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1. Introduction

Common engineering problems involve several materials interacting with each other. The numerical simulations of these
phenomena require the tracking of the location of the materials over time. Across the interface between two materials,
some physical phenomena must be described such as the heat or mass transfer. Any numerical errors on the location of
the interface have an impact on the physics of the whole problem. As a result, the numerical simulations require accurate
tracking methods. In this article we only consider numerical methods designed for the Eulerian framework where the
velocity field is defined on the whole domain and where the motion of the materials is independent of the underlying
mesh.

A lot numerical strategies have been developed to track the materials in this context such as the level-set method [1],
the front-tracking method [2], and the volume-of-fluid method with piecewise linear interface construction (VOF-PLIC). For
the latter, any cell containing two materials is partitioned by a linear interface such that the volume of each part contains
exactly the same volume as the real location of the material. The most common application of the VOF-PLIC method is the
advection of the materials which is composed of two steps. In the first step, the geometry of the partition is advected with
a Lagrangian method, and then the volume of each material is computed from the intersection of the geometry with the
underlying mesh. In the second step, named reconstruction, a new partition is computed using the volume in each cells and
their neighborhood.
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Recently the moment-of-fluid method (MOF) [3-22] was introduced as a second-order accurate extension of the VOF-PLIC
method for multi-material reconstruction. Besides the volume of the materials, MOF involves the centroids of each material
which allows to reconstruct the partition with only the information contained in the cell. Furthermore, this method offers
a straightforward way to represent n > 2 materials in the same cell [5,6]. The improved accuracy of this method is at the
expense of the time to partition the cell which involves a computationally intensive minimization problem. In this article, we
present a fast and robust reconstruction strategy to solve this minimization problem on rectangular hexahedrons. Note that
we only address the problem of the reconstruction, the advection can be done, for instance, using a Lagrangian remapping
method [4] or a directional splitting method [12].

The currently proposed method falls under the continuity of the improvements made to MOF during the past decade.
MOF was originally introduced in 2D on polygonal cells [3,4]. It was quickly extended to multi-material reconstruction in
3D by Ahn & Shashkov [5] and in 2D by Dyadechko & Shashkov [6]. Note that the latter defines a convenient error criterion
and provides a convergence study of the MOF reconstruction. Another effort to extend MOF to any coordinate system was
made by Anbarlooei & Mazaheri [8] who have extended MOF to axisymmetric meshes. As MOF is a PLIC method, it is
vulnerable to filaments that can not be advected. Jemison et al. [16] solved this problem by adapting MOF to filament
capturing which can be done in a straightforward way by using a n-material reconstruction and allowing two materials
to be identical in one cell. To improve the robustness of MOF, many solutions were proposed, such as the one advanced
by Hill & Shashkov [13] which consists in changing slightly the minimization problem of MOF to minimize the centroid
difference on both the material and its complementary. Since the objective function of MOF contains local minima where
the minimization algorithms are prone to fall into, Qing et al. [22] have proposed a method in 2D that finds all the minima
of the MOF problem and selects the best one. This gain of robustness is at the expense of the runtime of the algorithm.

MOF was designed to be used in conjunction with other methods. Ahn & Shashkov [7] proposed an interaction of MOF
with an adaptive mesh refinement (AMR) strategy where the centroid difference is used as a criterion for mesh refinement.
The coupling with an Arbitrary Lagrangian-Eulerian (ALE) strategy is also found among many authors [9,11,14]. Valuable
implementation details can be found in many publications, for instance, in [10] MOF was coupled with a code based on the
finite element method (FEM) and in [15] MOF is used in a compressible context. In [12] and [21], MOF is coupled with the
levelset method (CLSMOF) and more recently, Kikinzon et al. [20] proposed a data structure to represent the partition of
the multi-material reconstruction to simplify the interaction with other methods.

The most expensive part of the MOF reconstruction is the evaluation of the objective function and its partial derivatives
at each iteration of the minimization algorithm which involves computationally intensive geometrical manipulations. To
tackle this problem, Chen & Zhang proposed analytic formulas for the partial derivatives of the objective function on convex
polyhedral cells [17] and convex polygonal cells [19]. However, their methods requires a prior evaluation of the objective
function with a geometric approach that still remains expensive. To completely avoid these computationally intensive geo-
metric manipulations, another approach is to express the objective function with analytic formulas. This has been addressed
by Lemoine et al. [18] in 2D for rectangular cells as we will discuss in section 2.3. In this paper, we propose a 3D extension
of this method to rectangular hexahedral cells. This method can be applied to geometry tracking on any meshes composed
of this kind of cells such as rectilinear grids with or without AMR.

2. The moment-of-fluid method
2.1. The moment-of-fluid problem

The MOF problem can be summarized as follows. Consider € ¢ R? a portion of space, for instance a polyhedral cell and
M C Q the location of a given material in €2, as depicted on the left of Fig. 1. Where the VOF-PLIC method requires the
information of the volume of material from the cell and its neighborhood, MOF embeds all the information within the cell.
Besides the volume of material, the MOF reconstruction involves the centroid of M denoted by C(M) and defined by:

1
C(M):m/xdx (M
M

As a PLIC method, MOF approximates the location of the material M with a linear interface between the materials in €.
The resulting volume is the intersection of a half-space with €. A half-space can be defined by two parameters, namely
the outgoing unit normal n of its boundary and the shortest signed distance d of its boundary to the origin. We denote
H(n,d)={xe€R3 | x-n<d} a half-space parametrized by n and d. As a result, the approximation of M is equal to
H(n, d) N Q (right of Fig. 1) with n and d to be determined. Like the VOF methods, MOF enforces the volume conservation
on its reconstruction, that is vol(H(n, d) N Q) = vol(M). In summary, the set of all the approximations of M in © can be
defined by:

A= {H(n, )N ‘ nes? deRand vol(H(n, d) N Q) = vol(M)} 2)

The moment-of-fluid problem consists in finding the best approximation w* € 2 of M such that its centroid is as close as
possible to the centroid of the real — or reference — material location M denoted by C* = C(M). Written in mathematical
terms, the MOF problem becomes:
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H(n d)

Fig. 1. Illustration of the notations used to define the MOF problem.

Find * € 2 such that * = argmin |C(w) — C*|2
we

(3)

Note that the solution may be not unique, but as proved in [3], the set of reference centroids for which the problem is
non-unique has measure zero.

2.2. General method to solve the moment-of-fluid problem

To solve the MOF problem (3), various iterative minimization algorithms have been proposed. For instance, Ahn &
Shashkov [5] use a Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm, while other authors, such as Jemison et al. [12],
prefer a Gauss-Newton method. The minimization algorithms require several evaluations of the objective function and its
partial derivatives. The evaluation of the objective function requires to compute the centroid of the approximation C(w)
and, therefore, the approximation w itself. From (2), each approximation w is defined by a direction n and a distance d.
In practice, each step of the minimization algorithm provides a new direction n and the distance d is determined using
a volume enforcement algorithm. Following Dyadechko & Shashkov [4], such an algorithm will be referred to as a flood
algorithm. It consists to find the distance d of a half-space such that the volume of the intersection of this half-space and
the cell is exactly equal to the prescribed volume. For instance, there is the Brent’s-based method [23] or the more recent
algorithm proposed by Diot & Frangois [24] in 2016. All these algorithms involve to compute the intersection of a plane and
a polyhedron which makes this algorithm computationally intensive.

The classic strategy to evaluate the partial derivatives consists to use a finite-difference scheme. With a centered scheme,
two computations of the centroid are required per direction which makes a total of four calls to the flood algorithm in 3D.
Dyadechko & Shashkov [3] proposed a formula to compute the derivative of the objective function on 2D polygonal cells
using the prior evaluation of the objective function. This formula reduces the number of reconstructions to only one per
evaluation of the objective function and its partial derivatives. Furthermore, this formula gives an exact value where the
finite-difference scheme only gives an approximation. In [19], Chen and Zhang proposed a proof of this formula and, in a
second article [17], they have derived some formulas for 3D to compute the partial derivatives on convex polyhedral cells
that are summarized in Appendix A.

Another approach to solve the MOF problem (3) consists to express the objective function with analytic formulas. This
can be done by finding the locus of the centroids C(w(n)) for a given fixed volume and for all the normals n. This locus is
a closed curve in 2D and a closed surface in 3D. Finding a parametrization of this locus is a very difficult task on general
polygonal or polyhedral cells. However, on rectangular cells, this approach has been successfully applied for the first time
by Lemoine et al. [18] as presented below.

2.3. Analytic method to solve the moment-of-fluid problem in 2D on rectangular cells

Consider a rectangular cell = [0, c1] x [0, c3]. In [18], Lemoine et al. proved that the locus of the centroids is the
reunion of 4 arcs of parabolas and 4 arcs of hyperbolas as depicted in Fig. 2. To find a global parametrization of the locus
of the centroids, we introduce the angle 6 defined such that the normal verifies n(#) = [cos(0), sin(9)] and we denote by
CY(6) the centroid of the approximation C(w(n(6))). The MOF problem (3) can be reinterpreted as finding the angle 6*
such that:

(4)

. 2

0* = argmin |CY(0) — C*|
6€(0,2m]

Taking the derivative of the objective function in (4), the minimum verifies the following relation where u - v denotes the

dot product between two vectors u and v:

(C¥O*) —C*) - 3,c¥%) =0 (5)

It is shown that this equation is a third degree polynomial for the parabola or a fourth degree polynomial for the hyperbola.
Remark that beyond finding a parametrization of the locus of the centroids, this method gives a fully analytic solution of
the MOF problem.
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Fig. 2. Illustration of the locus of the centroids (the curve) on rectangular cells for a fixed volume V. The curve is composed of 4 arcs of parabolas and 4
arcs of hyperbola. The yellow region corresponds to an approximation shaped as a quadrangle. Its centroid is on a parabola. The purple region corresponds
to an approximation shaped as a triangle. Its centroid is on a hyperbola. The purple and the yellow regions share the same area. (For interpretation of the
colors in the figure(s), the reader is referred to the web version of this article.)

In this article, we have applied this methodology in 3D to rectangular hexahedrons. We will see that instead of two
different configurations — triangle and quadrangle — there are five different configurations. The solution of the MOF problem
verifies equation (8) which is the 3D equivalent of equation (5). In two of the five configurations, this equation reduces to
two polynomial equations of fifth and twelfth degree without trivial roots, and because of the Abel-Ruffini theorem there
are no general algebraic formulas to express these roots. Furthermore, in the three remaining configurations, the solution
cannot be expressed as a root of a polynomial. Therefore, there is no fully analytical solution of the MOF problem (3) on
rectangular hexahedron. Instead, we use a minimization algorithm where the objective function and its partial derivatives
are expressed as a set of analytic formulas.

The remainder of this article is organized as follows. Section 3 describes our method as a black-box to compute the
centroid and the partial derivatives for a given normal n. The proof of these formulas are given in Appendix C. Section 4
presents a set of numerical tests to measure the efficiency and the robustness of our method compared to three geometric
approaches. Two of them are detailed in Appendix A and Appendix B. Section 5 presents the conclusions and the future
work.

3. Analytic method on rectangular hexahedrons
3.1. Description

In the remainder of this article, we consider a rectangular hexahedron Q = [0, cq] x [0, c3] x [0, c3]. Recall that MOF
consists in finding the best approximation of the material location M C Q. We define V = vol(M) as the volume of M — or
reference volume — and C* as its centroid — or reference centroid. From the definition of the set of the approximations 2l in
equation (2), any element of this set shares the same volume V' as the material location M. We introduce in the following
equation the normal n(0, ¢) of the half-space parametrized by the spherical coordinates 6 and ¢.

sin(¢) cos(0)
n9, ¢) = | sin(¢)sin(@) (6)
cos(¢)

Consider an approximation w(n) € 2 generated by the direction n as defined in section 2. We denote CY(0, ¢) the cen-

troid of the approximation C(w(n(6, ¢))). In equation (7), we define the objective function of the minimization problem (3)
using the spherical coordinates.
2
F(6,¢)=1C"0,¢) —C*| (7)
The minimization algorithm requires to evaluate the objective function (7) and its partial derivatives given by the following
formulas:

WFO,0) =2(CY0,0) —C*) - 3CYO, )  3F(©O,¢)=2(CV(O,¢) —C*)-3,CV (0, $) (8)

Our method consists in finding a global parametrization of the locus of the centroids (8, ¢) > CY(6, ¢) denoted by £Y and
defined in the following equation:

¥ =1{c¥0.¢) | 0 e[-m,m1and ¢ € [0, 7]} 9)

To simplify the problem, we assume that the reference volume V is less than half of the volume of the cell: V <vol(2)/2.
The case where V > vol(2)/2 can be treated by considering the complementary 2\ M. In the remainder of this article, we
will refer to the volume fraction x =V /vol(2) as the ratio between the reference volume and the volume of the hexahedron.
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Fig. 3. Five ways to intersect a rectangular hexahedron with a half-space: Triangle, QuadEdge, QuadFace, Penta and Hexa.
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Fig. 4. Locus of the centroids for the volume fractions y = 0.1 (left) and x = 0.4 (right). The dimensions of the hexahedron are c; =1, c; =3 and ¢3 =2.

