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FIRST MOMENTS OF A POLYHEDRON CLIPPED BY A
PARABOLOID

FABIEN EVRARD?*, ROBERT CHIODI', AUSTIN HAN*, BEREND VAN WACHEM?,
AND OLIVIER DESJARDINS*

Abstract. We provide closed-form expressions for the first moments (i.e., the volume and
volume-weighted centroid) of a polyhedron clipped by a paraboloid, that is, of a polyhedron in-
tersected with the subset of the three-dimensional real space located on one side of a paraboloid.
These closed-form expressions are derived following successive applications of the divergence the-
orem and the judicious parametrization of the intersection of the polyhedron’s faces with the pa-
raboloid. We provide means for identifying ambiguous discrete intersection topologies, and propose
a corrective procedure for preventing their occurence. Finally, we put our proposed closed-form
expressions and numerical approach to the test with millions of random and manually engineered
polyhedron/paraboloid intersection configurations. The results of these tests show that we are able
to provide robust machine-accurate estimates of the first moments at a computational cost that is
within one order of magnitude of that of state-of-the-art half-space clipping algorithms.
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1. Introduction. Many computational methods and applications, ranging from
finite-element [26, 5], cut-cell discontinuous Galerkin [12], and immersed isometric
analysis methods [18, 3], to the initialization [4, 19, 21, 22, 28] and transport [25] of
interfaces for simulating gas-liquid flows, require estimating integrals over polyhedra
that are clipped by curved surfaces. These applications have engendered multiple
dedicated quadrature rules and integration strategies, most of which focusing on esti-
mating the first few moments of these clipped polyhedra, thus considering polynomial
integrands only. The numerical approaches employed to estimate these moments vary
greatly in terms of accuracy, computational cost, and robustness. Monte-Carlo meth-
ods [13, 16] are extremely robust and straightforward to implement, however, they
suffer from a poor convergence rate, hence their cost/accuracy ratio is significant. Ap-
proaches based on octree subdivision [2, 23, 10] or surface triangulation/tesselation
[28] exhibit better convergence rates, yet their computational cost remains prohibitive
for numerical applications requiring on-the-fly moment estimations. A number of re-
cent approaches rely on successive applications of the divergence theorem, converting
the first moments of a clipped polyhedron into two- and/or one-dimensional integrals.
These integrals can then be numerically integrated at low computational cost or, for
specific surface types, even be derived into closed-form expressions. Bna et al. [4] esti-
mate the volume (zeroth moment) of a cube clipped by an implicit surface represented
with a level-set function through integrating the local height of the surface using a
two-dimensional Gauss-Legendre quadrature rule. This work has been extended to
the first moments of a clipped cuboid by Chierici et al. [6]. For the similar pur-
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pose of estimating the zeroth moment of a polyhedron clipped by an implicit surface,
Jones et al. [19] decompose the clipped polyhedron into a set of simplices, themselves
split into a reference polyhedron whose volume is computed analytically, and a set of
fundamental curved domains whose volumes are estimated using a two-dimensional
Gauss-Legendre quadrature rule. Chin and Sukumar [7] use a Duvanant quadrature
rule [11] for integrating over the faces of a polyhedron bounded by rational or non-
rational Bézier and B-spline patches. For non-rational surface parametrizations, this
yields exact integral estimations of polynomial integrands, provided that the order of
the Duvanant rule is high enough. Kromer and Bothe [21, 22] estimate the zeroth
moment of a polyhedron clipped by an implicit surface by locally approximating the
implicit surface as a paraboloid and applying the divergence theorem twice, converting
the clipped volume into a sum of one-dimensional integrals, which are then estimated
with a Gauss-Legendre quadrature rule. Finally, using Berstein basis functions in-
stead of monomial ones, Antolin and Hirschler [3] recently showed that, following
successive applications of the divergence theorem, polynomial integrands can be in-
tegrated in a straightforward and analytical manner over curved polyhedra bounded
by non-rational Bézier or B-spline surfaces.

This manuscript is concerned with estimating the first moments of a specific type
of curved polyhedra, that are planar non-convex polyhedra clipped by a paraboloid
surface (as in [21, 22]). Moreover, we require this estimation to (a) reach machine
accuracy, while (b) maintaining a computational expense that is low enough to enable
its on-the-fly execution in typical numerical applications (e.g., the simulation of two-
phase flows with finite-volumes), and (c) being robust to singular configurations (e.g.,
paraboloid surfaces being parabolic cylinder or planes, and/or ambiguous discrete
intersection topologies). These choices and requirements, although mainly motivated
by the use of these moments for simulating two-phase flows, may also find applica-
tions in the numerical fields listed above. A main difficulty in clipping a polyhedron
with a paraboloid lies in the fact that the faces of the clipped polyhedron cannot sys-
tematically be represented with non-rational or rational Bézier patches [27, 24]. This
prevents the use of recently proposed integration strategies designed for curved poly-
hedra bounded by Bézier or B-spline surfaces [7, 3]. By successive applications of the
divergence theorem, we show that the first moments of the clipped polyhedron can be
expressed as a sum of one-dimensional integrals over straight line segments and conic
section arcs. With a parametrization of the latter into rational Bézier arcs, we derive
closed-form expressions for the first moments, rendering their numerical estimation
exact within machine accuracy. Implemented within the half-edge data structure of
the open-source Interface Reconstruction Library [8]!, the computational cost
of these moment estimations is kept within an order of magnitude of that of clipping
a polyhedron with a half-space. Finally, our choice of arc parametrization, in con-
juction with the detection and treatment of ambiguous discrete topologies, allows for
robust moment estimates even in degenerate configurations.

The remainder of this manuscript is organized as follows: Section 2 introduces the
problem that we address and the notations employed throughout the manuscript.
The closed-form expressions of the clipped polyhedron’s first moments are derived in
Section 3. Section 4 touches upon the integration of quantities (e.g., the moments) of
the clipped polyhedron’s curved face(s). Section 5 details the procedure employed

IThe Interface Reconstruction Library (IRL) source code
is available under Mozilla Public License 2.0 (MPL-2.0) at
https://github.com/robert-chiodi/interface-reconstruction-library/tree/paraboloid_cutting.
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for preventing ambiguous clipped polyhedron topologies. Section 6 discusses the
extension of our approach to higher-order moments. Finally, the accuracy, efficiency,
and robustness of our proposed integration stategy are assessed in Section 7, and we
draw conclusions in Section 8.

2. Problem statement. Consider the two following subsets of R?:

e A polyhedron P delimited by nz planar polygonal faces F;,i € {1,...,nr},
each equipped with an outward-pointing normal vector n; (e.g., see Figures la
and 1b). Neither P nor its faces F; are required to be convex.

e The region Q, located on one side of a paraboloid S (e.g., see Figure 1c).
Without loss of generality, we assume to be working in a Cartesian coordinate system
equipped with the orthonormal basis (e,,ey,e.), within which the position vector
reads x = [17 Y z] T, and where Q and S are implicitly defined as

(2.1) Q={xecR®: ¢(x) <0},
(2.2) S ={xcR3: ¢(x) =0},
with
3
(2.3) ¢:{§ - E{xuﬁygﬂy (a,8) € R?.

These assumptions do not restrict @ and S since, for any paraboloid-bounded clipping
region in R3, there exists a combination of rotations and translations of the canonical
coordinate system resulting in such implicit definitions of @ and §. For the sake of
clarity and conciseness, we introduce the following notations:
e The subscript [J; refers to a topological element or quantity related to the
ith face of the polyhedron P.
e The superscript 0 implies an intersection with the clipping region Q, e.g.,
P=PnQor F,=FnQ.
e The superscript [ implies an intersection with the polyhedron P, e.g., S=8SnP.
This means that P = Q
As mentioned in Section 1, we are interested in calculating the zeroth and first mo-
ments of P =P NQ (e.g., see Figure le), i.e., its volume and volume-weighted cen-
troid, given as

(2.4) Mﬁ:/ 1dx, and Mﬁ:/ x dx.
P P

In the remainder of this work, we shall refer to these quantities as “the first moments”
or “the moments” of P, which we group into the vector

) MP
2.5 MP = 0 :/Tx dx,
(2.5 [M?] [ T
where

(2.6) 'r:{ RY = R

X»—)[lxyz]T

3. Moments derivation. Using the divergence theorem, Eq. (2.5) can be rewrit-
ten as

(3.1) MP = /ﬁV (P(x)®e,) dx = /875 ®(x)(nyp - €;) da,
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(a) A polyhedron P C R3. In this example, P  (b) The faces of 9P = U;F; and their outward-
is a regular dodecahedron with nr = 12 faces. pointing normal vectors, n;, s € {1,...,nr}.

e, e
\4’3” \<ey
ey (S29

(c) A paraboloid surface S intersecting P. The (d) The intersection of the paraboloid & with
domain Q is the subset of R3 located below S, the polyhedron P, S =SnNP.
with respect to e;.

e, (S5

€z €z
(e) The clipped polyhedron P = P N Q, where (f) The faces of 8P = U;F; U S.
Q is the subset of R3 below S.

