@E(f)))’

Here ¢(f) is the point of intersection of the implicit surface

1
u(x) = g(u(pl(f)) +u(p,(f)) +u(ps(f))),
where p; are the vertices of the face £, with the straight line

x(1) = c(f) + v,

which is orthogonal to the face fand passes through its centroid. Thus, the proposed sharpening force dif-
fers from that used in [9] due to the additional projection on the boundary.

It turned out that this modification plays the key role in the case when the implicit function u(x) is sig-
nificantly different from the signed distance function; in particular, when the gradients of this functions
on different banks of the sharp edge differ by an order of magnitude. In this case, the original sharpening

COMPUTATIONAL MATHEMATICS AND MATHEMATICAL PHYSICS Vol. 56 No. 11 2016
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(b)

Fig. 7. Unstable configuration for the sharpening force (a) and the stabilized sharpening (b).

force can lead to the computational instability as shown in Fig. 7a. The isolines of the implicit function
are shown by dashed lines. It is seen that the function is significantly anisotropic.

The boundary vertices of the mesh are divided into “smooth” and “nonsmooth”, depending on the
absolute value of the discrete Laplace—Beltrami operator at the mesh vertices; this operator acts on the
coordinate representation of the surface. The Laplace—Beltrami operator is approximated using the
Floater scheme, in which the integral of the Laplace—Beltrami operator over a closed circle around the
vertex and the theorem on the mean value of a harmonic function over a circle are used. The expression
for the discrete operator is

Bx(p,) = z tanga‘ 1)[pj —Di n Pjv — PiJ (6)
J+§

festary(p;) |pJ - pl| |pj+l —PDi

Here p;, p;, and p; , | are the vertices of the triangle f, and o, | |, is the angle of fat the vertex p;. In order to
label nonsmooth vertices, the threshold

|Bx(p;)| > 1/2

is used. Note that the expression for Bx(p,) is dimensionless and is used as an angular measure of deviation
from flatness at the boundary vertex p; of the mesh. It is clear that this measure may tend to mark as non-
smooth the vertices of the coarse mesh lying on smooth surfaces.

Consider how the forces for nonsmooth vertices are modified. Let us calculate the orthogonal decom-
position of the repulsion and sharpening forces at the point p; with respect to the direction of the implicit
function gradient Vu(p,):

FezFen+Fer’ Fen:LvuTFe’ Fet:Fe_Fen’
Vi

Fs:an+Fs‘w an:LvuTFsﬁ Fs‘rst_F'sn'
Vi

The tangent component of the repulsion force is orthogonalized with respect to the tangent component
of the sharpening force

_ w T
et — Fer - |2 FS‘EFE‘EFS‘E’

|s1:

and the final formula for the repulsion force takes the form

F,=F, +F,.

The parameter w depends on the angle between the vectors Vu and F:

sin Z(Vu, F,) 1
sin X
9

w = min
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It is introduced to take into account the case when the tangent component of the sharpening force van-
ishes or is very small.

The decomposition described above allows the mesh vertices to move to sharp edges under the sharp-
ening forces, and the repulsion force is responsible for the distribution of the vertices along the sharp edges
and near them.

For smooth boundary vertices, the tangent component of the sharpening force is set to zero, and the
repulsion force is not modified so that
F=F +F,.

This decomposition makes it possible to smooth the deviation of the surface mesh from the isosurface
of the implicit function, while the shape of the triangles on smooth fragments of the boundary is deter-
mined by the repulsion force and is close to regular.

Below, we write the final expressions for the recalculation of the mesh vertex coordinates. First, the
maximal relative displacement

F(p:
= max———, 1 =min(0.45,0.45/D,,.,,)
is computed, and the intermediate vertex positions are found:

pi=pf +TF(pl), i=1..,n

If the angle between Vu( pik) and Vu(p,) is greater than w/18 at a certain i, then the step size is divided
by two:

b =p! +%TF(p,~k), i=1,...,n.
Next, we find

P =V,
where V'is the projector defined in (1).
Consider practical techniques for the computation of the error measures related to the approximation
of the boundary. Let fbe a boundary face. Denote by ¢é(f) the intersection point of the surface

ux)=0
with the straight line

x(1) = c(f) + v()i,
which is orthogonal to the plane of fand passes through its centroid. Here p,(f) are the vertices of /. Con-

sider the tetrahedron T,(f) with the vertices ¢(f), p,(f), p,(f), and p;(f). Denote its height over the plane of

fby H(f). The height of this auxiliary tetrahedron can be used as the maximum error of the deviation of
0Q, from 0Q:

E; = max H(f).
feoQy,

Then, the integral deviation is the sum of the volumes of all auxiliary tetrahedra:

Ey = Y vol(Ty(/)).

feF,

The ratio £ 3, /vol(€),) can be used as a relative error measure. To check the quality of the sharp edge
reconstruction, the maximal measure of the domain shape error should also be used:

H(f) .

b

E] = max
100y Liyax (f)
here L,,.(f) is the maximal length of the edge of the boundary face /. By integrating the shape error over

the domain boundary, we can obtain the mean error of the shape approximation F Sl

These error measures are heuristic, but in practice they are close to the true errors if the meshes are
sufficiently fine.
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Thus the iterative self-organization process can be stopped when the shape proximity threshold is
reached and the distribution of lengths of the mesh edges is close to the prescribed one.

Note that the declared aim of the algorithm—to construct an equilibrium mesh—is often not achieved
in practice. Geometric oscillations can occur when small displacements of the vertices result in changes
in the mesh connectivity, which is accompanied by the appearance of sliver tetrahedra, which turn out to
be far from equilibrium. For this reason, the use of the stopping rule that the forces (displacements) should
be small turned out to be ineffective. Note, however, that the shape of the computational domain remains
stable.

Specification of the initial distribution of vertices. A simple way of specifying the initial distribution of
mesh vertices is to specify the set € of the vertices of the dense hexagonal ball packing with the size 4. Next,
the points satisfying the inequality u(p) > 0 are removed from this set, and the set € is sparsified by remov-
ing the points with a probability proportional to the value of the function 1 — 1/A(x)? at these points
(see [6]). This method allows one to make the initial distribution roughly consistent with the mesh size
distribution. A more efficient algorithm based on the construction of the octree of the domain Q can also
be used.

Note that the initial distribution of the vertices may also be specified randomly. Such a distribution is
convenient for testing purposes because the aim of this algorithm is to generate meshes that weakly depend
on the initial distribution of vertices. The numerical results confirm such a behavior of the proposed algo-
rithm but, as could be expected, the construction of the mesh in the case of a bad initial approximation
requires much more iterations of the vertex displacement algorithm and reconstruction of the mesh con-
nectivity structure.

2. ELIMINATION OF TETRAHEDRA

The Delaunay mesh generation algorithm creates the convex hull of the set of vertices. Therefore, a
special “shelling” procedure for the elimination of the tetrahedra that lie outside the domain is required.

These tetrahedra are removed using the following algorithm:
1. All the tetrahedra T whose centroids ¢(7) are outside the domain, namely,

u(c) >0

are removed.

Next the following sequence of operations is repeated while at least one tetrahedron is removed by
these operations.

2. It is checked whether the tetrahedron can be removed; such a tetrahedron is called admissible for
removal. If a tetrahedron has two or more boundary faces, then it is admissible. If it has only one boundary
face, then the orthogonal projection of the opposite vertex on this face is examined. The feasibility con-
dition in this case is that the barycentric coordinates L,, L,, l1; of the projection satisfy the condition p; >
—1/10.

For all admissible tetrahedra, operations 3, 4, and 5 are performed.

3. The tetrahedra 7 that lie slightly inside the domain for which

u(e(T)) > kg, |Vu(c(T ))|.

are removed. Here k = k(T) is the local stretching coefficient for the acute wedge defined in (4) and g, is
the given threshold.

4. The near boundary poorly shaped tetrahedra are removed.
Let /.,.,(T) be the result of maximization

o = Max —|e| ,
ect(r) Mh(c(e))

where €(7) is the set of edges of the tetrahedron 7. The shape of T'is considered to be poor if

1
H in(T) > == MA(c(T) .-
mm( )>20 (C( )) max
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Fig. 8.Smooth and nonsmooth mesh vertices in the process of self-organization.
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Fig. 9. The stages of the computational mesh generation: initial approximation, intermediate mesh, and the final mesh.