The shape of the locus of the centroids depends on how the half-space intersects the hexahedron, and as shown in Fig. 3,
a half-space can intersect a hexahedron in five different ways. We denote Triangle, QuadEdge, QuadFace, Penta and
Hexa the five possible configurations. We define 3 the surface defined as the intersection of the boundary of the half-space
and the hexahedron .

P={xcQ | x-n=d} (10)

In the Triangle configuration, which exists if y < %, the half-space contains one vertex of the hexahedron and the
surface ‘B is a triangle. In the QuadEdge configuration, the half-space contains one edge of the hexahedron and the surface
is a quadrangle. In the QuadFace configuration, the half-space contains one face of the hexahedron and the surface is
also a quadrangle. In the Penta configuration, the half-space contains two edges of the hexahedron and the surface 3
is a pentagon. In the Hexa configuration, which exists if x > %, the half-space contains three edges of the hexahedron
and the surface B3 is a hexagon. Overall, the locus of the centroids is the combination of 50 configurations composed of 8
Triangle or Hexa (one per vertex), 6 QuadFace (one per face), 12 QuadEdge (one per edge) and 24 Penta (four per
face). In the remainder of this article, we use the same colors as in Fig. 3 to depict all the configurations (refer to the web
version of this article to see the colors).

Fig. 4 depicts the locus of the centroids £V for x = 0.1 (left) and x = 0.4 (right) where the dimensions of the hexa-
hedron are (c1, c2,c3) = (1, 3, 2). We observe that the Triangle surface is only present on the locus of the left, whereas
the Hexa surface is present on the locus of the right. When y = %, there are no Triangle or Hexa surfaces. The shape
of the QuadEdge and Penta surfaces also depends on the volume fraction. When x < %, the boundary of the QuadEdge
surface is composed of 6 curves and the boundary of the Penta surface is composed of 3 curves, while when x > %, the
boundary of the QuadEdge surface is composed of 4 curves and the boundary of the Penta surface is composed of 4
curves. In the extreme case, when x = % the QuadFace and the Hexa surfaces are the only surfaces that remain on the
locus of the centroids.

In the remainder of this section, we give a parametrization of the surface £V in terms of the spherical coordinates
(6, ¢). There is no point to provide the equations of the 50 pieces of the surface, since only 4 are sufficient to describe the
whole surface (remember that the Triangle and the Hexa configurations are mutually exclusives). The symmetry of the
hexahedron allows to describe the other pieces by rotations or reflections of the hexahedron, and some permutations of
(c1,¢2,¢3).

3.2. Parametrization of the locus of the centroids in the local chart

The number of configurations can be reduced by remarking that the locus of the centroids is symmetric about the three
planes {x =c1/2}, {y =c2/2} and {z = c3/2}. Thus, we choose to reduce the global chart [—m, ] x [0, ] to the region
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Fig. 5. Local charts of the locus of the centroids reduced to [0, 7 /2]? for the volume fractions x = 0.1 (left) and y = 0.25 (right). The dimensions of the
hexahedron are ¢; =2, c; =1.5 and c3 = 1. Note that Triangle and Hexa are mutually exclusive.

[0, 77 /2]%, referred to as local chart, as depicted in Fig. 5. The consequence of using the definition (6) for the normal to
the half-space is that the basis of the Cartesian coordinates (eq, e2, e3) corresponds to e; =n(0, 7 /2), ea =n(w /2,7 /2),
and e3 =n(,0) for all 6. In terms of surface, the considered region corresponds to the part of the locus £V such that
x; € [0,c;/2] for i € {1, 2, 3}. Note that the origin of the coordinates corresponds to one of the vertices of the hexahedron as
depicted in Fig. 4.

Fig. 5 represents the local charts in 6 and ¢ corresponding to the locus of the centroids for the volume fractions x = 0.1
(left) and x = 0.25 (right). With this parametrization, the distances and the areas of the configurations are highly distorted
when ¢ approaches 0. At the limit, the line ¢ =0 maps to a single point which corresponds to the south pole of the locus
(remember that the centroid is inside the half-space, in the opposite direction of the normal like in 2D as depicted in Fig. 2).
In these local charts, 10 pieces are still involved in the description of the locus £V.

As shown in Fig. 5, the local chart is decomposed in three regions — Left, Right, and Bottom — arranged around
a Triangle (or a Hexa if x > %). Each region contains exactly one Penta, one QuadEdge, and one QuadFace. These
regions are delimited by the curves ¢!™ defined in section 3.2.1. We will see in section 3.3.1 that any coordinates (6, ¢) in
the global chart can be transformed to the local chart by some symmetries as depicted in Fig. 6.

In the remainder of this section, we present how to compute the centroid and its partial derivatives from any point of
the local chart. First, in section 3.2.1, we present the equations of the limit curves ¢fm. Then, in section 3.2.2, we present
the parametrization of the centroid and its partial derivatives in the local chart.

3.2.1. Limits of the local chart
We introduce the notations in equation (11) to simplify the formulas given in this section. The proof of the formulas
presented in this section is given in Appendix C.

2V . —x+,/12£,~jx—3x2
bj=— fp®=

CiCj 2
Th =c3cot(¢p)csc(f)  Th=cicot(®) TE=cqtan(p)cos(@) TS =rcytan(g)sin(h)

Té =y tan(0) Té = c3 cot(¢p) sec(f) (11)

In the Triangle configuration, the limit curves are given by equations (12). Note that arccot(x) = % — arctan(x) when
x > 0, which is verified in all our formulas. We recommend to use the formulas with arctan instead of arccot or check that
arccot(0) = % to machine precision.
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. O TH?sin®)\ in(6))
qb{‘lm(e):arccot(,/%nggcos( )> d)l'zm(@):arccot(g;) sin( )> ¢l§m(9):arccot< (€2 5in(6)) > (12)

c3 13 C3 3€12(cq cos(0))

In the Pental configuration, the limit curves are given by the equations (13a), (13b), and (13c).

$lm (9) = arccot <(€23 — 1) C°§§9)> (13a)

$pi (6) = arccot ((Té - fff"(Té)) CO;“”) (13b)

$lm (9) = arccot ((EB + T+ \/ (b3 + T — g(rg)z) cozsc(j)> (130)
In the PentaR configuration, the limit curves are given by the equations (14a), (14b), and (14c).

$lim () = arccot ((zw —1%) Sirf)> (14a)

$pip (0) = arccot ((T§ - f%f(Tg)) Size)) (14b)

$lim() = arccot ((zlg + T+ \/(613 +10)% - g(Tg)Z) Si;g) (14c)
In the PentaB configuration, the limit curves are given by the equations (15a), (15b), and (15c).

¢gg} (0) = arccot ((cz sin(0) + ¢1 cos(@))i) (15a)

bapy (0) = arccot ((cZ sin(9) — c1 cos(9) + 7(;1;2151:2))2) E%) (15b)

¢l‘j{g(9) = arccot <<c1 cos(0) — ¢ sin(0) + %) e%) (15¢)
In the Hexa configuration, the limit curves are given by equations (16a), (16b), and (16c).

oM (@) = arccot | | ¢1 — 2,/ €23T} cos %arccos 3ci(c1 = b3 — T + (T)? 47 || cos(®) (16a)

2023,/ 23T} ) e

. 1 3ca(ca — 13— TH +(TH?\ 4 in(®
¢L‘§“(0) =arccot| [ c; —2,/£13T5 cos| - arccos 202 — b3 3) + (@) + il sin(6) (16b)
3 2K13,/Z13T§ 3 c3

. 1 3(c — £23)(c1 + T! 47 || cos(o
¢>L‘§“(9) = arccot| | c1 + T’2 +24/(2c1 — Zzg)le cos 3 arccos G 23)(1 2) + — ©)

20201 — £23),/ 2c1 — )T, | 3 €

(16c)

3.2.2. Centroids and derivatives in spherical coordinates in the local chart

The parametrization of the centroid locus CY(8, ¢) is defined as a piecewise function on each configuration. Inside the
local chart, it is given by equations (17) to (22). As in section 3.2.1, the notations defined in (11) are used to simplify the
formulas in this section.

In the Triangle configuration, the parametrization is given by equation (17) which is defined for x < é.

1
1
cy O, )= Z(%zgr'ﬂg)lﬁ Cz?T% (17)
€3/TL

In the QuadFace configurations, the parametrizations are given by:
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[3(€23)% + (Th)? 4+ (T)? ]

2c; (323 — TY)
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3(L12)* + (T5)? 4 (15)?

18a
12453 (18a)

(18b)

12413

1
1244,

(18c)

In the QuadEdge configurations the parametrizations are given by:

QuadEdgeL

QuadEdgeR

QuadEdgeB

Cae1(0,®) =

Coer(0, ) =

1%
Caen (@,

[ 71 (6023T + (T3)?) Xgel
2

ot 66Ty + (T4)?) Xgel

3c3 (18E23 — %qu)
[ 30 (18015 - %qur)
77 (60135 + (TH?) Xger
S5 (6013T5 + (T5)?) Xger

L )2
(6€12T5 + (T2)%) Xgen

Xgel = /36€23Th — 3(T})2

19
108053 (19a)

Xger = /36€13T5 — 3(T})? (19b)

108213

—
(Th)2

b
3¢y | 1821 — Fqub
2

1 b by\2
L T—g(6€12T2 +(T3) )qub

1
108412

Xgeb = /36012T5 — 3(T2)2

¢) =

(19¢)

In the Penta configurations, the parametrizations are given by:

Fox, y) =2(*+y*) +3xy

PRy, by) =6l — (x+3y)  Fxy. ) =6,/ (65— (5x+))

Cpi (6, ¢) =

Pental

Cy (0. ¢) =
PentaR

Cop (0, ¢) =

PentaB

6423

Fo .y Lij) =3y/2xy (3(x + y) + £35)
(20)

FOTY, Th) + FL(TS, T4, €23) Xy + 24TH T4 (A1)
Co (F2(TY. TS, £23) + F3(Th. T4, £23) Xy — 24T4(Xp)?)

c3 (F2(TS. TS, €23) + F3(T4, TS, £23) Xp) — 24T4 (Xp)?) (212)

3 (Té + Té — E23)
4,/2T4 T}

4

1
= arccos
3 3

Apl = cos
c1 (F2(T5. Th. £13) + F3 (T}, Th. £13) Xpr — 24T} (Xpr)?)
FOT, T5) + FL(TS, T, €13) X + 24T5 T} (Xpr)?
c3 (F2(T5, T5. £43) + F3 (T}, Th. £13) Xpr — 24T} (Xpr)?)

1 3(Ty+T5—ti3)\ | 4m
Xy=cos| —arccos | —=——2__—“/ |+ —
g (3 ( 4,/2TIT} 3
€1 (F2(T, TL, £12) + F3(TL TL, £12) Xy — 24T2 (Xpp)?)
C2 (FA(TS. T3, 12) + F3 (TS, TS, £12) Xpp — 24T5 (Xpp)?)
FUTE T8 + FUTS. TS, t12) X + 24T T (Xpp)?

(21b)

6412
(21¢)
3(T5 + T8 — ¢42)

brb
4,/2TbT?