FiG. 1. A polyhedron P C R3 intersected by the clipping region Q C R3 located below a parab-
oloid surface S.
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where da is an infinitesimal surface element on oP = Ui]:ii US, the boundary of 75,
n,; is the normal to 9P pointing towards the outside of P, and @ is defined as
R? — R*

(3.2) P N /O-r(x) dz (=[z zz yz $22]7)

Eq. (3.1) can be split into the following sum of integrals,
~ n]:
(3.3) MP :[@(x)(ng-ez) da—i—Z/A B(x)(n; - e.) da,
S =177

where § = SN P is the portion of the paraboloid S inside the polyhedron P (e.g.,
see Figure 1d), ng is the normal to S pointing outwards of Q (i.e., ng-e; >0),
and F; = F; N Q is the portion of the face F; inside the clipping region Q (e.g., see
Figure 1f). Owing to the definitions of Q and S, as given in Eqs. (2.1) and (2.2), the
normal to § pointing outwards of Q reads as

_ Vo
(34) " = vl
yielding
5 _ Vo(x) - e. . N
(3.5) MP _/S@(x) <IIV¢(x)II> da+;/Ai<I>(x)(nZ c.) da.

The surface S can be expressed in the parametric form

X
(3.6) S= y (zy) e Sty
—az? - By?

with o and § the coefficients introduced in Eq. (2.3), and with S+ the projec-
tion of & onto the zy-plane. Under the assumption that n; - e, # 0, each face F;,

i €{1,...,nx}, can also be expressed in the parametric form
A x A
(3.7) Fi= y (wy) e Fi o
51' — )\Zx — Ty
with
n; - Xr,
(3.8) 0; = li}—i, for any xr, € F;,
n;-e;
e
(3.9) A= Ce
n;-e;
n;-e
(3.10) T — A s
n;-e;

and with ]:'f- the projection of F; onto the zy-plane. These explicit parametrizations
yield

. nr
(3.11) M” = / ®s(z,y) dat + Zsign(ni . ez)/ &5 (z,y) dat,
St Fi-

i=1
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where ®s and ®r, are the function vectors

—azx? — By? 0i — Nt — T3y
—ax® — Bxy? bix — Nia® — Ty
(312)  Bs(zy)=| _pp2 g |0 BR@Y= |50 a2 |
2
1 (az? + By?) (6 — Nz — iy)°

and da' = dady is an infinitesimal surface element on the zy-plane. Note that in
order to simplify Eq. (3.5) into (3.11), we have used the fact that |[Vé(x)|| is the
determinant of the parametrization (3.6) of S, and that |n; - ez|_1 is the determinant
of the parametrization (3.7) of Fi. The projected integration domains St and ff‘
corresponding to the configuration of Figure 1 are illustrated in Figure 2.

Eq. (3.11) can be rewritten as

313) MP = V. (Us(z,y)@e,) da*
SJ_

nr
—+ ZSign(ni : ez) /A V- (‘I’]:z ({L‘7y) ® ez) daL ;
i=1 Fi+

where W5 and W r, are defined as
R? - RY

(3:14) s 0 oy o /qu»s(x,y) dz

and Vi € {1,...,nr},

R2 — R4

3.15 W o r
(3.15) Z @) = [ e

0

Note that the choice made here of integrating ®s and ®r, with respect to x is arbi-
trary, and that we could have equivalently integrated them with respect to y, requiring
to replace e, by e, in Eq. (3.13). Using the divergence theorem once again, this gives

N nr
(316) MP = [ Ws(a,y) (nps. -eo) dl+Z/A T, (2,)(ny s -00) dl,
o5+ i=1 a];il '

where di is an infinitesimal line element on the integration domains dS+ and dF;,
which are the boundaries of the projections of the faces of P onto the xy-plane.
As such, they consist of closed curves in the xy-plane, that are successions of conic
section arcs and/or line segments (e.g., see Figures 2b and 2c¢). Note that the term
“sign(n; - e,)” is now implicitly accounted for, as the closed curves OF; (and therefore
their projection onto the zy-plane, 8]:"1*) are oriented so as to produce a normal
vector pointing towards the outside of P. It should also be noted that the integration
domains dS+ and 8]:?- do not necessarily consist of one closed curve each — they may
each be the union of several non-intersecting oriented closed curves.

Let us assume that a parametrization

(317) Xi’j(t) =T ; (t)egg + Yi,j (t)ey + zm-(t)ez, t e [0, 1]7 _] e {1, e ,’naf-i} s
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(a) Projection of 9P (where P is shown in Fig-
ure le) onto the zy-plane.

n
x11,3(t)

1
x17,4(t)

xlll,s (t)

L
e, x11,e(t)

(¢) Projected clipped face ﬁf—l and the
splitting of its boundary into Nog, = 6
parametrized arcs.

Origin

%i1,4(1 - t)

€y

L.

(e) .Oriented closed curve on which
M71312 A s integrated.

Dni~ez<0
Dni~ez>0

— agi

(b) Projected clipped faces in the zy-plane.

€y

L.

(d) Oriented closed curve on which Mﬁl
is integrated.

€y

L.

(f) Oriented closed curve on which Mﬁg
is integrated.

Fic. 2. Illustration of the one-dimensional integration domains used for integrating the first,

second, and third contributions to the moments.
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is known for each of the n, £ arcs of dF;, where the functions ; ;, y; j, and 2 ; belong
to C1([0,1]). Moreover, let us note that each parametrized conic section arc belonging
to S is necessarily present in one and only one of the clipped face boundaries d.F;,
where it is traversed in the opposite direction for integrating ¥r,. Eq. (3.16) can then
be written as

519 M-S (0 00050) 185 @t 0,500 L),

=1 j=1

where

(3.19)

198 _ 1 if the jth arc of &F; also belongs to &S
3 0 otherwise

Note that in Eq. (3.18) and in the remainder of this manuscript, the superscript [/
indicates that a function has been differentiated with respect to its unique variable.
A closed-form expression can be derived for the integral in Eq. (3.18), however, its
use for numerically calculating the moments is undesirable for two main reasons:
1. the expression contains many terms, rendering its numerical calculation ex-
pensive;
2. the expression depends on J;, A;, and 7;, which all tend towards infinity as
n; - e, tends towards zero, leading to large round-off errors in the context of
floating-point arithmetics.
Instead, the introduction of a twin parametrization of the arcs of 9P and the ju-
dicious splitting of the integral in Eq. (3.18) can both reduce the complexity of its
closed-form expression and remove its direct dependency on the potentially singular
coeflicients d;, \;, and 7;. Let us then introduce the parametrization

(320) i@j(]f) = J_S‘i,j (t)em + yi,j (t)ey + Ei,j(t)ez, te [0, 1], RS {1, L. ,’Ila]:-i} ,

which links x; ;(0) to x; j(1) by a straight line. For the sake of conciseness, we shall
refer to these two points as x;;(0) = x; ;0 and x; ;(1) = X; ;1 in the remainder of
this work. This twin parametrization of each arc is simply given as

(321) )_(i,j(t) = (]. — t)Xi,j,O + txi,j,la te [0, ].], j € {17 - ,’I’La]:-i} .

If the jth arc of OF; does not belong to S, then @, ; = i 5, ¥i; = Uiy and 2 ; = Z; 5.
We can then re-organize Eq. (3.18) as

(3.22)
ZZ [ / W (7250 52 ()35 (1)

fl"”/ W (1), 71, ()7 (1) dt
s | (\PE 1y (051 () — s (s (0,51, <t>>) 7L (1)
i (wsm,j(t), Yoy (1)) — U (21, <t>,yi,j<t>>) (1) dt] ,
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The moments can thus be described as the sum of three distinct contributions, i.e.,

nr nr nr
323) MP=MP ML MP =N M LY MY M
i=1 i=1 i=1

where

(3.24) MPr — / wa 200,505 (07 ;1) dt,

18}‘

(3.25) / —18 S (T (1), 51y (D)7, (1) dt,

18.7-'

(3.26) MP* = / 183 <(‘I’s(fi,j(t)727¢,j(t)) =W (2(1),5i,5(1)) Ui ; (1)

(0 (5 (1), (8) — s (s (6,1, (1)) y;,jos)) dt.

The contributions M”* and M"? require the integration of the paraboloid and
plane primitives over straight lines only (e.g., see Figures 2d and 2e), hence are
straightforward to derive. The contribution MP3 on the other hand, requires the
parametrization of the conic section arcs in dS (e.g., see Figure 2f). Tt should also
be noted that each arc of the clipped faces OF; contributes to M”11 whereas only
the conic section arcs in those faces (originating from the intersection of 9P with S)
contribute to M”? and M”?_ owing to the presence of the coefficient 12‘?

