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COMPUTING WEAKLY SINGULAR AND NEAR-SINGULAR INTEGRALS IN
HIGH-ORDER BOUNDARY ELEMENTS

HADRIEN MONTANELLI*, MATTHIEU AUSSALT, AND HOUSSEM HADDAR/

Abstract. We present algorithms for computing weakly singular and near-singular integrals arising when solving
the 3D Helmholtz equation with high-order boundary elements. These are based on the computation of the preimage
of the singularity in the reference element’s space using Newton’s method, singularity subtraction, the continuation
approach, and transplanted Gauss quadrature. We demonstrate the accuracy of our method for quadratic triangular
elements with several numerical experiments, including the scattering by two nearby half-spheres.
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1. Introduction. The Helmholtz equation Au+k?u = 0 in the presence of an obstacle may be
rewritten as an integral equation on the obstacle’s boundary via layer potentials [10]. For example,
the radiating solution to the Dirichlet problem Au+ k?u = 0 in R?\ Q with u = up on I’ = 95, for
some bounded 2 whose complement is connected, can be obtained via the equation [10, Thm. 3.2§]

(11) [ G@wewire) = un), wer.
r
based on the single-layer potential; G is the Green’s function of the Helmholtz equation in 3D,
1 eik\m—y\
1.2 Glx,y) = ———.
(12) @) = =y

Once (1.1) is solved for ¢, which is unique if &% is not an eigenvalue of —A in © [10, Thm. 3.30],
the solution u may be represented by the left-hand side of (1.1) for all x € R?\ Q.

From a numerical point of view, integral equations of the form of (1.1) are particularly chal-
lenging for several reasons. First, when x approaches y, the integral becomes singular and standard
quadrature schemes fail to be accurate—analytic integration or carefully-derived quadrature for-
mulas are, hence, required. Second, the resulting linear systems after discretization are often dense.
For large wavenumbers k, only iterative methods can be used to solve them (with the help of spe-
cialized techniques to accelerate the matrix-vector products, such as the Fast Multipole Method [16]
or hierarchical matrices [19]). In this respect, the use of high-order numerical discretization schemes
may be helpful in enlarging the interval of feasible wavenumbers.

Two of the most popular methods for solving such equations are the Nystrém and boundary
element methods. Nystrom methods, which seek the numerical solution of (1.1) by replacing the
integral with an appropriately weighted sum, exhibit high-order convergence but are often limited to
smooth and simple geometries [32]. These are particularly efficient when solving the 2D Helmholtz
equation with 1D integrals, for which high-order quadrature rules may be derived [2, 24, 28, 30, 31].
For the 3D equation with 2D integrals, there is no simple high-order quadrature rule, which makes
it considerably more difficult. There are, nonetheless, some Nystrom methods available [6, 7, 8, 38].
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Table 1: Techniques that have been proposed to deal with the singular and near-singular integrals
that arise when using boundary element methods for 8D problems. The method we propose belongs
to the bottom-right category and combines the continuation approach with singularity subtraction.

Singular Integrals Singular & Near-singular Integrals
subtraction — subtraction [26]
Flat Elements cancellation [13, 40] cancellation [15, 21, 27, 29, 47]

imbedding/continuation [41, 51]  imbedding/continuation [33, 42, 45, 52]

subtraction [1, 17, 18, 23] subtraction —
Curved Elements cancellation [20] cancellation [25, 35, 39, 49]
imbedding/continuation — imbedding/continuation [43]

Boundary element methods, which are based on variational formulations of the integral (1.1),
are much more flexible with respect to geometry but typically achieve low-order convergence [46].
Various techniques have been proposed to deal with the singular and near-singular integrals that
arise when using these methods for 3D problems, including singularity subtraction [1, 17, 18, 23, 26],
singularity cancellation [13, 15, 20, 21, 25, 27, 29, 35, 39, 40, 47, 49], the invariant imbedding [41, 51],
and the continuation approach [33, 42, 43, 45, 52]. We classify these methods in Table 1, depending
on their ability to handle flat/curved elements and singular/near-singular integrals—the bottom
right category is the most general and challenging one.