4

1
= arccos
3 3

Xpp = COS
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In the Hexa configuration, the parametrization is given by the following equation which is defined for x %

2
T RN Ty Th) = 24601 — t23)({ Tht + 200 ) + ARl 0, T4, T T
2°3

2
© <<mzf°<T’,c1,T§>—24<c1 ~ 23) (LX +z> + fﬁ(T’,c1,Té,Ti>>

1\2 Tl
CY . ) = 96055 (1h)2TL
12 Il /T 120602 117l Il
s | 7R T T) — 24001 = 63) | Y2 +2 ) + TR AT, 00, TS, TY)
2 3
3 - (22)
X — 3x +
Fox,y,2) = # — 88+ 25— 4y(y? + 22 +9x) + 6252 — 2)
1 92 2 2 _x=y" x—y)* 5
Iy, 2,0) =Q2x —(y—2°) -t  Fixy,2)= 2 +6((x+y)* +4xy) — 8(x+ y)z+ 3z
1 6(c1 — £23)TL TS 4
Ty =4ciTy — (c1 = Th+TH? Ay =cos (5 arccos (%) 4 Tn)
(Ty)?2

The partial derivatives can be easily computed for the Triangle, the QuadEdge, and QuadFace configurations by
applying the chain rule to the aforementioned formulas. Since these are essentially polynomial functions or square roots,
we do not provide them in this article. However, due to the complexity of the expressions of the centroid of the Penta and
Hexa configurations, we prefer to use the analytical derivatives given by Chen and Zhang presented in Appendix A. Their
formula requires the coordinates of the vertices of the interface 3 given in a compatible order with the outgoing normal as
presented in Fig. A.8. For these configurations, the coordinates of the vertices represented in Figs. C.15 and C.16 are given in
equations (C.36) and (C.45).

3.3. Algorithm to evaluate the objective function and its partial derivatives

3.3.1. Introduction

In the former section we presented the formulas to compute the centroid and its partial derivatives in the local chart. In
this section we will present the computation of the objective function and its gradient in the global chart that are required
by the minimization algorithm. We denote 7 as the application that maps the coordinates from the global chart (9, ¢) to
the local chart (6, ¢) and is defined by:

@,0)=T®©,¢) (23)

From Fig. 4, it is clear that any point in the global chart can be transformed to the local chart with the following
operations. First, if the point lies in the northern hemisphere, it is transformed to the southern hemisphere by a reflection
with respect to the plane {z = %}. The point is then mapped into the local chart with one or two quarter turns around
the third axis. To keep track of these transformations during the algorithm we chose to use a set of signs denoted by
s = {s1, 2, s3}. For the set of signs, each element verifies the relation s; = £1. To illustrate these notations, consider the
following three examples. A reflection with respect to the plane {z= 2} is represented by s = {1, 1, —1}. A quarter turn of
+% around the third axis is represented s = {—1, 1, 1}.

From these definitions, the transformation 7~ is found by solving the following equation for # and ¢ where n is defined
in equation (6).

n@,¢)=so(o-n@,e) (24)

The o symbol represents a term by term multiplication and o is the permutation of the two first axes made in the transfor-
mation from the global chart to the local chart. The later can only be equal to the permutation of the first and the second
coordinates denoted by 712 when the rotation is a quarter turn or the identity permutation denoted by id otherwise. It is
easy to check that the set of signs can be used to encode the permutation. Thus, o =id if s1s3 > 0 and 0 = 713 if sysp <O.

Since the transformation of the hexahedron preserves the distances, the objective function can be written in the local
chart:

FO,0)=1CY 0, ¢) — C*> = ICXUT 0, $)) — Cloc|* = Fioc(T (0, $))

where Cy; . denotes the reference centroid transformed to the local chart. It is obtained by applying the permutation to the
coordmates of the reference centroid Cj . <— o -C* and then by applying the reflection (Cy; )i <—¢i — (Cj; )i if si =—1. As a
result, the value of the objective function in the global chart is equal to the value of the objective function in the local chart.
The computation of the gradient in the global chart is a little more tricky and is given by V(g 4)F = [V(9,¢)T]TV<9~’ J,)ﬂoc.

For the considered transformation, it can be shown that:
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- 2 0 2 T
|
|

%_
é 1
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Fig. 6. Illustration of the transformation of a point (6, ¢) from the global chart to the reference chart. (1) The initial point. (2) The coordinate ¢ is restricted
to [0, %] with a reflection on the {z= %3} plane. (3) The coordinate 6 is restricted to [0, %] with a rotation around the third axis.

3 F©.9) | [ 85Fioc@. ) (25)
05 F(O.0) | | $303Fioc (6. $)
We propose a 2-stage algorithm to evaluate the objective function and its gradient. The first stage consists to find o

and s to transform the given coordinates (6, ¢) from the global chart to the local chart (4, ¢). The second stage consists to
evaluate the centroid, its partial derivatives, and the gradient of the objective function in the local and global charts.

3.3.2. Stage 1: Transformation to local chart

The first stage of the algorithm consists to transform the spherical coordinates (@, ¢) to the local chart. The output of
this algorithm is the transformed coordinates (4, ¢), the permutation o, and the set of signs s. This transformation must be
seen as a composition of reflections and rotations of the hexahedron. Imagine a point inside of a hexahedron on the locus of
the centroids represented in Fig. 4. This point follows the transformation applied to the hexahedron. We would like to rotate
the hexahedron in such a way that the point lies in the region close to the corner of the origin. This region corresponds
approximately to the location of the local chart. To better understand this procedure, consider the example presented in
Fig. 6. This figure represents the global chart for x =0.1, c; =2, c; = 1.5 and c3 = 1. The spherical coordinates of the point
(0, ¢) denoted by 1 are located in the [—%, 0] x [Z, ] region. The set of signs and the permutation are initialized to the
identity s ={1, 1,1} and o =id. To construct the point 2, the coordinate ¢ of the point 1 is restricted to the interval [0, %]
with a reflection of the hexahedron on the {z= 2} plane. The set of signs becomes {1, 1, —1}. The point 3 is constructed
by a rotation of Z around the third axis. This rotation corresponds to a permutation of the first axis and the second axis
and by reversing the direction on the first axis. Thus, the permutation becomes 717 and the sign becomes {—1, 1, —1}. Note
that, at this point, Fig. 6 no longer represent the global map. The hexahedron has been rotated but the frame of spherical
coordinates has not been changed. Thus, the representation in spherical coordinates should be redrawn by permuting the
dimensions c¢; and c; of the hexahedron. The point 3 is now located in the local chart defined in Fig. 5.

We propose the following 7-step algorithm to transform the coordinates from the global chart to the local chart.

Step 1. Set 6 <6 and ¢ < ¢.

Step 2. Translate § and ¢ such that (9, ¢) € [-m, 7] x [0, 27r[ by adding £+ as many times as necessary.
Step 3. Initialize s < {1,1, 1}.

Step 4. Crop ¢ to [0, Z] with the following instructions:

'1f¢:>€]7'(,271[:<]3<—271—q~5and33<——1. y )
o If ¢ € 1%, ], make a reflection on the third axis: ¢ < 7 — ¢ and s3 < —s3.

Step 5. Crop 6 to [0, Z] with the following instructions:
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o If § € 1%, ], rotate by —Z around the third axis: § < 6 — Z and s < {1, —1,s3}.
o If § € [—7, — %[, rotate by 7 around the third axis: 6 <~ + 7 and s < {—1,—1,s3}.
o Iff e [—%,0[, rotate by Z around the third axis: 0«6+ Z and s < {—1,1,s3}.

Step 6. Set the permutation: If sysy <0, 0 < 713 Else 0 < id.

Step 7. Apply the permutation to the dimensions of the hexahedron {c1, c2, c3} < o - {c1,c2,c3}.

At the end of this stage, we have determined o, s, and (9, ¢) which belong to the local chart.

3.3.3. Stage 2: Compute the objective function and its gradient

The second stage of the algorithm consists to evaluate the centroid and its partial derivatives in the local chart and to
compute the gradient of the objective function. First, determine in which configuration — Triangle, Penta, QuadEdge,
QuadFace, or Hexa — the transformed coordinates belong to using the internal limits qbljm (12) to (16). Note that 9};
can be placed before or after 65 when x > % depending on the dimensions of the hexahedron. However, they are always
greater than 65. Note that 6; and 05‘ have the same behavior but are always smaller than 6#3. In particular, the sign of
05‘ — 61 is the same as the sign of 05 — 02. Once the configuration is determined, evaluate accordingly the centroid and
the derivatives in the local chart using the formulas defined in section 3.2.2. Finally, compute the gradient of the objective
function in the global chart using relation (25). For the implementation, we recommend to prefer any configuration over
the Penta and Hexa configurations and to prefer the Penta configuration over the Hexa in the inequalities of the limit
curves. Furthermore, we recommend to treat the case y = % using only the limits of the Penta configuration which are
the same as those of the Hexa configuration but are numerically more accurate.

Although it is not required by the algorithm, the centroid given in the local chart can be transformed to the global chart
by applying the inverse of the permutation to its coordinates C <— o~ - Cjoc and to the set of signs s < o ~! o, and then
by applying the correction C; < ¢; — C; if s; = —1, where the ¢; correspond to the non-permuted dimensions of the cell.

Here 0 ~! = ¢ since o =id or 193.

At the end of this stage, we have determined F (0, ¢), 39 F (0, ¢) and 34F (6, ¢) which will be used in the optimization
algorithm.

4. Numerical results
4.1. Introduction

In this section, we demonstrate that the proposed analytic method outperforms the geometric approaches. Two criteria
are evaluated: the runtime and the robustness. The former criterion is essential to reduce the wall clock time and total CPU
time, especially for high performance computers while the latter is necessary to evaluate the consistency of the accuracy of
the results.

Three geometric approaches are compared to our proposed method. The first, referred to as finite differences gradient,
consists to reconstruct an approximation w € 2l (2) in the direction n using the flood algorithm proposed by Diot and
Frangois [24]. The centroid of this approximation is computed using a formula for convex polyhedrons as presented in [25].
The partial derivatives of the centroid are evaluated with a centered finite-difference scheme which requires two more
reconstructions per direction. The gradient of the objective function is then computed using formula (8). Overall, five calls
to the flood algorithm are required to compute the objective function and its gradient. The second method, referred to as
geometric gradient, consists to use only one call of the flood algorithm to compute the centroid and to evaluate the gradient
by the method of Chen and Zhang [17], which we have summarized using our notations in Appendix A. To compute the
centroid of the reconstructed polyhedron, this second method requires to construct the vertex-face connectivities of the
polyhedron at the term of the flood algorithm. The third method, referred to as optimized centroid, is an improvement of the
second detailed in Appendix B.

In [24], the polyhedron is rotated such that the flood direction n corresponds to the axis e3. Two special cases must
be treated if n = +-e3. When the partial derivatives are evaluated by finite differences near the poles, the singularity of the
rotation creates some non-negligible perturbations in the values of the partial derivatives. Since the minimization algorithm
relies on the accuracy of the derivatives, it is necessary to avoid the rotation. In Appendix B, we describe how to adapt the
algorithm for any flood direction. This improvement is used in any geometric method tested in this paper.

All of these methods are implemented in the massively parallel open-source code Notus [26] which is dedicated to the
modelization and simulation of incompressible fluid flows. Its numerical framework is the finite volume method on Cartesian
staggered grids with a methodological focus on interfaces treatment (multi-material interface advection [18], surface tension
computation [27], immersed boundary methods [28], etc.). The verification cases are conducted on a supercomputer with
Intel Xeon E5-4640 processors and on a supercomputer with Intel Xeon Gold 6130 processors. The code was compiled with
Intel Fortran Compiler 18.0. Although the runtime ratios given in this article are implementation-dependent and may vary
with the architecture and the compilers, they are representative of the general behavior of the methods.
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4.2. Robustness and runtime ratios of the computation of the objective function and its gradient

4.2.1. Robustness

To verify the proposed method, the centroid and the gradient computed by the formulas given in section 3 have been
compared to those given by the finite differences gradient method and the geometric gradient method for a large number
of configurations. The parameters varied are the cell dimensions {c1, c3, c3}, the direction n, and the volume fraction yx.
Although the position of the reference centroid C* does not matter, it is wise to select a position far away from the locus
of the centroids £V to avoid to nullify the term CY(0, ) — C* in the gradient of the objective function which may hide
potential errors in the partial derivatives of the centroid. The center of the hexahedron is a good choice for the reference
centroid.