In this case, it is marked for removal. Here H,,;,(7) is the minimum height of the tetrahedron. If a tet-

rahedron is marked for removal but k(7) < 1, then one can apply to 7 the affine mapping (5). If the tetra-
hedron shape is still poor after the stretching, then it is removed.

5. Removing tetrahedra by the dihedral angle test.
We set the threshold for the dihedral angle B = 7/18. If the tetrahedron T'is inside an acute wedge, then
the reduced threshold

B = imax (%n ac(T)),

is used, where o.(7) is the size of the local acute wedge angle determined in (3). The tetrahedron is
removed if

amin(T) < B or amax(T) > T - B:

where a,,;,(7T) and a.,,,,(7) are, respectively, the minimal and the maximal dihedral angles of the tetrahe-
dron.

If certain tetrahedra were removed at stages 3—5, then the feasibility check is made again and the
removal loop is repeated.

COMPUTATIONAL MATHEMATICS AND MATHEMATICAL PHYSICS Vol.56 No.11 2016
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Fig. 10. Heterogeneous specification of the domain (a) and the Delaunay mesh ((b) the surface mesh and (c) the cut of
the tetrahedral mesh).

Fig. 11. Octree.

Fig. 12. Cube with a ball removed: (a) the model from [9], (b) the results obtained in this paper.

3. NUMERICAL RESULTS

Figure 8 illustrates the evolution of the set of smooth and nonsmooth boundary vertices in the process
of the computational mesh construction. The values of the signed discrete Laplace—Beltrami operator
Bx(p;) defined in (6) are highlighted in color. It is clear that the nonsmoothness areas are localized near
sharp edges.

Figure 9 illustrates the evolution of the mesh and the approximation of the sharp edges for a body that
is specified analytically.

Figure 10a illustrates the heterogeneous specification of the computational domain: the pavilion is
determined by a set of planar sections, the elephant is described by a tessellation, and the openwork ball
is defined analytically. The domain is assembled using Boolean operations.

1 Figure 11 shows the structure of an octree for the fast computation of an implicit function defined as
the signed distance to the surface tessellation. A survey of techniques and algorithms for the construction
of quadtrees and octrees can be found in [15, 16].
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Fig. 13. The results from [9].

Fig. 14. The results obtained in this paper.

BBINYyKJIas 000J04Ka yaajeHue: Tect 1

ymaJaeHue: TecT 3 yoajaeHue: TecT 4 yaaJeHue: TeCT 5

Fig. 15. Removal of tetrahedra.

In the next series of examples, we show that we solved all the tests described in [9]. Recall that in [9]
only zero isosurfaces of the implicit functions were constructed, while in the present paper we construct
a 3D Delaunay mesh. Since no analytical description of the models is available, we constructed their ana-
logs. The first model is a cube with a ball removed from it (Fig. 12).
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Fig. 17.

Fig. 18.

Note that the domain was not covered by the initial mesh. Due to repulsion forces and the update of
the parameter M, the generated mesh filled the entire domain.

The next model is a twisted rectangular spiral (Figs. 13 and 14). It is a difficult test for the for mesh
generation because it contains a boundary sharp edge with the dihedral angle close to 7t/36.

The removal of tetrahedra in this model is illustrated in Fig. 15, and Fig. 17 shows almost flat tetrahedra
that remain in the mesh after the execution of the self-organization algorithm.

Figure 16 shows the twisted pyramid model, and Fig. 18 shows almost flat tetrahedra in the final 3D
mesh. Figure 19 illustrates the results for the curvilinear icosahedron model.

After the mesh is generated, it can be optimized using the variational algorithm described in [17], which
moves the mesh vertices without making topological changes to the mesh. The same optimization and
untangling algorithm can be used to build a deformed 3D mesh after the boundary deformation as shown
in Figs. 20 and 21.

COMPUTATIONAL MATHEMATICS AND MATHEMATICAL PHYSICS Vol. 56 No. 11 2016



GENERATION OF DELAUNAY MESHES IN IMPLICIT DOMAINS 1917

Fig. 21. Morphing of the model surface and the subsequent morphing of the mesh.
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CONCLUSIONS
A variational algorithm for generating Delaunay meshes is complex shaped implicit domains that can

stably reconstruct the sharp edge structure is proposed and tested.
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