In singularity subtraction schemes, which go back to Aliabadi, Hall, and Phemister in 1985 [1],
terms having the same asymptotic behavior as the integrand at the singularity are first subtracted,
leaving a bounded difference that may be integrated numerically. The singular terms, captured via
asymptotic expansions, are then integrated analytically in one [17, 18] or both variables [1, 23, 26].

Singularity cancellation schemes, which can be traced back to Duffy’s paper in the 1980s [13],
rely on a change of variables such that the Jacobian of the transformation cancels the singularity.
The resulting integrand is then analytic in the transformed variables and hence amenable to numeri-
cal integration by a Cartesian product of Gauss quadrature rules. Examples of such transformations
include a polar coordinate mapping [21], modifying the distance function in the integrand [35, 39],
and various nonlinear functions [13, 15, 20, 25, 27, 29, 40, 47, 49].

Both the invariant imbedding method and the continuation approach utilize the homogeneity of
the integrand to transform 2D singular integrals on boundary elements to regular 1D integrals along
their contours. The imbedding method for singular integrals was first introduced by Vijayakumar
and Cormac in 1988 [51], who subsequently proposed the continuation approach as a generalization
to near-singular integrals [52]. These techniques were further extended in the 1990s [41, 42, 43].
Note that, in [43], the continuation approach was combined with singularity subtraction for high-
order curved elements. Finally, Lenoir and Salles proposed in the 2010s a fully analytic method for
computing near-singular integrals borrowing ideas from the continuation approach [33, 45].

We propose in this paper a novel method for computing singular /near-singular integrals that
arise when solving (1.1) and evaluating the solution close to I" with high-order triangular elements.
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More specifically, we consider weakly singular and near-singular integrals of the form

(g
(13) Ian) = [ @) jg ),

| — x|

where T is a curved triangle defined by a polynomial transformation F : T — T of degree ¢ > 1 from
some flat reference triangle T x( is a point on or close to 7, and ¢ : T - Risa polynomial function
of degree p > 0 (not necessarily equal to ¢). Our method is based on the computation of the preimage
of the singularity in the reference element’s space using Newton’s method, singularity subtraction
with high-order Taylor-like asymptotic expansions, the continuation approach, and transplanted
Gauss quadrature. Integrals of the form of (1.3) appear when evaluating the solution—we will also
look at integrals over two curved triangles, which occur when solving the integral equation.

Combining the continuation approach with singularity subtraction was first proposed in [43].
The originality of our approach is that we first map back to the reference triangle, then perform
singularity subtraction, and finally employ the continuation approach. The authors in [43] directly
utilized the continuation approach with singularity subtraction via the introduction of local coor-
dinate systems—these systems must be constructed and stored for each element, which is trickier
to implement and computationally more expensive. On top of this, their method does not handle
the case where the singularity is close to an edge of the element—the hardest case in practice.

We present our method based on first-order Taylor series in section 2, its extension to high-order
approximations in section 3, and numerical examples in section 4, including the numerical solution
of the scattering by two nearby half-spheres using quadratic boundary elements.

2. Method based on first-order Taylor series. We expose here our method to compute
integrals of the form of (1.3) using first-order Taylor expansions. The extension of our algorithms
to higher-order approximations will be presented in section 3. We proceed in five steps.

Step 1. Mapping back. We map T back to the reference element T,

(2.1) I(zo) = /f W;/J)("E)mds(@)’

where F : T — T, the transformation of degree ¢ from the 2D flat triangle T to the 3D curved

triangle T, has a 3 x 2 Jacobian matrix J with columns J; and Ja, and (&) = @(&)|J1 (&) X J2(&)].