Regardless of the parameters, the distance between two centroids given by the two different methods is close to the
machine precision. However, the gradient of the objective function does differ between the methods. As expected, the
difference between the gradients given by finite differences and the proposed method is the highest. We found that the
optimal value for the finite differences step is A9 = A¢ = 102 that results in a difference of about 10~8 in magnitude. With
the method of Chen and Zhang [17], described in Appendix A, and the optimized centroid method discussed in Appendix B,
this difference drops to the machine precision.

Although we verified our method on a large number of configurations, we have to challenge it on extreme cases. These
include large aspect ratios of the hexahedron, small volume fractions, and the particular case y = % Moreover, we have to
verify our method when the interface passes through one or more vertices of the hexahedron which correspond to the case
when the interface is between two or more configurations, that is when ¢ = ¢f”‘ (0). For each extreme case, the accuracy is
measured by computing the ¢, norm of the difference between the values (objective function and gradient) given by the
proposed method and the optimized centroid method on a large sampling of the local chart and the limit curves. Note that
we took care to sample the end points of the limit curves which correspond to the cases where the interface passes through
two, three, or four vertices of the hexahedron. Typically, we used 1000 samples per direction on the local chart and 1000
points per limit curve.

The results on these extreme cases show the importance of the inequalities used to determine the configuration on the
local chart during the stage 2 of the algorithm (see 3.3.3). For numerical stability on the limit curves, we recommend to use
any configuration over the Penta and Hexa configurations and to use the Penta configuration over the Hexa. For the
cases with large aspect ratios, we have tested our method for various volume fractions on plate-like cells where two lengths
are equal and the third one is 1000 times smaller and on needle-like cells where two lengths are equal and the third one
is 1000 larger. Compared to the optimized centroid method, we found an error close to machine precision. For the case
X = % only the QuadFace and Hexa configurations remain. We found that the formulas of the limit curves of the Penta
configurations are more numerically accurate that the formulas of the limit curves of the Hexa configuration although they
are the same analytically. For small volume fractions x — 0, the difference between our method and the geometric method
is very close until y ~ 10719, For smaller x, the difference increases for the gradient but it is difficult to tell which method
gives the right result.

4.2.2. Runtime ratios

To determine the performances of the various methods, the evaluation of the objective function and its gradient are
computed for a large number of configurations. The ratio between the runtime of the methods and the runtime of our
proposed method is then calculated. To generate the different cases, the direction n and the volume fraction y are evenly
sampled. We found that the dimensions of the cell do not change the runtime ratios.

We use an exponential sampling for the volume fraction y in the range 10710 to % which means that log(x) is uniform
in [log(lO‘m),log(%)]. To sample the direction n, we cannot use a linear sampling on 6 and ¢ as it does not evenly
distribute the points on the unit sphere since the poles are more densely sampled than the equator. Instead, the points on
the sphere are generated along a spherical Fibonacci grid [29] which gives a good approximation of an evenly distribution
of points on the sphere. The coordinates of these points are given in equation (26) for 2N + 1 samples.

mod(k, ) where ¢ — 1+4/5
2N +1 2

The results are presented in Table 1 for 1000 samples of x and 25001 samples of n which makes a total of 25001000
cases. Increasing the number of samples does not significantly change the runtime ratios.

From Table 1, we observe that the geometric gradient method is almost 4 times faster than the finite differences gradient
method. This result is expected since it replaces four calls to the flood algorithm with a simple calculation on a polygon (see
Appendix A). The optimized centroid method that is proposed in Appendix B is 1.5 times faster than the geometric gradient
method. This gain is obtained by computing the centroid directly during the flood algorithm instead of reconstructing a
polyhedron structure to subsequently compute its centroid. Also, using the method of Chen and Zhang [17] to compute the
gradient makes the optimized centroid method 5.5 faster than the finite differences gradient method. Drastic increases in
performance is further obtained through our proposed analytic method which is 237 times faster than the finite differences
method and 43 times faster than the most competitive geometric method. These results show that the proposed method
should be used to improve the numerical simulation runtime.

Vk € [-N, N] Ok =27 ¢k = arccos < (26)
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Table 1
Runtime ratios between geometric methods and analytic method
for the computation of the objective function and its gradient.

Method Runtime ratio
Finite differences gradient 237
Geometric gradient (Appendix A) 63

Optimized centroid ( Appendix B) 43

Analytic reconstruction 1

4.3. Robustness and runtime ratios for reconstructions with a minimization algorithm

Although we verified our method on the computation of the objective function and its gradient, we also tested the
behavior of the various methods coupled with a minimization algorithm to further analyze their behavior. In this article, we
chose the BFGS algorithm along with the line-search algorithm described in [30]. We use the classic initial guess based on
the centroid of the cell C(€2) and the reference centroid C* defined in the following equation:

C*—C(2)
n(6. ¢o) = Q)] (27)

The objective function (7) contains several local minima and sometimes several global minima, such as the case where
the reference centroid is at the center of the cell. We will exploit this property to measure the robustness of our proposed
method compared to the others since the less robust methods are more likely to make the minimization algorithm fall into
local minima.

For the line-search algorithm proposed in [30] we use the currently optimized parameters: p = 0.25, 0 = 0.5, 11 =3,
72 = 0.1 and 73 = 0.5. The minimization algorithm is the same for all the tested methods and stops when it reaches a
maximum number of iterations or the norm of the gradient of the objective function falls below a prescribed tolerance
value.

We have conducted the robustness study on two sets of one million random-generated cases. In both sets, the dimensions
of the cell for each case are computed with the formula ¢; = «; - 10 where «; € [0.1,1[ and 8 € [—3, 3] are randomly-
generated with a uniform distribution. The volume fractions x € [10~7, %] are generated with a exponential distribution.
The two sets differ by the way the reference centroids are generated. In the first set, the reference centroids lie on the locus
of the centroids. That means that the minimum value of the objective function (7) is zero. This set will be referred to as the
exact reconstruction cases. To generate this set, a direction n is randomly generated with a uniform distribution and a flood
algorithm is used to compute the reference centroids. In the second set, the reference centroids are randomly generated over
the cell with a uniform distribution. This set will be referred to as the random reconstruction cases. The tolerance value of
the BFGS algorithm — the norm of the gradient of the objective function — is set to 10714 and the maximum number of
iterations is set to 400. These parameters can be relaxed for a practical use of MOF, but here, we want to detect whether
one of the methods prevents to reach a small residual.

4.3.1. Robustness on exact reconstructions with a BFGS algorithm

On the exact reconstruction cases, the four methods — finite differences gradient, geometric gradient, optimized centroid,
and analytical reconstruction — give the same statistical results. Note that each iteration of the BFGS algorithm requires one
evaluation of the gradient and several iterations of the line-search algorithm. Each iteration of the line-search algorithm
requires one evaluation of the gradient and at least one more for the bracketing phase. The median of the number of
gradient evaluations in the BFGS is 11, the median of the number of gradient evaluations in the line-search algorithm is 53
and the median of the sum of gradient evaluations in the BFGS and line-search is 62.

To understand the similarity of the statistics, we have evaluated the quality of the computed minimum for each pair of
methods by comparing the final values of the objective function. With this criterion, we are not able to differentiate the
methods since they give the same results with no apparent differences. We explain this behavior by remarking that the
term CY(0, $) — C* in the gradient vanishes when the BFGS gets closer to the minimum and, as a result, the numerical
errors on the partial derivatives are reduced by this term. Furthermore, the initial guess makes this term quite small from
the initial step of the algorithm. For the random reconstruction cases, this term does not vanish and we are able to see the
differences.

4.3.2. Robustness of the random reconstructions with a BFGS algorithm

On the random reconstruction cases, the behavior of the BFGS differs depending on the method used. Table 2 presents
the median of the number of gradient evaluations in the BFGS, the line-search, and the sum of the BFGS and the line-search
algorithms.

This time, the term CY(6, ¢) — C* does not vanish in the gradient of the objective function and the errors in the approx-
imation of the partial derivatives deteriorates the convergence of the BFGS algorithm. The exponential sampling guarantees
an uniform distribution of log(x) in the range [log(10~7), log(%)]. This implies that a lot of cases have small volume frac-
tions for which the objective function if very flat with sudden and abrupt variations. As a consequence, more iterations of
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Table 2
Median of the number of calls of the gradient in the different parts of the minimization algo-
rithm and for the different reconstruction methods.

Method BFGS line-search BFGS + line-search
Finite differences gradient 19 167 188
Geometric gradient (Appendix A) 20 160 181
Optimized centroid (Appendix B) 19 152 171
Analytic reconstruction 18 150 168
Table 3

Runtime ratios between geometric methods and analytic method
using the BFGS algorithm.

Method Runtime ratio

exact random
Finite differences gradient 104 193
Geometric gradient (Appendix A) 28 51
Optimized centroid (Appendix B) 19 28
Analytic reconstruction 1 1

Fig. 7. Face-centered cubic arrangement of spheres reconstructed using the analytic centroid method. Left: one chunk of the face-centered cubic arrangement
reconstructed on a perturbed 64> rectilinear grid. Right: 26> chunks loosely initialized and tiled in a perturbed 1283 rectilinear grid.

the minimization algorithm are required to reach its convergence criteria which explains the large values obtained for the
median number of calls of the gradient. We observe that the analytic methods requires less calls to the gradient compared
to other methods. We explain this result by the smoothness of the analytic formulas compared to the geometric methods.
However, we note that the results of the optimized centroid method are close to the results of the proposed method.

4.3.3. Runtime ratios for reconstructions with a BFGS algorithm

For these exact and random sets of cases, the runtime ratios between the various methods and the proposed method
have been computed and summed up in Table 3.

These results differs from Table 1 since the runtime cumulates of the evaluation of the gradient and the BFGS itself.
Anyway, we observe that the analytic reconstruction method still outperforms the geometric methods.

4.4. Reconstruction of a face-centered cubic arrangement of spheres

To complete the set of numerical tests, we compared the behavior of the various methods on two more actual cases
composed of a face-centered cubic (FCC) arrangement of spheres in a unit cube. The first case presented in the left of Fig. 7
represents the elemental chunk of a FCC arrangement of 14 spheres. This case was performed in a randomly perturbed
rectilinear grid composed of 64 cells per direction. The volume and the centroid of each cells have been initialized using a
sampling method and the polyhedrons have been reconstructed with the MOF method using the analytic centroid method.

Measuring the runtime ratios of the various methods requires a large computation for the results to be considered as
statistically converged. To increase the number of reconstructions, we present a second case where the chunk was shrunk
and tiled 26 times per direction in the unit cube. The volumes and the centroids have been initialized with a coarse sam-
pling in each cells. The randomly perturbed rectilinear grid was generated starting from a regular rectilinear grid composed
of 128 cells per direction. In each directions, the position of each faces are randomly shifted by a step achg where hy = 11%
is the original space step and « is a random number in the range [—0.2, 0.2]. This configuration contains 74439 spheres
and required 3354272 calls to the BFGS algorithm to be reconstructed. The right of Fig. 7 represents a close-up view of
the polyhedrons reconstructed by the MOF method for this second test. The runtime measures were conducted on a single
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Table 4

Runtime ratios between geometric methods and analytic method
for the reconstruction of a face-centered cubic arrangement of
spheres in a 1283 randomly perturbed rectilinear grid.

Method Runtime ratio
Finite differences gradient 89

Geometric gradient (Appendix A) 22

Optimized centroid ( Appendix B) 17

Analytic reconstruction 1

CPU to increase the accuracy of the ratio and are presented in Table 4. To give an idea of the time saved, this case with our
analytic method ran in 273 s and in 24485 s with the finite differences gradient method.

This time, the runtime cumulates the evaluation of the gradients, the minimization algorithm and the whole MOF algo-
rithm on all the cells. As before, we observe that the analytic reconstruction method still performs better than the other
methods.