3.1. First term: MP1. Let us be reminded that the boundary of each clipped
face, OF;, is a succession of n a7, conic section arcs and Jor straight line segments that
each link a start point x; ;0 to an end point x; ;1. Now recall that we aim to derive
expressions that are free of the coefficents d;, A;, and 73, so as to avoid round-off errors
in the numerical calculation of the moments. To do so, we assign to each face F; a
reference point x; ;s whose only requirement is to belong to the plane containing F;,
e.g., Xiref = X;j,1,0. For each arc of each clipped face, rather than integrating on
the straight line linking x; j 0 to X; 1, we integrate instead on the oriented triangle
175 L = (X4,5,0,Xij,1,Xiref). Since OF; is the union of closed curves, the start point of
each of its constituting arcs is necessarily the end point of another arc, and the sum
of all these triangle integrals is equal to the sum of the straight arc mtegrals In other
terms, substituting Eq. (3.21) into Eq. (3.24), the latter can be rewritten as

(3.27)

18.7-'

Mpl / Z Wr ((1—t)wijo+twiz, (1= Y50 + tyisa)(Yis1 — yiso) dt,

1 5”” Fi (L =t)wi g0 +tzij, (L= )Yi50 + t9i,5,1) (Yi5,1 — Yi,5,0)
/ +‘I’f (T =)@ 1 + txirer, (1 — )Yi g1 + tYiver) (Yisret — Yi,j,1) dt.
j=1 +x, (1 = t)@iref + txij,0, (1 — )i ret + t4i,5,0) (Yi,j,0 — Yi.ret)

Making use of Egs. (3.12) and (3.15), and of the fact that

(328) Zi,ref = 51 - Aixi,ref — TiYi,ref
(3.29) Zij :51' _/\ixi,j — TilYi,j > Vj S {1,...,n8}§b_}
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it follows that
. o,
(3.30) M= Z A (Xi,5,05 Xi g1, Xieet) BY (%4,7,0,X1,j,10 Xivet)
j=1
where A is the operator for calculating the signed projected area of a triangle from
the knowledge of its three corners, i.e.,

RExR3xR3 — R
(Xa,Xp, Xc) = % (Ta(Yp — Ye) + T6(Ye — Ya) + Te(Ya — b))

)

(3.31) A: {

and BM : R3 x R3 x R3 — R* reads as

4(zq + 20 + 2¢)
1 [(za+ 20+ 2¢) (w0 + 70 + X)) + Taza + Tp2zp + Te2e
12 (Za + zp + Zc) (ya +yp + yc) + YaZa + Yp2b + Ycze
23 + zg + zf + 2p2e + 2420 + 2a2c

(3.32) BW (x4,%p, %) =

3.2. Second term: M7”2. For computing M2, similarly as in Subsection 3.1,
we choose a reference point xs belonging to S. An obvious choice for this reference
point is the origin of our coordinate system, i.e., xg = 0. For each conic section arc
of each clipped face, rather than integrating on the straight line linking x; ;0 to x; j 1,
we integrate instead on the oriented triangle 77" = (Xi,5,0,Xi,j1,Xs). For each ith
face of P, this yields the moment contribution

(3.33)
1 "0F; Ps((1—t)zij0+twizi, (1= H)yij0 + tyis1)(Yig1 — ¥i5,0)
M= -125 ( +¥s((1 = t)zija +tes, (1 =)y + tys)(ys — Yi1) ) dt
0 =1 +¥s((1 = tzs + tzij0, (1 — )ys + tYi,5,0) (Yij,0 — Ys)

Using Egs. (3.12) and (3.14), substituting xs = 0, and making use of the fact that
3.34 108 40 e { 200 = 700 B0 e
(3.34) # 231 = —0xd,, — Bylss jeq 0F;)

it follows that

NoF;

(3.35) M P2 = Z 199 A (xi,j,0,%1,5,1, 0) B®) (xi 5,0, Xi,,1)

where A is the signed projected triangle area operator defined in Eq. (3.31) and the
operator B? :R3 x R3 — R? reads as

(3.36)
15 (axamy + BYaYs — 2a — 2b)
B (x,,%,) = — 60(a = 40) (@oya = Tat) + 90 + 20)(Za + 2)
90 6c(za — o) (YoTa — YaTp) + (Yo + Us)(2a + 2)

208(xpYa — Tays)”® + 3(2a + 2)(QTaZb + BYaYs — Za — 2b) + 3Za2b

Note that ./\/l732 #* MP owing to our choice of integrating over triangles rather than
the 1nd1v1dual arcs, however their sum over all faces is equal, yielding

nF
(3.37) MP2 ="M
=1
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Ellipse/hyperbola semi-major axis

106 T T T
10°
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10°

|
E
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Fic. 3. Semi-major axis of the conic section generated by the intersection of the paraboloid S,
as defined in Eq. (2.2), when a = |8| = 1, with the plane implicitely defined by n-x = —n - e, with
n=[cos(f) 0 sin(A)]7, as a function of the angle 6. The semi-major axis of the conic section
tends to infinity when 6 approaches a multiple of w, meaning that a parametrization of any arc of
this conic section with trigonometric functions becomes singular if n-e, — 0.

3.3. Third term: M”?. To derive a closed-form expression for M”?, a pa-
rametrization of the conic section arcs in &S must be provided. For the elliptic and
hyperbolic cases, traditional parametrizations using trigonometric functions are obvi-
ous choices, however they can yield significant round-off errors due to very large values
of their constitutive parameters (e.g., the semi-major and semi-minor axes). This is
illustrated in Figure 3 where the semi-major axis of the conic section generated by
the intersection of a paraboloid with a plane is plotted as this plane is rotated about
the e, basis vector. To avoid singular arc parametrizations, we express each conic
section arc as a rational Bézier curve [15]. This provides a general parametrization
that is valid over all conic section cases (i.e., elliptic, hyperbolic, and parabolic) and
allows a seamless and smooth transition between cases. A conic section arc linking
a start point x; ;0 to an end point x; ;; can be exactly represented by the rational
quadratic Bézier curve parametrically defined as

Bo(t) x4,5,0 + wij B1(t) x7 ; + Ba2(t) Xi 5,1

(338) Xi,j (t) = Bo(t) + wi’j Bl (t) + Bz(f) B t c [O, 1} y
where

(3.39) Bo(t) = (1—1)°,

(3.40) Bi(t) =2(1 — t)t,

(3.41) By(t) =2,

are the Bernstein polynomials of degree 2, and w; ; is a weight associated with the
control point x;7 ;. This control point is located at the intersection of the tangents to
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the conic section at the start and end points. In the case of the intersection of a planar
face JF; with a paraboloid surface S, these tangents are obtained by the intersection
of the planes tangent to S at the start and end points, with the plane containing F;.
The point x; ; (;) is, by definition, located at the intersection of S with the segment
linking %; ; (3) to x; ;. Substituting ¢ by % in Eq. (3.38), it follows that

(3.42) wig (i (5) =x35) = %5 (3) =% (5) -
from which w; ; can be deducted. If |w; ;| < 1, the rational Bézier curve is an arc

of an ellipse, if |w; ;| =1, the rational Bézier curve is an arc of a parabola, and if
|w; ;| > 1, the rational Bézier curve is an arc of a hyperbola (e.g., see Figure 4).

w;,; = 5 (arc of a hyperbola)

w; j = 1 (arc of a parabola)

Also shown

F1G. 4. Three rational Bézier arcs linking a start point x; j o to an end point x; ;,
) that can be

are the control point X} and weight w; 5, along with the points X; ; ( ) and X; ; (
used for determining wm

m\»—t,_.

Alternatively, the weight w; ; (when positive) relates to the absolute curvature s of
the conic section arc at its extremities x; ;o and x; ;1 following [14]

|‘A Xi,5,00 Xi,5,1, X |A X;.5,0) Xij.1 x*,)|
(343) ’u)l’] \/ ’ ’ I 9 j|3 ’

K (i 5,0 ||X”Xw0||3 K(Xi,5,10) 1% 5 Xi5,1

where £ at any point x on the conic section is given by [17]

[(ni X Vé(x)) - (Hg (ni x Vo(x)))|

(3.44) Kk(x) = ,
[n; x V(x|
with Hg the Hessian matrix
a 0 0
(3.45) H,=2(0 8 0
0 0 O

Note that, in order to prevent round-off errors in the numerical calculation of M”73,
we limit our implementation to cases where w; ; > 0. As a consequence, conic section
arcs that would result in negative rational Bézier weights are recursively split until
positive weights are found. With such a parametrization of the conic section arcs, it
can be shown that

Moz,

(3.46) MP = 15 A (xi g0, xi g1, x5 5) B (wigxij0.%i51,%7 )
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where A is the signed projected triangle area operator defined in Eq. (3.31) and the
operator B®) : RT x R3 x R3 x R3 — R4 is given in Appendix A.