To conclude, all the methods except the finite differences gradient method offers approximately the same accuracy. This
is due to the absence of approximations in the evaluation of the partial derivatives of the objective function. These methods
can be differentiated by their runtime and, as shown in Tables 1, 3, and 4, our analytic reconstruction method outperforms
the other methods.

5. Conclusion

In this article we have developed a new fast and robust approach to solve the minimization problem of the moment-
of-fluid method in 3D on rectangular hexahedrons. The key idea is to find a global parametrization in spherical coordinates
of the locus of the centroids at fixed volume. This allows to compute the objective function and its gradient with fully
analytical formulas which avoid the use of a computationally intensive geometric flood algorithm. The numerical results
show that our analytical method is up to 200 times faster than the geometric approaches. We have also adapted and
improved the flood algorithm [24] for the moment-of-fluid method for general convex cells. In future work, we will extend
our methodology of the centroid locus parametrization to other cell shapes, for instance, in 2D on convex polygons or in 3D
on tetrahedrons.
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Appendix A. Analytic gradient from the geometric approach

Fig. A.8. Example of a top polygon (Penta configuration, x = 0.9). The points p; denote the vertices of the polygon and x; denotes the centroid of the
top polygon. The Cartesian frame and the spherical frame are represented in there respective positions.

In this section, we present the formulas to compute the gradient of the objective function proposed by Chen and
Zhang [17]. The input data of this algorithm is the surface of the intersection of a half-space with the polyhedron given
by the flood algorithm. This surface will be denoted by 3 and will be referred to as top polygon. Fig. A.8 gives an example
of a top polygon in the Penta configuration. The top polygon is composed of n vertices denoted by p; for i € [1,n]. The
algorithm to compute the gradient of the objective function can be decomposed in four steps.

Step 1. Compute the surface S and the centroid x¢ of the top polygon ‘B in the Cartesian frame (O; e, €3, e3) with equa-
tions (A.1) and (A.2).
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n—1
1
=22l —p) x P11 — p1)] (A1)
i=2
1 n—1
X =P1+ 5 D[P = P1) X (Pig1 — PO|((Bi = P + (B — PD) (A2)
i=2

Step 2. Transform the points into the spherical frame (xg;ug,us,n) where the origin is set to the centroid of the top
polygon. The unit vectors of the spherical basis can be expressed in the Cartesian basis with equation (A.3).

uy = —sin(f)e; + cos(9)e;
uy = cos(9) cos(p)ey + sin(f) cos(¢)e; — sin(p)es (A.3)
n = cos(f) sin(¢)eq + sin(0) sin(¢p)e + cos(¢p)es

Any point p in the Cartesian frame can be transformed into a point p in the spherical frame by the relation (A.4).

(p—x¢) - Uy
pP=|(p—xc) uy (A4)
(p—%c)-n

Step 3. Calculate three quadratic integrals over the top polygon. Consider any polynomial function ¢: R3 — R of degree at
most two. The integral of ¢ over the top polygon can be exactly computed using the sum of a 3-point Gauss quadrature, as
defined in formula (A.5). This formula comes from the decomposition of the polygon into triangles as represented by dotted
lines in Fig. A.8. Note that the points must be transformed into the spherical frame using the previous relation (A.4).

[ 16— p p p pi+ b Pit Pip Piy1+ Py s
¢_€Z|(pi_pl)x(l’i+1—ﬂ1)| ) — +¢ —— +o 5 (A5)
i=2

Compute the quantities Iy, Iy and Iy, which correspond, respectively, to ¢ =x%, ¢ =xy and ¢ = y2. In these formulas, x,
y and z are the coordinates of any point in the spherical frame given by xug + yugs + zn.

Step 4. Finally, compute the partial derivatives in the spherical frame and the gradient of the objective function. The partial
derivatives in the spherical frame are computed using relation (A.6).

_sin(@)

805}(‘97 )= [[xx’ Ixy, 0]

_ ] (A.6)
3sCY(0, ¢) = Y [Ixy. Iyy. 0]

The gradient of the objective function is computed with formula (A.7). Note that the centroid and the reference centroid
must be transformed into the spherical frame using relation (A.4).

0 F(0,6)=2(CV0,9) —C*) - 2CV(6. 6)

~ R (A7)
9 F (0, ¢) =2 (cv(e, ¢) — c*) - 95CV(0. §)

Appendix B. Improvements of the flood algorithm for the moment-of-fluid method

In this section, we present some optimizations related to the flood algorithm proposed by Diot and Frangois [24]. The
first optimization consists in getting rid of the rotation of the polyhedron in the reference frame since it induces some
singularities in the derivative when n = t+e3. The second optimization consists in evaluating the centroid during the recon-
struction.

The method proposed by Diot and Frangois consists in bracketing the position of the interface between two parallel slices
of the polyhedron. Each slice corresponds to a plane that passes through, at least, one vertex of the polyhedron. The slices
are sorted in such a way that the distances of the planes on the flood axis n are in increasing order. The shape between two
consecutive planes is a polyhedron called a prismatoid. All the vertices of a prismatoid are contained in one or the other
plane as show by the example in Fig. B.9. The flood algorithm consists in computing the volume of the prismatoids one
after the other until the reference volume is exceeded. Once the reference volume exceeded, the position of the interface
is found inside the last prismatoid (refer to [24] for the method). Here, we propose an alternative method to compute the
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e DS

Fig. B.9. Decomposition of a prismatoid in the sum of three terms. First, add a right prism. Second, add some tetrahedron and triangular prisms (in green).
Third, subtract some tetrahedron and triangular prisms (in red). The arrows denote the unit tangent of the edges of the prismatoid.

D2

P1

Fig. B.10. Decomposition of the prismatoid. Left: right prism. Middle: tetrahedron. Right: triangular prism.

volume of the prismatoids for any direction n instead of n = e3 in the original article. Then we present new formulas to
evaluate their centroids.

In the article of Diot and Francois, the volume of a prismatoid is computed as the volume of a right prism plus the
volume of some tetrahedrons and triangular prisms minus the volume of some tetrahedrons and triangular prisms (refer to
Fig. B.9). In Fig. B.10, we present the notations of the known quantities during the computation of the volume. The base
of the right prism is composed of n vertices (p;)c[1,n) that forms the bottom plane of the prismatoid and its height is
denoted by h. The tetrahedron is generated by three unit vectors u, v and n. The triangular prism is generated by the flood
direction n and the normal of one of its face ny.

The volume of a tetrahedron and its centroid can be computed using equation (B.1).

v h3(" “)m ¢ +h(n+"+v) (B1)
=—(—x—])- = - —_—t — .
et = =\ Th X von tetra = P 2 an von
The volume of a triangular prism and its centroid can be computed using equation (B.2).
h? n-n pi+p, h( nsx(py,—p)
Vei = - (|p2 —pil—L ) Coi= "2+ (#) (B2)
2 In xng| 2 3\Inxmngl|p; —pil

The volume of a right prism and its centroid can be computed using equations (B.3a) and (B.3b).

n—1

1
=52l =P x i1 — )| (B32)
i=2
h 1 n—1
Vprism =hS  Cprism = o1+ D1+ == > | (pi = P1) X (Pis1 = PO|((®; = P1) + (B — P1)) (B.3b)
i=2

The centroid of a prismatoid and the centroid of the final polyhedron are computed using the additivity of the first momen-
tum, that is, using the pseudo-formula (B.4).

_ Z VtetraCtetra + Z Vtrictri + Z Vprismcprism
Z Vtetra + Z Vtri + Z Vprism
Remark that it is more efficient to write the algorithm in terms of first momentum instead of centroid. The centroid of the

final polyhedron can be easily computed by dividing its first momentum by the total volume which is equal to the reference
volume.

C

(B4)

Appendix C. Proof of the formulas for the parametrization of the locus of the centroids

In this appendix, we give a proof of the formulas given in section 3. For each configuration — Triangle, QuadEdge,
QuadFace, Penta, and Hexa — the same methodology is used to obtain the analytic formulas. First, we remark that the
surface of the half-space intersects between three and six edges of the hexahedron. In each configuration, we denote A,
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Fig. C.11. Local charts in («, y) of all the configurations. The bold region corresponds to the left configurations of the local chart in (0, ¢). (left) x < %
(right) x > &.

B, and C three of these intersection points. The other points, when they exist, can be deduced from the coordinates of
these points since they belong to the same plane. We define «, 8, and y the coordinates of the points A, B, and C on the
respective directions of their edges. The volume and the centroid of the intersection of the half-space and the rectangular
hexahedron is then computed by a tetrahedral decomposition and by using the additivity of the volume and the first
momentum. We recall that the centroid of a tetrahedron is equal to the centroid of its vertices. Then, some inequalities
between «, B, and y are established from the geometric constraints of the different configurations. Next, the volume V
is imposed to give a relation 8 = S(«, y, V). At this step, the centroid is described locally as a function of o and y for a
fixed volume V. The definition domain Df of the local parametrization and its limit curves in (&, y) are given for each
configuration. The concatenation of these domains is illustrated in Fig. C.11 for x < é and x > %. These domains are mapped
in the (6, ¢) chart (Fig. 5) and the domain enclosed by the bold lines corresponds to the left configurations. Finally, we give
the parametrizations and the associated limit curves in spherical coordinates (6, ¢) defined in section 3.

C.1. Definitions and notations

In the same way as for equation (6), the normal to the plane is defined as:

; a sin(¢) cos(9)
n=———|a; | =| sin(¢)sin(6) (C1)

[2 2., 2
ay+a;+az [ a3 cos(¢)

where 6 € [, ] and ¢ € [0, ] are the spherical coordinates. The interface 93 defined in (10) can be alternatively defined
by:

1h=k&y¢)eR3‘mx+auh+@z=l} (C2)

The coefficients aq, ap, and as will be referred to as coefficients of the plane. We restrict 6 to [0, /2] and ¢ to [0, 7t /2] by
symmetry, hence, cos(¢), cos(9), tan(¢), tan(9), ay, a, and asz are positive. From (C.1), we have the relations:

a as

— =tan(0) — = cot(¢) sec(6) (C3)

a ay

In this appendix, we will provide the details of the parametrizations of the limit curves and centroids for the Left

region. The equation (C.3) will give the two following important quantities involved in the Left region: T'2 =cytan(h) and
T’3 = c3 cot(¢) sec(f). The parametrizations associated to the Right and Bottom regions can be easy deduced from the
Left region with a circular permutation of the axes. For the Right region the permutation x — y — z — x is applied and
leads to

a a a a
2 =2 —cot()csc() = = —- = cot(d) (C4)
(11 ar (11 a

which correspond to the two following important quantities involved in the Right region: T/, = c3 cot(¢) csc(9) and TS =
c1 cot(9). For the remaining Bottom region the permutation x — z— y — x is applied and leads to

a, 13’ az :
—=—= tan(¢) cos(9) 5 == tan(¢) sin(6) (C.5)
aj a3 a a3
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that correspond to the two following important quantities involved in the Bottom region: T’z’ =y tan(¢) cos(f) and Tg =
ca tan(¢) sin(@). The parametrizations in the Right (respectively Bottom) region are then computed by replacing T{ by T}
(respectively T}’) and by applying a circular permutation of the coordinates as in (14) to (15) and (18) to (21). We will now
detail how to obtain limit curves and centroids in the Left region.