3.4. A special elliptic case. When af > 0 (i.e.,, S is an elliptic paraboloid)
and the normal to F; is such that n; - e, # 0, the intersection of the plane containing
the face F; with the surface S is an ellipse. The intersection of F; with S can then be:
empty, a collection of arcs of this ellipse, or the entire ellipse. In the latter case, the
sum of the contributions Mfz and MZ-D3 can be directly calculated by integrating
Ws and Wz, over the full ellipse, which yields the more concise expression

1
R . 2 23 )2 Ai

(347) MP* + MP> — _sign (n; - e,) x LTS jj‘ﬂ‘m 2a ,
32 (afB) 28

where d;, A;, and 7; have been defined in Egs. (3.8)—(3.10). Note that this case only
occurs for n; - e, # 0, hence these coefficients are here non-singular.

4. Integrating on S. Although this manuscript is concerned with estimating
the first moments of P, the integration domains and parametrizations introduced
in Section 3 can also be used for integrating quantities associated with the clipped
surface S, e.g., its moments. The area of S, for instance, given as

(4.1) MS :/1 dx,
S

also reads after application of the divergence theorem as

(4.2) M =3 Z 198 / (w5 (8), s (8wl () dt,

i=1 j=1

where

RZ — R

(z,y) — /090\/1 +4a?2? +46%y% do

(4.3) v

The first moments of S, as well as the average normal vector, average Gaussian
curvature and average mean curvature of S, for example, can be expressed similarly
as sums of one-dimensional integrals over the parametric arcs of S+. Contrary to the
first moments of 75, however, they need to be estimated using a numerical quadrature
rule, as closed-form expressions cannot be derived.

5. On floating-point arithmetics and robustness. In the context of floating-
point arithmetics, there exist cases for which the computed topology of the clipped
faces F; may be ill-posed, preventing the accurate calculation of the moments of P.
This occurs when, in the discrete sense:

1. The surface S is tangent to one or more edges of the polyhedron P;

2. At least one corner or vertex of the polyhedron P belongs to the surface S.
For any given face of P, the former case is numerically detected by computing the
absolute value of the dot product between the normalized tangent to S and the
normalized edge from which the tangent originates, and checking whether it lies within
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€tangent Of unity. The latter case is detected by checking whether the intersection of
an edge with S lies within €comer 0f a corner or vertex of the polyhedron P. When
any of these configurations is detected, the polyhedron P is randomly translated
and rotated about its centroid by a distance and an angle equal to €pydge, and the
clipped face discrete topologies are re-computed. Moreover, we also switch to a higher-
accuracy floating-point format, e.g., from a 64-bit to a 128-bit format. In the current
work, where we aim to produce results in “double precision”, we find the values
€nudge = 1010 X €128, €corner = 102 X €64, and €tangent — 106 X €64, with €64 = 2752 and
€128 = 27112 the upper bounds of the relative approximation error in 64-bit and 128-
bit floating-point arithmetics, respectively, to prevent the computation of any ill-
posed topologies in all tests presented in Section 7 (for which more than 5 x 107
occurences of the current “nudging” procedure are forced to occur). Choosing lower
values for these tolerances may result in the generation of non-valid discrete topologies
and/or erroneous moments. It should be noted that, for a polyhedron P with volume
M7 = O(1), the rate of occurence of the cases triggering this correction procedure is
extremely small (that is, for non-engineered intersection configurations).

6. Higher-order moments. Second- and higher-order moments of the clipped
polyhedron P can be derived using the same procedure as presented in Section 3 for
the calculation of the zeroth and first moments. This merely entails appending higher-
order monomials to the function vector Y defined in Eq. (2.6). The arc parametriza-
tions introduced in Section 3 and used for calculating the three moment contributions
MPL MP2 and M2 would remain unchanged, while the operators B(l), B(2)7 and
B®) would then contain additional components respectively corresponding to the
mononials appended to Y. We hypothesize that closed-form expressions similar to
those given in Section 3 can be derived for moments of P of arbitrary order. However,
these would involve an ever increasing amount of high-order monomials of «, 3, and
of the components of the vertices of P and of the control points of the conic section
arcs in 9P, rendering the computation of the moments more sensitive to round-off
errors.

7. Verification. In this section, the closed-form expressions derived in Section 3,
the approach of Section 4 for integrating on the clipped surface, and the corrective
procedure of Section 5 are tested on a wide variety of engineered and random inter-
section configurations. When analytical expressions of the exact moments are not
available, we recursively split the faces of the polyhedron P so as to approximate
AP N Q and 9P N (R?\ Q) by collections of oriented triangles. We refer to this pro-
cedure as the adaptive mesh refinement (AMR) of the faces of the polyhedron P. We
then exactly integrate ®s on the triangulated approximation of 9P N (R3\ Q) and
® 7, on the triangulated approximation of each clipped face Fi, effectively approxi-
mating Eq. (3.11). For each case, we ensure that enough levels of recursive refinement
are employed in order to reach machine-zero. Accumulated errors due to the sum-
mation of the contributions of all triangles are avoided by the use of compensated
summation, also known as Kahan summation [20].

7.1. Unit cube translating along e.. In a first test, we consider the elliptic
paraboloid defined by Eq. (2.2) with a = 8 = 1, intersecting with the unit cube
centered at x, = [1/2 1/2 1/2 - k]" (as illustrated in Figure 5). For this case, the
zeroth and first moments of P, as well as the zeroth moment of S, can be derived as
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analytical functions of k?. We compare these exact moments against those computed
using the closed-form expressions derived in Section 3 for estimating the moments
of 73, and by integrating Eq. (4.2) numerically with an adaptive Gauss-Legendre
quadrature rule for estimating the zeroth moment of S. The parameter k is regularly
sampled on [0, 3] with a uniform spacing Ak = 1073.

<

(a) k=1/2

(b) k = 3/2

(c) k=5/2

Fi1c. 5. Unit cube centred at [1/2 1/2 1/2— k]T clipped by the elliptic paraboloid paramet-
rically defined as z = —x2 — y2.

The left-hand graph of Figure 6 shows the exact moments of 75, scaled by their
maximum values, as well as the exact zeroth moment of S, scaled by its value at k = 1.
The right-hand side of Figure 6 shows the errors associated with their estimation,
scaled similarly. These errors are all contained within an order of magnitude of
€64 = 2752, the upper bound of the relative approximation error in 64-bit floating-
point arithmetics.

TABLE 1
Five polyhedra are considered: a regular tetrahedron, a cube, a reqular dodecahedron, a hollow
cube, and the triangulated Stanford bunny [29]. The first three polyhedra are convez, whereas the
last two are not. The hollow cube contains non-convex faces.

Geometry Tetrahedron Cube | Dodecahedron Hollow cube | Stanford bunny
Number of
vertices 4 8 20 16 167,891
Number of
faces 4 6 12 12 335,778
A 11 £
Ilceoivexa?ces Yes Yes Yes No Yes
I lyhed
° I;zgvei?mn Yes Yes Yes No No
/
Snapshot e

7.2. Parameter sweep for several geometries. In a second test, we con-
sider a selection of convex polyhedra (a regular tetrahedron, a cube, and a regular

2A  c++ implementation of these functions can be found at the beginning of
/tests/src/paraboloid_intersection_test.cpp in the open-source Interface Reconstruction
Library.


https://github.com/robert-chiodi/interface-reconstruction-library/blob/paraboloid_cutting/tests/src/paraboloid_intersection_test.cpp
https://github.com/robert-chiodi/interface-reconstruction-library/tree/paraboloid_cutting
https://github.com/robert-chiodi/interface-reconstruction-library/tree/paraboloid_cutting
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Scaled exact moments Scaled moment estimation errors
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Fic. 6. Moments of the unit cube centred at [1/2 1/2 1/27]6}1- clipped by the elliptic
paraboloid parametrically defined as z = —x2 — y2, and the error in their estimation with 64-bit
floating point arithmetics. The volume moments and their estimation errors are scaled with respect
to the moments at k = 3. The surface area and its estimation error is scaled with respect to the
surface area at k = 1. The volume moments are computed from the analytical expressions derived
in Section 3, whereas the surface area is computed from Eq. (4.2) using an adaptive Gauss-Legendre
quadrature rule. The 64-bit machine-epsilon eg4 = 27°2 is shown as the dashed red line.

dodecahedron) and non-convex polyhedra (a hollow cube and the triangulated Stan-
ford bunny [29]). These polyhedra, whose properties are summarized in Table 1, are
scaled so as to have a unit volume (i.e., M} = 1), and a centroid initially located at
the origin (i.e., M{ = 0). They are then translated along t = [t, t, t.]', and
rotated about the three basis vectors (e, ey, e,) with the angles 6,, 6, and 6, re-
spectively. Throughout this section, (t,t,,t.) are varied in [—1, 5} , (05,0,,0,) are
varied in [—7, 7]3, and the paraboloid coefficients (a, 3) are varied in [—5, 5} .