We consider a rectangular hexahedron © = [0, c¢1] x [0, c2] x [0, c3]. We recall that the reference volume is denoted by
V and the associated volume fraction C1ZC3 is denoted by x. We make the assumption that x < % since the case y > %
can be treated by considering the complementary problem. In this appendix, we use the following notations (i, j € {1, 2, 3})
already defined in (11):

tj=—— Ti=cicot(®) Th=catan(®) T} =cscot(¢)sec(d)

The following functions will be used in the definition of the limit curves of the local charts. The roots of the following
second degree polynomial in y given by y2 +ay + a? — 3Ljja = (y — f\’ﬁ(a))(y - fg(a)) are equal to:

ij 1 Fij 1
o= 3 (—x +/12¢;5x — 3x2> e = 5 (—x —J12¢;x — 3x2> (C.6)

The function fg is well defined and positive on [0, 3¢;;], monotonically increasing on [0, £;;] and monotonically decreasing
on [€;j, 3¢;;]. It verifies the identities f}(0) =0, fy}(¢;j) = ¢;;, and f}}(3¢;5) = 0. We also introduce gy as:

202 4+ (2c3 — 3l12)a — 3 +\/(2oz2 + (2c3 — 3€12)a — 3)2 +4(c3 — )2 (3L12c3 — (€3 + c30 + @22))
2(c3 —a)?

gv(a) =cq
(€.7)

The function gy, is well defined, positive and decreasing on [0, f‘ljz(q)]. It verifies the identities gy (0) = ‘2)3((.‘1) and
gy (fl#(c3)) = 0. We also introduce h}; as:

203 +3(c3 — o) (c3(c3 — £12) + £1200) — v/3(c3 — @)2(3(c3(c3 — £12) + £120)% + 4(c3 — £12)3)
200(? + 3c3(c3 — o))

hi3 (@) = ¢
(C8)

The function h{f is well defined, positive and monotonically increasing on [0, c3]. It verifies the identities h{f(O) =0 and

h{f(q) = c1. The angles of the local chart of Fig. 5 are given by:

l 3¢ c c c
§1 = arctan (2) 65 = arctan <£> 03 = arctan (—1> 6} = arctan (—1> 05 = arctan <—l>
2 o) (o) 3413 L13

23
€1 — c c
ezh = arctan w 9} = arctan %
2 2 — f’(c2)

Consider the third-degree polynomial x3 + px+q = 0. When the discriminant A = 4p3 +27¢% <0, the polynomial has three
real roots given by (k € {0, 1, 2}):

— 1 — 2k
Xk =2,/ P cos | —arccos 9 + il (C9)
3 3 p 3
3

C.2. Parametrization of the Triangle configuration

C.2.1. Parametrization in (o, y)

In the Triangle configuration, the plane — the surface % defined in (C.2) — intersects the cell as presented on the left
of Fig. C.12. The coordinates of the points are given by A = («,0,0), B= (0, 8,0), and C = (0,0, y). The coefficients of the
plane (C.2) are given by:

a = — a = — a3 = — (C10)

The volume of the tetrahedron OABC is given by Vi(«, 8, y) = %. Its centroid is given by Ci(«, B,y) = }l[a,ﬂ, y]. By
imposing the fixed reference volume V, we obtain:
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Fig. C.12. Triangle configuration (left) and definition domain DY with x < % (right).
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Fig. C.13. QuadFaceL configuration (left) and definition domain D% (right).
6V 1 6V
a,y.V)=— o, y)=-|a, —, C11
ﬁt()/)ay ¢ @, y) 4[ ay}/] (C11)

In closed form, the centroid verifies the equation Y = % which is a portion of a hyperboloid. When the parameters
o €[0,cq] and y € [0, c3] are fixed, we have §; € [0, c2], so, 0 < % < 3. The domain Dtv, represented on Fig. C.12, is given
by:

DY = {(a, y) €10, c1] x [0, ¢3]

- 6V
V= o
Its three limit curves are given by Ff’: o (oz, EZ—E) with a € [3423,c1], Ff: y — (c1,y) with y € [3412,c3] and Fg Lo
(o, c3) with a € [3423, c1].

C.2.2. Parametrization of the centroid and the limit curves in (6, ¢) 5
From equations (C.3), (C.10) and relation (C.11), we get tan(d) = % = % and cot(¢) = %cos(e). We solve these equa-
tions for o and y to obtain:

1
6V tan(®) )3 @6, ¢, V) = (6, ¢, V) cot(¢) sec(®) (C12)

7009 = (Gigrsecom

We obtain the final parametrization (17) by replacing « and y in (C.11) by their expression given in (C.12).
The limit curves in (0, ¢) are obtained from the limit curves in («, y). For the curve Ff, we have y = 662—‘2 Hence,
tan(0) = % and cot(¢p) = % cos(0). When solved for (0, ¢), we obtain ¢P3m(9) (12) defined on [6Y, 63]. For the curve Ff.
2 .
we have o = cq. Hence, tan(9) = % and cot(¢p) = C71 cos(6). We obtain ¢>:12m(9) (12) defined on [03,9}1]. For the curve T},

we have y = c3. Hence, tan(d) = % and cot(¢) = f‘—s cos(8). We obtain ¢[im(6) (12) defined on [6%, 65].
C.3. Parametrization of the QuadFaceL configuration

C.3.1. Parametrization in (o, y)

In the QuadFaceL configuration, the plane intersects the cell as presented on the left of Fig. C.13. The coordinates of
the points are given by A = («, 0,0), B=(8,c2,0), C=(y,0,c3), and D = (8, c3, c3). The coefficients of the plane (C.2) are
given by:
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1 _ _
a = — a = *—p as = azy (C13)
o o0 3¢

Since the point D belongs to the plane, we have § = f + ¥ — «. The plane can be parametrized by x = ¢a(y,2) = o +
ﬂc;z"y + %z. The volume of the approximation is given by:

c3 ¢ $qft(¥,2)

Van(@. B.7) :/ / / 1drdydz= 28V (C14)
0 0 0
The centroid of the approximation is given by:
& cfan(var 22 +3By +282 —a(B+y) +a?
1

1
Can(et, B, y) = y |dxdydz= ——— @By +4f —w)
z

Van(a, B,Y) s 66+ 34y +38—a)

By imposing the fixed reference volume V in (C.14), we obtain:

2(023)% — los(a + ) + o + y?
(@ y V)=t —y  Cql@,y)=c— c2(4023 — (@ + ) (C15)
23
€3(3423 — (¢ — )

In closed form, the centroid verifies the equation X = é(lZc%(Y —2)24+12c3(Z — $)? + c3c3) which is a portion of a

paraboloid. When the parameters «, y € [0, ¢1] are fixed, we have Bqq,8qn € [0,¢1], 50 0 < €3 —y <c1 and 0 < {33 —a < 7.
Hence, using the relation ¢33 <c¢q (as V <cicc3/2), we get (a, ) € [0, £3]%. The definition domain D}l’ﬂ, represented on
Fig. C.13, is then given by:

D}l}ﬂ: {(a,y) €l0,c11* |y <t and 5623}

C.3.2. Parametrization of the centroid in (0, ¢)
From (C.3), (C.13) and relation (C.15), we obtain tan(d) = “C;’s = % and cot(¢) = %cos(@). We solve these

2
equations for o and y to obtain the following relations:

1
Yan(0,¢,V) = 5 (cz tan(@) + €23 — c3 cot(¢) sec(@)) g (0,0, V) = yqn(0, ¢, V) + c3 cot(¢) sec(0) (C16)

After simplifications, we obtain the final parametrization (18a) by replacing « and y in (C.15) with their expression given
in (C.16). For the limit curves, we will use those given by the Penta configuration.

CA4. Parametrization of the QuadEdgeL configuration

CA4.1. Parametrization in (o, y)
In the QuadEdgeL configuration, the plane intersects the cell as presented on Fig. C.14. The coordinates of the points

are given by A = («,0,0), B=(0, 8,0), C=(y,0,c3), and D = (0, 8, c3). The coefficients of the plane (C.2) are given by:

1 _a—-y

1
—_ a2 = — a3 =
o B 3o

a = (C17)

Since point D belongs to plane ‘B, we have § = ’%V We introduce the points O3 = (0,0, c3) and P3 = (0,0, h3) where
hs = 053_“ . The last point corresponds to the intersection of the planes {x = 0}, {y = 0}, and the interface. The volume and
the centroid of the domain OABO3CD are computed using the additivity of the volume and the first momentum of the
tetrahedrons OABP3 and O3CD P3, which gives:

A +alytay’4y’

) ) 42 +ay+y?)
cpla”+ay +y°) c _ | B@+y+ay?+yd)
6ol qel (@B V) = | Ty
c33y2+2ay+a?)

Aa2+ay+y?)

Vael(@, B,Y) = (C18)

Note that the volume and the centroid are continuous between the QuadEdgeL and the Triangle configurations since
Vgel(@, 8,0) =Vi(a, B,c3) and Cqel(a, B, 0) =Ci(a, B, c3). By imposing a fixed reference volume V in (C.18), we get:
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Fig. C.14. QuadEdgeL configuration (left), definition domain D(}’el for x < % (middle) and for x > % (right).
6Vo
Bael(t, y, V) = (C19)

3@ +ay +y?)

6Va . . . .
S@tayid < c¢p. The right inequality writes
y2 +ay 4+ a? — 3430 > 0 or equivalently y > ff,3 (o) using (C.6) where we keep the positive solution because y > 0. We

6Vy
have also 8qe1 € [0,¢2] s0 0 < S@@tay 7D

D}]}el represented in Fig. C.14 is then given by:

When the parameters «, y € [0, c1] are fixed, we have Bge € [0, c2] so 0 <

< ¢ and hence we obtained similarly that o > f‘zf(y). The definition domain

Dy =@y el |y = [Peandaz P

C4.2. Parametrization of the centroid in (6, ¢)
2 2
From equations (C.3), (C.17) and relation (C.19), we get tan(¢) = § = 63(‘1%’{}’“’) and cot(¢) = % cos(6). We obtain

a second degree polynomial equation in y and we get the following relations — keeping the positive root — with Té =
c2tan(f) and T} = c3 cot() sec(6):

1
Yael(0,¢.V) = g (—3T’3 +/36023T} — 3(T§)2> Aqel 0, 6, V) = Vgl (6, ¢, V) + T (C.20)

After simplifications, we obtain the final parametrization (19) by replacing «, 8, and y in (C.18) by their expressions given
in (C.19) and (C.20).

C.5. Parametrization of the PentalL configuration

C.5.1. Parametrization in (o, y)

In the Pental configuration, the plane intersects the cell as presented on the left of Fig. C.15. The coordinates of
the points are given by A = («,0,0), B=(8,c2,0), C=(y,0,c3), D =(0,6,c3), and E = (0, c2, €). The coefficients of the
plane (C.2) are given by:

1 a—p oa—y

a) = — ap = as = (C.21)
o [6Y04 3¢

Since the points D and E belong to the plane, we have § = % and ¢ = f_‘i Furthermore, we have «, 8,y € [0,c1].

8 €[0,c2], € €[0,c3], thus 0 < % < 3. The left inequality is satisfied if « > 8 and the right one is satisfied if @ > 8 + y.
We also have 0 < % < c3. The left inequality is satisfied if @ > y and the right one is satisfied if « > 8 + y. Therefore,
only one inequality stands:

B<a-y (C22)
We introduce the points 03 = (0,0, c3), 02 = (0, c2,0), and P, = (0, hp, 0) where hy; = % The point P, is the intersection
of the planes {x =0}, {z =0} and the interface 3. We also introduce the point P3 = (0,0, h3) where h3 = 053_‘); as the
intersection of the planes {x =0}, {y =0} and the interface 3. The volume and the centroid of the domain OABO,EDCO3
are computed using the additivity of the volume and the first momentum of the tetrahedrons OAP,P3, O2BEP; and

03CDP3, so:
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Fig. C.15. Pental configuration (left), definition domain D;{ with x < % (middle) and x > % (right).
o~ (B4 +y*
3 3 3 4@3-(3+y3)
c2c3(e” = (B”+ 7)) a@t-Bt+yhH-4p3@-p)
Cpl(av ﬂv V): _ 3_(R3 3
6(c — B)(a@ —y) Aa—p) (> =(B+y>))
@t =ByhH—ay3@—y))
Aa—y)(@—(B3+y?)
Note that the volume and the centroid are continuous between the QuadEdgeL and the PentalL configurations since By =
0 is equivalent to Bqe; = ¢2 and we verify that Vpi(,0, ) = Vgel(e, ¢2, ¥) and Cp(«, 0, y) = Cgel(@, €2, ). Similarly, the
volume and the centroid are continuous between the PentaL and the QuadFaceL configurations since §q¢s=f+y —a =0
is equivalent to &y = % =y, that is B, = Bqa = @ — ¥, and by verifying that Vy(a,a —y,y) = Vga(a, @ — y,y) and
Cpi(,a —y,y) =Canla, 0 — ¥, ).
For a given reference fixed volume we get with (C.23) that 8 is the root of the following third degree polynomial:

Up(@, B y) =B —3tn@—y)p—(@—y) (X +ay +y* = 3tna) =0 (C24)
Let us find the definition domain of the Penta configuration:
’Dl‘)’l = {(a, y) € [0, c11? ‘ 0<Bpi(a,y,V) <crand Byi(a, Y, V) <a — y}

where Byi(a, y,V) is solution of (C.24). To find this domain, let us first find its boundaries. If 8 =c1, we have ¢; > a >
c1 + y and therefore («, y) = (c1, 0). With (C.24) and using (C.6) we have:

Voi(ee, B, y) = (C.23)

For =0 U@, 0,9)=(y-a)(y - fF@)(v - Ff@) =0 (C.25)
Forf=a—-y Up(o,aa =y, y)=3y(@—y)s—o)=0 (C.26)

Therefore, the possible boundaries of the domain Dl‘)’l are necessary in the following list: « =0, ¢ =c¢1, ¥y =0, ¥y =3,

Yy =, y = f (@), or @ = {3. The root y = fff (@) is excluded since it is negative, so outside of [0, c1]?. These curves
partition [0,c{]? in six regions as represented in Fig. C.15. Thus D;}l is the reunion of some — possibly only one — of
these regions. It is easy to check numerically by picking one value in these regions that five of them do not verify all the
constraints. In each of these regions, the three roots of (C.24) verifies either 8 € C or 8 <0 or 8 > @ — y, which violates
the conditions. Therefore the definition domain of the Pental is necessarily given by the remaining region:

Dy ={@ el |aztmandy < [P @)

The limit curves are given by F;]: o+ (f23,y) where y € [0, £33], I‘f)l: ae (o, flzf(ot)) where o € [¢33, min(3¢»3, ¢1)] and
I‘gl: o — (o, 0) where o € [€23, min(3¢33, c1)]. When x > %, there is another curve Fgl: ¥ + (c1,y) common to the Hexa
configuration where y € [0, f& (c1)].

In Appendix C.7.2, we have proved that the discriminant of the third-degree equation (C.24) is negative on D;} , so there

are three real roots g for k € [0, 2] that can be expressed by formula (C.9). In Appendix C.7.2, we have also shown that the
only solution that verifies 0 <8 <« — y on Dr‘fl is the root for k =2 given by:

(C.27)

2033+/L23 (0t — ) 3

1 § 2 3¢ 4
Bpi(e,y, V) =2 Ez3(a—)/)m5(§arccos<a rayty 230‘) _”)



24 T. Milcent, A. Lemoine / Journal of Computational Physics 409 (2020) 109346

In the Penta configuration, we can find the following simpler formulas for the limits F;l, Fﬁl and 1"-;1:

For T'y, Vy €(0,623], Bpi(las, ¥, V) =tz —y
ForI3, Vo €[fy3, min(3e3, c1)l, Bpi(@, f(@),V) =0 (€28)

For F1331 Vo € [€23, min(3¢23, c1)l,  Bpi(e, 0, V) = f& (@)

When x > %, we did not find a simpler expression of the fourth limit Fll1‘

To obtain these formulas, we insert the equations of the limits into equation (C.24):

Onrh  Wnles B.y) = (B~ fF s =) (B F¥ s =) (Bt - 1)) (C29)
onry  Wn@ B [P @) = (ﬂ 3t fZ (a))) (ﬁ + 3630 - f%}(oo)) (,B - o) (C30)
onry Wy, B,0)= (ﬂ - a) (ﬁ - fff(a)) (ﬁ - fff‘(a)) (C31)

On each boundaries, there are three roots for 8. It can proved by a direct computation that the first root of each expression
corresponds to the root k =0 of (C.24). The second term in each expression is negative since fff <0, so it corresponds to
the root k =1 which is always negative as proved in Proposition 1. Therefore the third term in each expression is the root
k =2 that we are looking for.

C.5.2. Parametrization of the centroid and the limit curves in (6, ¢)

From equations (C.3) and (C.21), we get tan(f) = % and cot(¢) = % cos(f). These non-linear equations are difficult
to solve directly because of the expression of 8 in (C.27). Instead, we express « and y as a function of 8, 0, and ¢ to obtain
a third degree polynomial on g using the expression of the volume (C.23). We introduce the following notations:

a=B+Ty, y=p+Th—T, where Th=cytan(d) T, =cs3cot(¢)sec(d) (C.32)

We replace these expressions in (C.23) to obtain the following third degree polynomial equation on S:
(B—TY3 —6TLTL(B — Th) — 3TLTL(T, + T, — £23) =0 (C33)

We already know that the three roots are real. To find the suitable root, we can extend the Proposition 1 to the case where
0 < X < 1. In this case, fp >0 and 1, B2 < 0. Note that we have to compute the lines {Y = —%} and {¥ = 0} which are
crucial for the inequalities. Using this extended proposition with L =0,  =c; and X =« — y, we can show that the only
solution that verifies 8 <o —y,0<a <c1,0<8 <cq,and 0 <y <cg is given by the root k = 2. The root can be expressed
by:

1 3(TL+ T, —¢ A7
Bt (0,9, V) =T +2,/2T) TLx, &y =cos 3 arccos M + = (C.34)

17l 3
4,/2TLT)

where &), verifies the following equation:

Eo)® = 3 3(TY + T, — £23) _

L 17l
16,/2T4 T}

To obtain the final parametrization (21), we replace o, 8 and y in (C.23) by their expressions given in (C.32) and (C.34).
We obtain a fourth degree polynomial in &}, for each component. Then we use equation (C.35) to get a second degree
polynomial in each component. Finally, after some simplifications, we obtain equation (21).

To compute the partial derivatives of the centroid using the formula of Chen and Zhang [19], use the coordinates of the
vertices of the interface given in order by A = (), 0,0), B = (Bp1, €2, 0), E = (0, c2, &p1), D = (0, 8p1, ¢3), and C = (¥p1, 0, ¢3)
using (C.34) and the relations:

0 (C.35)

C2Vpl €3B8pl
ap=Pp+Ty  yp=0p—Ty Sp=-—>  ep=-—1 (C.36)
TZ T3

For the PentaR (respectively PentaB) configuration, use a circular permutation of the coordinates and replace Tf by T}
(respectively TP).
For the limit curve l"él, a = {3 hence, with formulas (C.28), we have ¢, tan(f) = €23 — Bp1(£23, ¥, V) = ¥ and c3 cot(¢) =

(£33 — y) cos(9). We obtain ¢!iM(9) (13a) defined on [0, 6;]. For the limit curve I'2

o 2y = [ (@) hence, with formulas (C.28),
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213 Fﬁ

Fig. C.16. Hexa configuration (left) and definition domain D,Y with x > % (right).

we have c;tan(6) = o — Bpi(at, & (@), V) =« and c3cot(p) = (@ — f()) cos(@). We obtain ¢3;§(9) (13b) defined on
[91,95]. If x > %, we have o € [{33,c1]. Hence ¢gg‘(9) is defined on [61,03]. For the limit curve I‘gl, we have y =0
hence, with equations (C.28), we have cytan(f) = o — Bp1(@,0,V) = — fff(a) and c3 cot(¢p) = acos(f). The equation
o — fE(a) =T} is a second degree polynomial in . We obtain the limit ¢gg‘ (6) (13c) defined on [0,65]. If x > &, we have
« € [€23, ¢1]. Hence ¢>gg‘(0) is defined on [0, 63

For the limit curve Fﬁ, a = c1 hence, we have ¢ tan(f) = ¢ — Bpi(c1, ¥, V) and c3 cot(p) = (c1 — y) cos(9). In order to
find y as a function of 9, we replace g =c; — T’2 and o = cq in the formula of the volume (C.24) to obtain the following
equation:

Y3 = 3sThy +(c1 — Th)> — 3 4+ 3c1£3Th =0

Using the property of symmetry Wy (o, 8, ¥) = Wpi(«, ¥, B), the above formula writes Wy (c1, 1 — T’z, y) = 0. As previously,
we take the root k =2 to get ¥ <« — B. Hence, after some simplifications, we obtain formula (16a) defined on [6h, 65].
Note that we have used the relations Bp(c1,0,V) = 3 (c1) and Bpi(c1. f&(c1), V) =0 coming from (C.28).

For the limit curve Fﬁ we chose the points (0, «, 0), (0, 8,c3) and (cq, y,0) to get a1 = % a) = é az = "ég;lf
the limit is on (cz, y) with y € [0, f11,3(cz)]. We have y =c3 — T} and c3 cot(¢) = (c2 — B) sin(f). In order to find 8 as a
function of 6, we replace y =c, — TS and « =c; in the formula of the volume (C.24) where £33 is replaced £13 to obtain
the following equation:

and

B3 —3013T4B 4 (c2 — TH? — &3 +3c2013T5 =0
Hence we obtain formula (16b) defined on [63, 92].
For Fﬁ we chose the points (0,0, @), (c1,0,8) and (0,cy,y) to get a; = 0;%"[3 ap = Oéz;o’t/, as = é and the limit is on

(c3,y) with y €0, fg,z(@)]). We can prove that Té(C3 — B)=c1(c3 — y) and cot(¢p) sec(9) = C;—lﬂ In order to find B8 as a

1
function of 6, we replace y =c3 + Z—f(ﬁ —c¢3) and o =c3 in the formula of the volume (C.24) where £33 is replaced ¢1, to
obtain the following equation:

3
( 1 ¢ +T12> g1 f2 =263 ( 1 c1 +T’2) g G2 =)@ +T)
_ _ ! =

2
-p  cc ag \a-B ac 3t

Hence using c3 — £12 = %(Cl — ¢»3) we obtain equation (16¢) defined on [62, 6‘2].
C.6. Parametrization of the Hexa configuration

C.6.1. Parametrization in (o, y)

In the Hexa configuration, the plane intersects the cell as presented in Fig. C.16. The coordinates of the intersection
points are given by A = (¢1,0,a), B=(8,¢2,0), C =(y,0,c3),D =(0,6,c3), E=(0,c2,¢), and F = (cq, A, 0). The coeffi-
cients of the plane (C.2) are given by:

= G3—a 02:C3(C1—ﬂ)+01(/3—1/) 05— a—-vy
i3 —ay c2(c1c3 —ay) 13 —ay

(C.37)
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Gy(3—o) _ Bls—o) _ cuc1—y)
GE—prag—7 £ = ooy A A= STy

We have 8,y €1[0,c1], 8,2 €[0,c2] and «, € € [0, c3]. Therefore 0 < #% < cy. The left inequality is satisfied
if ;38 + oy <cjc3+apf and the right inequality is satisfied if c3(8 + y) < c1c3 + aB. The second inequality implies the

first one because c38 + ay <c3(B+ ) and a < c3. We also have 0 < ’Sﬁ?—_}") < c3. The left inequality is always satisfied

and the right inequality is satisfied if c3(8 + ) < cic3 + o 8. We also have 0 < % < cy. The left inequality is
satisfied if c38 + oy <cic3 + B and the right inequality is always satisfied because (c; — B)(c3 — «) > 0. Therefore only

one inequality stands:

Since the points D, E, and F belongs to the plane, § =

- c3(c1 —y)
T3 —o

. . _ _ _ _ cc3—ay _ c(cic3—ay)
We introduce three points P1 = (h1, 0, 0), P, = (0, hy,0), and P3 = (0, 0, h3) where h; = 163370( ,hy = 63(;7}3)1“(&”, and

hs = % P corresponds to the intersection of the planes {y = 0} and {z = 0} with the interface, P, corresponds to the
intersection of the planes {x = 0} and {z = 0} with the interface and P3 corresponds to the intersection of the planes {x = 0}
and {y = 0} with the interface. The volume and the centroid of the domain AFO1BEO;DCO0O30 are computed using the
additivity of the volume and the first momentum of the tetrahedrons OP{ P, P3, O1AFP1, O3BEP;, and O3CDP3. Therefore,
the volume is given by:

ca(c3 —a)?(c3 — B2 — y3) +3cic0a(c1 — y)(cic3 —ay)

V s s =
h(a, B,Y) 6(c1 — y)(c3(c1 — B) +a (B —y))