A random parameter sweep is first conducted by uniform random sampling of the

eight parameters (t5,ty,t,05,0y,0., o, () in the parameter space [—%7 %]3 X [—m, 73 x
[—%, %]2, totalling more than 2 x 10® realizations. A graded parameter sweep is

then conducted, in which the eight parameterb are chosen in the discrete param-
eter space {—3,—2,0,4, 113 x {—m,—Z,0,Z,7}% x {-5,—4,...,4,5}?, resulting in
53 x53x11%2 =1, 890, 625 distinct realizatlons for each geometryd. The graded param-
eter sweep differs from the random one in that it raises many singular intersection
configurations (e.g., degenerate conic sections that consist of parallel or intersect-
ing line segments, or conic sections that are parabolas) and/or ambiguous discrete
topologies that arise from polyhedron vertices lying on the paraboloid or edges of the
polyhedron being tangent to the paraboloid, therefore testing the robustness of our
implementation as well as of the procedure described in Section 5. For each case of
the random and graded parameter sweeps, the reference value of M?7 for calculating
the moment errors is obtained by adaptive mesh refinement (AMR) of the faces of P
into triangles, followed by the (exact) integration of ®s and ® £, given in Eq. (3.12),
over the triangles above and below the paraboloid, respectively. Examples of random

3We do not present the results of a graded parameter sweep on the Stanford bunny, since the
“organic” nature of this polyhedron renders a graded parameter sweep equivalent to a random one.
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intersection cases and their associated AMR are shown in Figure 7, whereas examples
of singular cases raised during the graded parameter sweep are shown in Figure 8.

The maximum and average moment errors obtained during the random parameter
sweep are given in Table 2. For the tetrahedron, cube, dodecahedron, and hollow
cube, the average moment error is of the order egq = 2752 ~ O(10716), whereas the
maximum error is about one to two orders of magnitude larger. The average and
maximum moment errors for the Stanford bunny, which contains O(10°) faces, are
each about one order of magnitude larger than for the other polyhedra but still close
to machine-zero. The graded parameter sweep, whose results are given in Table 3,
exhibits similar moment errors as for the random parameter sweep, even though,
by design, it raises many more singular intersection configurations and ambiguous
discrete topologies than the random parameter sweep, therefore requiring a more
frequent use of the nudging procedure described in Section 5.

TABLE 2
Random parameter sweep results. For each geometry, we provide: the number of tests con-
ducted, the number of recursive levels used for the AMR reference moment calculation, as well as
the average and maximum errors in the estimation of the zeroth and first moments.

Geometry Number AMR Zeroth moment error First moments error
of tests levels Average Maximum Average Maximum
Tetrahedron 5% 107 17 | 23x 1071 | 38x 1071 | 1.6 x1071% | 6.9 x 10714
Cube 5 x 107 17 | 24x 1071 | 25 x 1071 | 8.7x 10717 | 2.1 x 10714
Dodecahedron 5 x 107 17 | 35x 107 | 1.9x1071% | 6.8 x 10717 | 6.2x 1071
Hollow cube 5% 107 17 | 20x 1071 | 32x 1071 | 1.3x1071¢ | 3.4x 10714
Stanford bunny 1% 10° 13 | 5.8x 107 | 48 x 107 | 27x 1071 | 3.1x 1074

TABLE 3

Graded parameter sweep results. For each geometry, we provide: the number of tests conducted,
the number of recursive levels used for the AMR reference moment calculation, as well as the average
and mazimum errors in the estimation of the zeroth and first moments.

Geometry Number AMR Zeroth moment error First moments error
of tests levels Average Maximum Average Maximum
Tetrahedron 56 x 112 22 | 27x10716 | 49x 1071 | 2.1 x1071¢ | 3.9x 107
Cube 56 x 112 22 | 2.6x 1076 | 4.7x107® | 1.0x107'¢ | 2.1 x 10714
Dodecahedron | 5% x 112 22 | 3.7x1071% | 1.7x 107 | 83x107!7 | 5.4 x 107!
Hollow cube | 5% x 112 22 | 20x1071 | 42x 1071 | 1.6 x 10716 | 4.8 x 107

7.3. Parameter sweep with nudge. In order to further test the robustness
of our implementation and of the nudging procedure described in Section 5, we con-
sider the same random parameter sweep for the cube geometry as described in Sub-
section 7.2, but with the addition of a post-sample translation of the polyhedron
along e, so as for one of its vertices to lie exactly on the paraboloid. At least one
iteration of the nudging procedure of Section 5 is therefore required for each random
case. The results of this random parameter sweep are given in Table 4, displaying
errors of a similar order of magnitude as for the random parameter sweep presented
in Subsection 7.2.

7.4. Timings. In order to assess the performances of our implementation, the
time required for each moment estimation of the random parameter sweeps presented
in Subsections 7.2 and 7.3 has been measured using OpenMP’s omp_get_wtime ()
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(a) Tetrahedron (b) Clipped tetrahedron (c) Clipped tetrahedron (AMR ref.)

(d) Cube (e) Clipped cube

(g) Dodecahedron (h) Clipped dodecahedron (i) Clipped dodecahedron (AMR ref.)

(j) Hollow cube (k) Clipped hollow cube (1) Clipped hollow cube (AMR ref.)

P

e

(m) Stanford bunny [29] (n) Clipped bunny (o) Clipped bunny (AMR ref.)

Fic. 7. Examples of random intersection cases between the five considered polyhedra and a
paraboloid. The left column shows the full polyhedra; the central column shows the polyhedra clipped
by a paraboloid; the right column shows the edges of the AMR of the polyhedra used for calculating
the reference moments.
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(a) (b) (c)

Fi1c. 8. Ezamples of cases with singular intersection configurations and/or ambiguous topolo-
gies covered by the graded parameter sweep: (a) the elliptic paraboloid is tangent to four edges of the
polyhedron; (b) the parabolic cylinder is tangent to one face of the polyhedron, resulting in a degen-
erate conic section intersection that is made of two overlapping parallel lines; (c) the intersection
of the hyperbolic paraboloid with one face of the polyhedron results in a degenerate hyperbola that is
the intersection of two straight lines.

TABLE 4
Random parameter sweep with one vertex of the polyhedron lying exactly on the paraboloid. We
provide: the number of tests conducted, the number of recursive levels used for the AMR reference
moment calculation, as well as the average and maximum errors in the estimation of the zeroth and
first moments.

Number | AMR Zeroth moment error First moments error
Geometry f test 1 1
ol tests evels Average Maximum Average Maximum
Cube (vertex on S) 5 x 107 17 | 24 %1071 | 78 x1071% | 1.8 x 10716 | 4.5 x 107

function [9], which has a precision of 1 nanosecond on the workstation that we used.
The characteristics of this workstation are summarized in Table 5. The C++ code
implementing the closed-form expressions presented in Section 3 has been compiled
with the GNU 10.3.0 suite of compilers [1], using the flags given in Table 5.

The timings are summarized in Table 6, which shows the average moment calculation
time for the zeroth moment only, and for both the zeroth and first moments. Over-
all, the average time for calculating the first moments of a polyhedron clipped by a
paraboloid is less than 1 us per face of the original polyhedron. A direct comparison
can be made with the half-space clipping of [8], which used the same workstation
as the current work. It transpires that the clipping of a cube by a paraboloid is on
average less than 6 times more expensive than its clipping by a plane. When the
nudging procedure of Section 5 is required, as is the case for each realization of the
modified random parameter sweep presented in Subsection 7.3, the timings of which
are shown in the last row of Table 6, an increase in cost by a factor of about 200 is
observed. This is mostly due to the switch to quadruple precision that is operated
in conjuction with the random translation and rotation of the polyhedron by a value
of €nudge. It should be noted that such cases occur extremely rarely, unless they are
manually engineered as in Subsection 7.3.

8. Conclusions. We have derived closed-form expressions for the first moments
of a polyhedron clipped by a paraboloid, enabling their robust machine-accurate esti-
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TABLE 5
Charateristics of the workstation used for the timing results presented in Subsection 7.4 (this
is the same workstation as used in [8]).

vendor_id Genuinelntel
CPU family 6
Model 158
Model name Intel(R) Core(TM) i7-8700K CPU 3.70 GHz
CPU Stepping 10
Microcode Oxca
Min/max clock CPU frequency 800 MHz — 4.70 GHz
CPU asserted frequency 4.0 GHz
Cache size 12288 KB
Suite GNU
Compiler | Version 10.3.0
Flags -0O3 -march=native -DNDEBUG -DNDEBUG_PERF*

* -DNDEBUG_PERF is an IRL-specific compiler flag that disables additional debugging assertions [8].

TABLE 6
Timings for the random parameter sweeps presented in Subsections 7.2 and 7.3. The timings
measured in [8] for the clipping of a cube by a plane are provided for reference (they were measured
on the same workstation as used for the current work).

Average moment calculation time
Geometry 12;:1::::; Zeroth moment only Zeroth and first moments
ps/test ps/test /face ps/test ps/test/face
Tetrahedron 5 x 107 1.07 0.27 1.89 0.47
Cube 5 x 107 1.57 0.26 2.53 0.42
Cube (half-space clipping) [8] 15 x 108 0.27 0.05 —— ——
Dodecahedron 5 x 107 2.66 0.22 3.96 0.33
Hollow cube 5 x 107 3.27 0.27 5.12 0.43
Stanford bunny 1x10% | 6.22 x 10* 0.19 | 6.41 x 10* 0.19
Cube (vertex on 8) [ 5 x 107 | 236 | 39.3 | 541 | 902 |

mation at a computational cost that is considerably lower than with any other avail-
able approach. These expressions have been obtained by consecutive applications
of the divergence theorem, transforming the three-dimensional integrals that are the
zeroth and first moments of the clipped polyhedron into a sum of one-dimensional
integrals. This requires parametrizing the conic section arcs resulting from the in-
tersection of the paraboloid with the polyhedron’s faces, which we have chosen to
express as rational quadratic Bézier curves. The moments of the clipped polyhedron
can, as a result, be expressed as the sum of three main contributions that are function
of the polyhedron vertices and of the coefficients of the paraboloid. These expressions
do not differ based on the type of paraboloid that is considered (elliptic, hyperbolic,
or parabolic). Making use of this parametrization, we also show how to express inte-
grals over the curved faces of the clipped polyhedron as the sums of one-dimensional
integrals. When ambiguous discrete intersection topologies are detected, e.g., when
the paraboloid is tangent to an edge of the polyhedron or intersects the polyhedron at
the location of one of its vertices, a nudging procedure is triggered so as to guarantee
robust moment estimations. A series of millions of intersection configurations that are
randomly chosen, as well as manually engineered so as to raise singular intersection
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configurations and/or ambigious discrete topologies, have been tested. These show-
case an average moment estimation error that is of the order of the machine-zero,
and a maximum error that is about one order of magnitude larger. The timing of
these moment estimations shows that the clipping of a polyhedron by a paraboloid,
with our approach, is on average about 6 times more expensive than its clipping by
a plane.

Reproducibility. The code used to produce the results presented in this manu-
script is openly available as part of the Interface Reconstruction Library (IRL).
A step-by-step guide for reproducing the figures and tables of this manuscript us-
ing IRL can be found in the library’s documentation. The commit hash corresponding
to the version of the code used in this manuscript is 8e77b35.
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Appendix A. Third contribution to the moments. The third contribution to
the moments of face F;, MZ)3, is obtained by calculating the integral on the right-
hand side of Eq. (3.26) using the definitions in Egs. (3.12), (3.14), and (3.15), as well
as the facts that Vj € {1,... 7”8]5,;}’

(A1) Zij = 0i — Niij — Tilij »
B 2 2
as Zi,§,0 = TOQTy 0~ 5%, i,0
(A.2) 155 #0 < { R S ,
Zigl = TG Yija

and that the control point x7 ; belongs to the plane containing the face J; hence

(A.3) 255 =00 — Nx} ; — Ty -

After substitution of these expressions in Eq. (3.26) and some simplification, M?B
can be shown to read as in Eq. (3.46), with

(A.4) B (w, x4, %3, %) = diag (E(w)) (C(Xq, Xp, X ) KD(w)) ,

where: C is a 4 X 12 matrix whose non-zero coefficients contributing to MZ)S are given
as

(A.5) Cii=a (xi + 2x,7p + xi) + 5 (yg + 2yayp + y?) — 2z, — 22 ,

A.6) Cio=« (xi + 2z ap + z% + 4z . + vy, + 4xf)

+ B (Y2 + 2Yays + Y + WaYe + ey + 4y72)
— 4z, —4zp — 82,

(A7) Ci3 = ax? + By? — 2,
whose non-zero coefficients contributing to e, - Mf are given as

(A.8) Coa = B (—122a¥Yals + 1224y + 1223y — 122yays)


https://github.com/robert-chiodi/interface-reconstruction-library/tree/paraboloid_cutting
https://github.com/robert-chiodi/interface-reconstruction-library/blob/paraboloid_cutting/docs/markdown/paraboloid-polytope_intersection.md
https://github.com/robert-chiodi/interface-reconstruction-library/commit/8e77b35d6f6f7888ae1a3527ff36857d30bed8d4
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— 62424 + 62425 + 6224 — 6Tp2p ,
(A.9) Cos=q (—12xa:1062 + 60z g2 Ty — 12xc2xb)
+ B (28T aYa¥e — 8Ta¥alp — 4Taye® + 20ZqYeyy + 8Tal”
— 282cy0” — 82cYale + 202cYaly — BTeYeyp — 28Ty’
+82ya” + 2028YaYe — 8TvYalp — ATpYc” + 28T5Ycyn )
+ 10x,24 + 20z, 2. + 1402 — 222024 — 8T 2c
— 22x.2p + 14xp24 + 202p 2. + 10228
(A.10) Co6 = o (—36z02.> + 122,z 2y + 122.° — 362.°21)
+ B (—1220yc” + 4Tayeyp — 24TcYaYe + 4TcYq
Yo + 1220yc” — 24xcyeys + 4xYaye — 120yc>)
— 10xg2c + 2x42p — 10224 — 122.2. — 10225
+ 2xp2, — 10xp2¢
(A.11) Co7 = 20> + 2Bxoye’ + 2xoze

whose non-zero coefficients contributing to e, - M7 are given as

(A.12) Csa = o (1224°yy — 122024y — 122 TpYs + 1224°Ya)
- Gyaza + Gyazb + 6ybza - 6ybzb
(A.13) Cs5=q (—28a:a2yc + 822y + 28T 0T el — 8TaZeYe + 20To Ty

— 8%a@pYa + 20T TpYe — 8TaTpYp — 4T Ya — 4T s
420221 Y0 — STeTpYe + 28T Ty + ST Yq — 281752346)
+ B (—12yayc” + 60yayeys — 12y ys)
+ 10yq2q + 20y, 2 + 14y, 2 — 22yc24 — 8Yc2e
— 22yc2p + 14ypzq + 20yp2. + 10yp2p
(A.14) Cs6=a (—24maxcyc + Az oy + ATaxpye — 1222y
+1222ye — 1222y + 4zcTpya — 242c00Y.)
+ B (—36yayc” + 12yayeys + 12y.° — 36y ys)
—10yaze + 2yazp — 10yczq — 12yczc — 10yc2p
+ 2yp2q — 10yp2c
(A.15) Cs,7 = 202 ye + 2Byc” + 2yeze

and whose non-zero coefficients contributing to e, - M are given as

(A.16) Cus = +afB (—42y.°2.> — 10ys°20> — 28Yapa® — 282pYa T
=282y 0 — 402pYalpa — 1024°ya” — 4224 ys” — 2824 Yays)
+a? (—21z,* — 28237,° — 30xp%2,” — 2877, — 212, ")
+ 682 (—21ya" — 28uya” — 30u6°Ya” — 2845°ya — 214")
402,% + 40232 + 482, 2 ,
(A17)  Cap =B (=Ty’wa® — 100° 20> + 63yayeta” — 21YalpTa” + 35YcypTa”
+ 632cYa e — 212pYe 22 — 10zpyc e + 35Ty’ Ta
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— 21y Ta — 28%cYaYea + T0TBYaYela + T0TcYalpTa
— 402y Yo Ta — 20TcYcpTa + TOTHYeYpTa — T2 Yo"
— 10xb2ya2 + 35zcxbya2 — 7xb2y62 — 7zc2yb2 + 63xcxbyb2
+ 3523 *Yaye — 20zcTpYaye — 102 Yays — 212 Yoy
+7022pYals + 6320 Yoy — 282cToYelp)
+ o? (63xcxa3 — 2 ap,® — 21x 22,2 — 3022242 + 1052, 2p242
—21xb3xa + 105xcxb2xa — 30x52xbxa + 63xcxb3 — 21mc2xb2)
+ 8% (63yeya” — 21yya” — 21ye*ya” — 30y°ya” + 105y.yya”
—219%yq + 105Ycys*Ya — 30y Yoya + 63yetn” — 21y yy”)
— 30242 +122.2 — 30252 — 60242, — 24242 — 60202,
(A18) Cano = af (=56y.°xa” — 2up°wa” + 28ycypa” + 842cycta
— 9233y 50 + 283000 — 2243 YaYea + 56ZbYaycTa
+ 562 cYaYpTa — BTbYaYpTa — 1842 Ycypa
+ 562pYcypta — 562 Ya” — 204%ya” + 282cpya”
— 1222y — 56252y.> + 84w .y — 562 yy”
+ 84m02yayc + 281‘1)23/,13;C — 184z . xpYaYe
—922. %Yoy + 56T.20Yayp + 842 2Yeyy — 2247 TpYeys)
+a? (=62 + 84wqz.> + 84z — 1687, %x,. — 168z, x>
— 2762, xp T + 847420 T + 84252 Ty e — 6xa2xb2)
+ 3% (—6ye" + 84yay.” + 84ypy.” — 168y,y.” — 168ys7y.”
—276yaypye” + 84yatn Yo + 84y yoye — 6ya’ys”)
+152,% + 242.% + 15252 4+ 1202420 — 6242 + 12022 ,
(A19) Cy11=0af (—123;025%2 + 14Yqye e — 2Yaype?
+ Myeypre® + 1xayze + 1dapy o,
—ATpYaYeTe — ATaYeYpTe — 2ToTpYc”)
+ o2 (—63004 + 1z 2.2 + ldapzs’ — 6xaxbx02)
+ 8% (—6ye” + 14yaye” + 14y — 6yaypy.’)