(C38)

The centroid is given by:

(-} =pi—yH+2a(ci—y) iz —ay)+aci—y))
4((c3—)2(S-B—y3)+3cialc1—y) (cic3—ay))
((c3—a)3(c}=p*—yH+2c1a(c1—y) Qcrc3—ay)? —cra(cs —a) (c1—y)—4B3 (c3—a)?(c3(c1 —B) +a (B—Y)))
Ch(c =2 1 C.39
n(@. B.y) 4(c3(c1—B)+a(B—y)((c3—a)2 (3 —p3—y3)+3c1a(c1—y ) (Crc3—0ty ) ( )
(3=} (c}—B—yH+2cia(c1—y)Qcics—ay)? —cia(;s—a)(c1—y)—4y3 (3—a)?(c3(c1—y))
4(c1—y)((c3—)?(c]—p3—y ) +3cia(c1—y) (cic3—ay))

Note that the volume and the centroid are continuous between the Penta and the Hexa configurations since V4, (0, 8, y) =
Vp(c1, B,y) and Cy(0, B,y) = Cp(c1, B, ). By imposing a reference fixed volume V in (C.38), B is the solution of the
following third degree polynomial:

6V(c1 —y) c1—-y)

_ 3 2,2 2 —
Wn(e, B, y)=p" - T iyre——-r. (ca(c3 —a)*(cf +c1y +¥?) +3(cic3 —ay)(cic20 —2V)) =0
(C.40)
Let us find the definition domain of the Hexa configuration:
Dy = [(a, y) €10,c31x [0,¢1] | 0 < (@, y. V) <c1and fy(@. y. V) < %}

where Bp(a, y, V) is solution of equation (C.40). To find this domain, let use first find its boundaries. From equation (C.40),
we have:

For $ =0 Wn(a,0,y) =—(c1 —Y)(¥ — gv@)(y — gv(a)) =0
_ e —y) c3(c1—7v) _a(e —y)@* +3c3(c3 — ) 13 “13 _
Forf=="—_"— W, (a,ﬁ, )— Gy (v —hF @)y —h @) =0
2 3 _ -
For B =c; Wy (@ cry) = LYT3DC YD) 3y — B ) =0

(c3 —)?

where gy and E%} are the conjugate roots of gy and hy defined in equation (C.7) and (C.8). These functions are well
defined, but outside of the domain [0, c3] x [0, c1]. Furthermore, h?} is the same function as h{f where c1 and c3 are
swapped.

The possible limits of the domain D,Y are necessary in the following list: « =0, a =c3, y =0, ¥y =c¢1, ¥ = gp(®),
y = h{}(a), or o = h%} (y). These curves form a partition of the domain [0, c3] x [0, ¢1] in six regions such as presented in
Fig. C.16. Thus D,}’ is the reunion of some — possibly only one — of these regions. It is easy to check numerically by picking
one value in these regions that three of these domains can not correspond since 8 ¢ R, B ¢[0,c1] or 8 > %
domains. Therefore, the definition domain of the Hexa is necessarily given by:

in these
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Dy ={(@,y) €l0,c31 x[0,c1] | ¥ < gv(@)}
The limit curves are given by F;l: y +— (0,y) where y € [0, f53(c1)], Fﬁ: o — (a,gy(x)) where o € [0, ff}z(q)] and
I3: o (a,0) where o € [0, fl?(c3)].
We can show that the discriminant of the third degree polynomial (C.40) is negative on DQ{ and the only root that
verifies 0 <8 <cy and B8 < % is given by:

Pnler, y, V) =2

V(1 —y) 1 c(c3 — a)z(c% +cay+ )/2) +3(cic3 —ay)(cicaa —2V) 4
———— cos| = arccos + =
c2(c3 — ) 4V,/2V(c1 —y)(c3 —a)/c2 3
(C41)
The proof of this formula follows the same line as for the Pental configuration. The discriminant A can be seen as a

third degree polynomial in the volume V instead of a fourth degree polynomial in o or y using a suitable change of the
quantifiers. Then, we compute the roots of the derivative of Ay, and show appropriate inequalities that prove the desired

result. Afterwards, we use the Proposition 1 with K =¢; and K = ‘:323‘”% to prove that only the root k = 2 verifies
0<B<cand B < % Nevertheless, the proof required the computation and the comparison of the curves {Yy, = %}

and {¥}, = 0} because Wy, is not of constant sign on D}‘f like in the Pental case.

C.6.2. Parametrization in (6, ¢) of the centroid and the limit curves in (6, ¢)

From equations (C.3) and (C.37), we get tan(d) = % and cot(¢) = g%g cos(#). These equations are difficult

to solve directly because of the expression of g in (C.41). Instead, the trick is to express o and y with respect to 8, 6, and
¢ and to get a third degree polynomial on 8 from the equation of the volume (C.38). We introduce the following notations:
B—c1+Th

T y=B+T,—T, Th=cytan(®) T} =cscot(¢)sec(d) (C42)
3

o =C3

We replace these expressions in (C.38) to obtain the following third degree polynomial in 8:
1 3 1 3

(ﬂ -3 (q ~Th+ T§)> -7 <ﬂ -3 (cl ~Th+ T§)> — SThThc1 €3 =0

where T} =4c1 T, — (c; — T, + T})2. We already know that the three roots are real. Like for the Penta configuration, we
can apply the extended proposition with =0, X =cq, and K = % to oo, B and y and show that the only root that

veriﬁesﬂf%,0§(x§cl,05;8§c1,and05y§cl is given by the root k = 2:

1 1 6T, T (c1 — ¢ ar
Bn(6,6,V) = ~ (q —Th+ Tg) +/TLay A = cos ( < arccos M + = (C.43)
2 3 (Ti)j 3
where c1 > ¢33 and where A}, verifies the equation:
3 3TLT (¢ — ¢
(Xh)3 — X, — M -0 (C.44)
4 1\3
2(Ty)2

To obtain the final parametrization (22), we replace «, 8 and y in (C.39) by their expressions given in (C.42) and (C.43).
We obtain a fourth degree polynomial in A} for each component. Then we use equation (C.44) to get a second degree
polynomial in each component. Finally, after some simplifications, we obtain equation (22).

To compute the partial derivatives of the centroid using the formula of Chen and Zhang [19], use the coordinates of the
vertices of the interface given in order by A = (c1,0, op), F = (c1, An, 0), B=(Bh, 2,0), E=(0,c2, &n), D= (0, &, c3), and
C = (1, 0, c3) using (C.43) and the relations:

,Bh—Cl-i-le 5 _ C2¥h _ C3Bn N ﬁh—i-T’z—C]

; h=—r  th=-— h=0C2 ; (C45)
T3 T T3 T

Ya=Bn+Th—T, an=c3
C.7. Technical lemmas
C.7.1. General inequality

Proposition 1. Let W(8) = 83 + pB +q a third degree polynomial in B. If the discriminant A = 4p3 + 27q* < 0, which implies p <0,
the roots of W(pB) are real and given by:
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1 — 2k
Vke[0,2] Br=2 /—B cos | = arccos S + —
3 3 2 p\3 3
(=5)
i _Ki 1 2k y -9 - _K
Then, the sign of B — I is the same as cos(5 arccos(X) + =5-) — Y where X = N YRR and Y = NS Furthermore, suppose

that —1 < X < 0. Then, the three roots verify g1 <0, Bo, B2 > 0 and we have the following inequalities where W stands for W(KC):

Y<0 0<y=<1 l<v<i Y>1
Bo=K Bo=K ifev<0 po=K | po<K
ifv>0 po<K
Pz | if¥<0 =<K p2<K P2 <K
ifU>0 pr>K
Proof. We have the following identities for x € [0, 27 ]:
if 0<x<m
cos(arccos(x)) = x arccos(cos(x)) = -~ C.46
( ()) ( ()) 2w — X if m<x<2mw ( )
It is easy to check that:
YK
X — cos(3arccos(Y)) = X — @ay?®-3y)=-— ") (C.47)

2y/(=p/3)3

We have the inequalities (4k + 1)% < %(arccos(X) + 2km) < (4k +2)%, so B1 <0 and By, B2 > 0. In the first part of the
proof, we use only the hypothesis —1 < X <0 and not the expression of X and Y. If0<Y < % we have % < %(arccos(X)) <
Z <arccos(Y) < %. Since the cosine function is monotonically decreasing on [%, %], we get by composition B > K. If
% <Y <1, we have —% < %(arccos(X) —2m) < —% < —arccos(Y) < 0. Since the cosine function is monotonically increasing
on [—%,0] we get by composition 8 < K. In the second part of the proof, we will use the identity (C.47). First, we
suppose that W < 0. Since arccos is monotonically decreasing, using (C.47), we get arccos(X) < arccos(cos(3 arccos(Y))). If
% <Y <1, from (C.46), we get arccos(X) < 3arccos(Y), so % < %arccos(X) <arccos(Y) < % Since the cosine function is
monotonically decreasing on [% %] we get Bo > . If 0 <Y <1/2, from (C.46), we get arccos(X) < 2w — 3arccos(Y), so
% < arccos(Y) < %(271 — arccos(X)) < Z.. Since the cosine function is monotonically decreasing on [% %] we get B < K.
If W > 0, the proof is the same but the inequalities are reversed because of (C.47). O

C.7.2. Analytical expression for the PentalL configuration of By on D;’l
We want to find an analytical expression of g that verifies 0 <8 <a — y on D;’l . The discriminant of the third degree
polynomial (C.24) is given by A =27(«x — y)zAp where:
2 2 2 3
Ape.y. ) = (0 +ay +y2 = 3tna) —4@ —y) (E2)
First, let us show that A, is negative on the definition domain of the Penta Dr‘fl which writes:
Ver >0, Vi3 el0,cil, Vo€l min(cr,363)], Yy €0, fR ()], Ap(a,y,£23)<0

This expression is a fourth degree polynomial in « and y. To prove that A, is negative appears to be a complicated task.
Instead we can see Ay as a third degree polynomial in £33. As illustrated in Fig. C.17, it is equivalent to show that:

Ve1 >0, Vael0,cil, Vyel0,al, Vi€l (a,y), 5%, ¥)], Ap(a,y,lxs)<0 (C48)

. 2 2
where (030 (@, y) = XY and (%% (@, y) =a.
The partial derivative of A, with respect to £3 writes:

A
ﬁ = —6(2( — ¥)(£23)* — 3023 + a(@® +ay +7?))

The roots of second degree polynomial % are given by £2i3 (o, )= Mﬁ; W. We have the following inequalities:
3@, y) < (@, y) <55, y) < €55@, ) (C49)

The right and the middle inequalities are equivalent to 8ay (@ — ¥)? > 0. The left one is equivalent to 16(a> — %) > 0.
We also have:
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ClL { (%

0 > (o3 0
0 % C1 0

|

Fig. C.17. Illustration of the inversion of the quantifiers.

. . 3
Ap (@, @ 7)) = 4@ —y) (8@, 1)) 0 Apla, 7, 5@ ) = —@ - V)G +y)y? <0
(C.50)

The second degree polynomial ge% is positive on the interval [¢55, Z;g] and negative outside. Hence £33 — Ap(a, ¥, £23)

is monotonically increasing on [£2‘3,l;3] and monotonically decreasing elsewhere. Therefore, together with (C.50) and the
inequalities (C.49), we get equation (C.48). The three solutions of (C.24) are then real and given by:

- 1 2km a?+ay +y?—3i3a
Bk =2+/€23(x — y)cos (—arccos Xp1) + —) Xpl =
3 (o) +75 BT 2l —y)

where k € {0, 1, 2}. Now, let us show that the root k =2 is the only one which verifies 0 < 52 <o — y. We introduce
K =a — y and the notations:

Yo — o—-y _ |-y
o 2/ —y) 4l

On Dgfl, we have —1 < Xp <0 — since Ap <0 —and 0 <Yy < @ <1 since y > a — 3£>3. We also have:

Upi(a,a —y,y)=3y@—y)ls—a)<0

Using the Proposition 1, we get 50 >a -y, ﬁ1 <0, and 52 <o — y. Therefore, we obtain the formula of the PentaL
configuration (C.27).
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