2

— 72" —D2a2c + 2a2p — D2e2p

(A20) C4,12 = —2015%2»%2 - 0423304 - 522/@4 + Zc2 5
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IC is the 12 x 10 matrix given as

-3 3 - - 0 = 0 0 0 0
0 -3 s =% 0 o 0 0 0 0
0 2 -3 2 -2 0 0 0 0 0
-5 g 0 280 2 0 o5 0 0
0 %01 —= ﬁlgo 01 % 0 % 0 0
I e PR L
35 105 105 14
_1758 1338 0 % 0 % 0 534110 0 ﬁ
0 ﬁ - 418 6828 0 1z114 0 % 0 18190
0 -mw 0 wmw —a =w 0 ~mm 0 T
0 s 0 -3 % —i s 0 —am
L0 &% 0 G 0 @ 0 g -1 g
D is the vector given as
(A.22) Dw)=[0 w? 0 w' 0 w® 0 w* 0 wlor

;
+@(w){w 0 w?> 0 w® 0 w' 0 w O} ;

and & is the vector given as

(A.23) Ew) = [Aw) Aw)?* Aw)* Aw)],
with
arctan(\/ll__wz) \/1i > O<w<1
w—1 1
arctanh (\/11)2 — 1) T 1<w
1
(A.25) A(w) = m

It should be noted that the naive implementation of these expressions may lead to
significant round-off errors when w is in the vicinity of 1. To avoid such problems,
we resort to the Taylor series expansion of B® around w = 1 for its numerical
estimation. Using 64-bit floating-point arithmetics, we have found that the Taylor
series expansion of B® to order 40 for w € [0.35,1.7] is sufficient for producing near
machine-zero estimates. This implementation has been used for producing the results
presented in Section 7.

REFERENCES

[1] The GNU Compiler Collection 10.8, https://gce.gnu.org/onlinedocs/gec-10.3.0 (accessed 2022-
12-09).

[2] A. ABEDIAN, J. PARVIZIAN, A. DUSTER, H. KHADEMYZADEH, AND E. RANK, Performance
of different integration schemes in facing discontinuities in the Finite Cell Method,
International Journal of Computational Methods, 10 (2013), p. 1350002, https://
doi.org/10.1142/S0219876213500023, https://www.worldscientific.com/doi/abs/10.1142/
S0219876213500023 (accessed 2022-07-27).


https://gcc.gnu.org/onlinedocs/gcc-10.3.0
https://doi.org/10.1142/S0219876213500023
https://doi.org/10.1142/S0219876213500023
https://www.worldscientific.com/doi/abs/10.1142/S0219876213500023
https://www.worldscientific.com/doi/abs/10.1142/S0219876213500023

[10]

[11]

[12]

[13]

[14]

[15]

[16]

M.

FIRST MOMENTS OF A POLYHEDRON CLIPPED BY A PARABOLOID 25

. ANTOLIN AND T. HIRSCHLER, Quadrature-free Immersed Isogeometric Analysis, July 2021,

http://arxiv.org/abs/2107.09024 (accessed 2022-07-21). arXiv:2107.09024 [cs, math].

. BNA, S. MANSERVISI, R. SCARDOVELLI, P. YECKO, AND S. ZALESKI, Numerical integra-

tion of implicit functions for the initialization of the VOF function, Computers & Flu-
ids, 113 (2015), pp. 42-52, https://doi.org/10.1016/j.compfluid.2014.04.010, http://www.
sciencedirect.com/science/article/pii/S0045793014001480.

. BurMaAN, S. Craus, P. HansBOo, M. G. LARSON, AND A. MASSING, CutFEM: Dis-

cretizing geometry and partial differential equations, International Journal for Numeri-
cal Methods in Engineering, 104 (2015), pp. 472-501, https://doi.org/10.1002/nme.4823,
https://onlinelibrary.wiley.com/doi/10.1002/nme.4823 (accessed 2022-07-21).

. CHIERICI, L. CHIRCO, V. LE CHENADEC, R. SCARDOVELLI, P. YECKO, AND S. ZALESKI, An

optimized Voft library to initialize the volume fraction field, Computer Physics Communi-
cations, (2022), p. 108506, https://doi.org/10.1016/j.cpc.2022.108506, https://linkinghub.
elsevier.com/retrieve/pii/S0010465522002259 (accessed 2022-08-25).

. B. CHIN AND N. SUKUMAR, An efficient method to integrate polynomials over poly-

topes and curved solids, Computer Aided Geometric Design, 82 (2020), p. 101914,
https://doi.org/10.1016/j.cagd.2020.101914, https://linkinghub.elsevier.com/retrieve/pii/
S0167839620301011 (accessed 2022-07-21).

CHiopl AND O. DESJARDINS, General, robust, and efficient polyhedron intersection in
the interface reconstruction library, Journal of Computational Physics, 449 (2022),
p. 110787, https://doi.org/10.1016/j.jcp.2021.110787, https://linkinghub.elsevier.com/
retrieve/pii/S0021999121006823 (accessed 2021-10-20).

. DAcUM AND R. MENON, OpenMP: an industry standard API for shared-memory program-

ming, IEEE Computational Science and Engineering, 5 (1998), pp. 46-55, https://doi.org/
10.1109/99.660313, http://ieeexplore.ieee.org/document /660313, (accessed 2022-09-12).

. C. Drvi, C. V. VERHOOSEL, F. AuriccHiO, A. REALI, AND E. H. VAN BRUMMELEN,

Error-estimate-based adaptive integration for immersed isogeometric analysis, Computers
& Mathematics with Applications, 80 (2020), pp. 2481-2516, https://doi.org/10.1016/].
camwa.2020.03.026, https://linkinghub.elsevier.com /retrieve/pii/S0898122120301590 (ac-
cessed 2022-07-27).

. A. DUNAVANT, High degree efficient symmetrical Gaussian quadrature rules for the trian-

gle, International Journal for Numerical Methods in Engineering, 21 (1985), pp. 1129-
1148, https://doi.org/10.1002/nme.1620210612, https://onlinelibrary.wiley.com/doi/10.
1002/nme.1620210612 (accessed 2022-07-29).

. ENGWER, S. MAY, A. NUSSING, AND F. STREITBURGER, A Stabilized DG Cut Cell Method

for Discretizing the Linear Transport Equation, STAM Journal on Scientific Computing, 42
(2020), pp. A3677-A3703, https://doi.org/10.1137/19M 1268318, https://epubs.siam.org/
doi/10.1137/19M 1268318 (accessed 2023-03-02).

EvVANS AND T. SWARTZ, Approximating integrals via Monte Carlo and deterministic meth-
ods, no. 20 in Oxford statistical science series, Oxford University Press, Oxford ; New York,
2000.

. E. FARIN, From conics to NURBS: A tutorial and survey, IEEE Computer Graphics and

Applications, 12 (1992), pp. 78-86, https://doi.org/10.1109/38.156017, http://ieeexplore.
ieee.org/document/156017/ (accessed 2023-02-05).

. E. FARIN, Curves and surfaces for CAGD: a practical guide, Morgan Kaufmann series in

computer graphics and geometric modeling, Morgan Kaufmann, San Francisco, CA, 5th
ed ed., 2001.

. HAHN, Cuba—a library for multidimensional numerical integration, Computer Physics

Communications, 168 (2005), pp. 78-95, https://doi.org/10.1016/j.cpc.2005.01.010, https:
//linkinghub.elsevier.com/retrieve/pii/S0010465505000792 (accessed 2022-07-28).

. HARTMANN, $G"2$ interpolation and blending on surfaces, The Visual Computer, 12

(1996), pp. 181-192, https://doi.org/10.1007/BF01782321, http://link.springer.com/10.
1007/BF01782321 (accessed 2023-02-05).

. HugHEs, J. COTTRELL, AND Y. BAZILEVS, Isogeometric analysis: CAD, finite elements,

NURBS, exact geometry and mesh refinement, Computer Methods in Applied Mechanics
and Engineering, 194 (2005), pp. 4135-4195, https://doi.org/10.1016/j.cma.2004.10.008,
https://linkinghub.elsevier.com/retrieve/pii/S0045782504005171 (accessed 2022-07-21).

. W. JonESs, A. G. MALAN, AND N. A. ILANGAKOON, The initialisation of volume fractions

for unstructured grids using implicit surface definitions., Computers & Fluids, 179 (2019),
pp. 194-205, https://doi.org/10.1016/j.compfluid.2018.10.021, https://linkinghub.elsevier.
com/retrieve/pii/S0045793018308338 (accessed 2020-02-05).

W. KAHAN, Pracniques: further remarks on reducing truncation errors, Communications of the


http://arxiv.org/abs/2107.09024
https://doi.org/10.1016/j.compfluid.2014.04.010
http://www.sciencedirect.com/science/article/pii/S0045793014001480
http://www.sciencedirect.com/science/article/pii/S0045793014001480
https://doi.org/10.1002/nme.4823
https://onlinelibrary.wiley.com/doi/10.1002/nme.4823
https://doi.org/10.1016/j.cpc.2022.108506
https://linkinghub.elsevier.com/retrieve/pii/S0010465522002259
https://linkinghub.elsevier.com/retrieve/pii/S0010465522002259
https://doi.org/10.1016/j.cagd.2020.101914
https://linkinghub.elsevier.com/retrieve/pii/S0167839620301011
https://linkinghub.elsevier.com/retrieve/pii/S0167839620301011
https://doi.org/10.1016/j.jcp.2021.110787
https://linkinghub.elsevier.com/retrieve/pii/S0021999121006823
https://linkinghub.elsevier.com/retrieve/pii/S0021999121006823
https://doi.org/10.1109/99.660313
https://doi.org/10.1109/99.660313
http://ieeexplore.ieee.org/document/660313/
https://doi.org/10.1016/j.camwa.2020.03.026
https://doi.org/10.1016/j.camwa.2020.03.026
https://linkinghub.elsevier.com/retrieve/pii/S0898122120301590
https://doi.org/10.1002/nme.1620210612
https://onlinelibrary.wiley.com/doi/10.1002/nme.1620210612
https://onlinelibrary.wiley.com/doi/10.1002/nme.1620210612
https://doi.org/10.1137/19M1268318
https://epubs.siam.org/doi/10.1137/19M1268318
https://epubs.siam.org/doi/10.1137/19M1268318
https://doi.org/10.1109/38.156017
http://ieeexplore.ieee.org/document/156017/
http://ieeexplore.ieee.org/document/156017/
https://doi.org/10.1016/j.cpc.2005.01.010
https://linkinghub.elsevier.com/retrieve/pii/S0010465505000792
https://linkinghub.elsevier.com/retrieve/pii/S0010465505000792
https://doi.org/10.1007/BF01782321
http://link.springer.com/10.1007/BF01782321
http://link.springer.com/10.1007/BF01782321
https://doi.org/10.1016/j.cma.2004.10.008
https://linkinghub.elsevier.com/retrieve/pii/S0045782504005171
https://doi.org/10.1016/j.compfluid.2018.10.021
https://linkinghub.elsevier.com/retrieve/pii/S0045793018308338
https://linkinghub.elsevier.com/retrieve/pii/S0045793018308338

26

22]

23]

[26]

27]

[28]

[29]

F. EVRARD, R. CHIODI, A. HAN, B. VAN WACHEM, O. DESJARDINS

ACM, 8 (1965), p. 40, https://doi.org/10.1145/363707.363723, https://dl.acm.org/doi/10.
1145/363707.363723 (accessed 2022-09-12).

J. KROMER AND D. BOTHE, Highly accurate computation of wolume fractions using
differential geometry, Journal of Computational Physics, 396 (2019), pp. 761-784,
https://doi.org/10.1016/j.jcp.2019.07.005, http://www.sciencedirect.com/science/article/
pii/S0021999119304899 (accessed 2019-10-02).

J. KROMER AND D. BOTHE, Third-order accurate initialization of VOF volume fractions on
unstructured grids with arbitrary polyhedral cells, arXiv:2111.01073 [cs, math], (2021),
http://arxiv.org/abs/2111.01073 (accessed 2021-11-02). arXiv: 2111.01073.

L. KuDELA, N. ZANDER, S. KOLLMANNSBERGER, AND E. RANK, Smart octrees: Accurately
integrating discontinuous functions in 3D, Computer Methods in Applied Mechanics and
Engineering, 306 (2016), pp. 406-426, https://doi.org/10.1016/j.cma.2016.04.006, https:
//linkinghub.elsevier.com/retrieve/pii/S0045782516301578 (accessed 2022-07-27).

S. LoDHA AND J. WARREN, Bézier representation for quadric surface patches, Computer-Aided
Design, 22 (1990), pp. 574-579, https://doi.org/10.1016/0010-4485(90)90042-B, https://
linkinghub.elsevier.com/retrieve/pii/001044859090042B (accessed 2022-02-15).

Y. RENARDY AND M. RENARDY, PROST: A Parabolic Reconstruction of Surface Tension for
the Volume-of-Fluid Method, Journal of Computational Physics, 183 (2002), pp. 400—
421, https://doi.org/10.1006/jcph.2002.7190, http://linkinghub.elsevier.com/retrieve/pii/
S0021999102971901.

R. SEVILLA, S. FERNANDEZ-MENDEZ, AND A. HUERTA, NURBS-enhanced finite element method
(NEFEM), International Journal for Numerical Methods in Engineering, 76 (2008), pp. 56—
83, https://doi.org/10.1002/nme.2311, https://onlinelibrary.wiley.com/doi/10.1002/nme.
2311 (accessed 2022-07-20).

S. J. TELLER AND C. H. SEQUIN, Modeling Implicit Quadrics and Free-form Surfaces With
Trimmed Rational Quadratic Bezier Patches. and Carlo H. Séquin. (CSD-90-577), tech.
report, Computer Science Division, U.C. Berkeley, June 1990, https://www2.eecs.berkeley.
edu/Pubs/TechRpts/1990/5528. html.

T. ToLLE, D. GRUNDING, D. BOTHE, AND T. MARIC, triSurfaceImmersion: Computing vol-
ume fractions and signed distances from triangulated surfaces immersed in unstructured
meshes, Computer Physics Communications, 273 (2022), p. 108249, https://doi.org/10.
1016/j.cpc.2021.108249, https://linkinghub.elsevier.com/retrieve/pii/S0010465521003611
(accessed 2021-12-20).

G. Turk, Stanford 3D Scanning Repository, 1994, http://graphics.stanford.edu/data/
3Dscanrep/ (accessed 2022-12-09).


https://doi.org/10.1145/363707.363723
https://dl.acm.org/doi/10.1145/363707.363723
https://dl.acm.org/doi/10.1145/363707.363723
https://doi.org/10.1016/j.jcp.2019.07.005
http://www.sciencedirect.com/science/article/pii/S0021999119304899
http://www.sciencedirect.com/science/article/pii/S0021999119304899
http://arxiv.org/abs/2111.01073
https://doi.org/10.1016/j.cma.2016.04.006
https://linkinghub.elsevier.com/retrieve/pii/S0045782516301578
https://linkinghub.elsevier.com/retrieve/pii/S0045782516301578
https://doi.org/10.1016/0010-4485(90)90042-B
https://linkinghub.elsevier.com/retrieve/pii/001044859090042B
https://linkinghub.elsevier.com/retrieve/pii/001044859090042B
https://doi.org/10.1006/jcph.2002.7190
http://linkinghub.elsevier.com/retrieve/pii/S0021999102971901
http://linkinghub.elsevier.com/retrieve/pii/S0021999102971901
https://doi.org/10.1002/nme.2311
https://onlinelibrary.wiley.com/doi/10.1002/nme.2311
https://onlinelibrary.wiley.com/doi/10.1002/nme.2311
https://www2.eecs.berkeley.edu/Pubs/TechRpts/1990/5528.html
https://www2.eecs.berkeley.edu/Pubs/TechRpts/1990/5528.html
https://doi.org/10.1016/j.cpc.2021.108249
https://doi.org/10.1016/j.cpc.2021.108249
https://linkinghub.elsevier.com/retrieve/pii/S0010465521003611
http://graphics.stanford.edu/data/3Dscanrep/
http://graphics.stanford.edu/data/3Dscanrep/

	Introduction
	Problem statement
	Moments derivation
	First term: bold0mu mumu MMMMMM1
	Second term: bold0mu mumu MMsubsectionMMMM2
	Third term: bold0mu mumu MMsubsectionMMMM3
	A special elliptic case

	Integrating on 
	On floating-point arithmetics and robustness
	Higher-order moments
	Verification
	Unit cube translating along ez
	Parameter sweep for several geometries
	Parameter sweep with nudge
	Timings

	Conclusions
	Appendix A. Third contribution to the moments
	References