We provide an explicit example of such a mapping F for quadratic triangles (¢ = 2) in subsection 2.1.
Step 2. Locating the singularity. We write

(22) o = F(Cﬁo) + 9 — F(ii?())
for some &£ € R? such that F (&) € S is the closest point to & on the surface S defined by
(2.3) S={F(z), #cR2} 5T = {F(s&), a“cef}.

In other words, we compute the preimage &, of the singularity or near-singularity; see subsection 2.2.
Let p be the diameter of T, defined as the largest (Euclidean) distance between two points on T,
and let us define the parameter h > 0 of near-singularity and the unit vector e, (for h # 0) via
F(&) — xo
N .

The integral (2.1) is singular when A = 0 and &g € T, which implies @, = F(&0) € T, and near-
singular when h < p and & is close to the reference element. (When h ~ p, the integral is analytic
in & and may be computed exponentially accurately with Gauss quadrature on triangles [34].)

(2.4) h=|F(&) — zo|, en=
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Step 8. Taylor expanding/subtracting. We compute the singular or near-singular term in (2.1)
using the first-order Taylor series of F/(£)—xq at &g (see subsection 2.3 for the detailed calculations),

) ED
(2.5) Toaf@h) = e s

and add it to/subtract it from (2.1),

Z) — x|

The first integral is singular or near-singular and will be computed in Steps 4-5. The second integral
has a bounded integrand—it can be computed with Gauss quadrature on triangles [34]. To render
the integrand in the second integral smoother, which would accelerate convergence by quadrature,
higher-order Taylor expansions would be needed; this will be discussed in section 3.

Step 4. Continuation approach. Let

(27) ]_1(h) :/fT—l(if?,h)dS(i) = Py |J(§30)@|2+h2

The integrand is homogeneous in both & and h, and using the continuation approach [43], we reduce
the 2D integral (2.7) to a sum of three 1D integrals along the edges of the shifted triangle T' — &,

28) L) = v Y /8 L e

| J(Z0) 2|

where the 3;’s are the distances from the origin to the edges 87/3» — &g of T-— &g (see subsection 2.4).

Step 5. Transplanted Gauss quadrature. On the one hand, when the origin is far from all three
edges (e.g., near the center of the triangle), each integrand in (2.8) is analytic—convergence with
Gauss quadrature is exponential [50, Thm. 19.3]. On the other, when the origin lies on an edge, the
corresponding integrand is singular—however, the distance 5; to that edge equals 0, the product
“3; times integral” is also 0, and the integral need not be computed (see subsection 2.5). Issues arise
when the origin is close to one of the edges—the integrand is analytic but near-singular, convergence
with Gauss quadrature is exponential but slow. We circumvent the near-singularity issue by using
transplanted Gauss quadrature [22]. We take advantage of the a priori knowledge of the singularities
to utilize transplanted rules with significantly improved convergence rates (Theorem 2.1).

We now expose each step of our method in detail with an emphasis on quadratic triangles.

2.1. Mapping back (Step 1). Let T be the reference triangle,
(2.9) T={(21,29) : 0<# <1,0<d, <1—2}CR.

A quadratic triangle 7 C R? is defined by six points a; € R and the map F : T — T given by

(2.10) F(&) = Z% #)a; € R?,
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as as

~ as
ag as _— ag

a; Gy as ai ay az
Fig. 1: A quadratic triangle T is obtained from the flat reference triangle T via the map F (2.10).
The a;’s are given by a1 = (0,0), a2 = (1,0), and @z = (0,1), with midpoints G4, G5, and ag;

these verify @;(a;) = 0;;. The a;’s on the quadratic triangle verify a; = F(a;). We display here a
quadratic triangle T that is 2D but has a curved edge—quadratic triangles are, in general, 3D.

where the ¢;’s are the real-valued quadratic basis functions defined on T by

01(2) = M (2)(2M(2) — 1), 0a(&) = 4\ (2) N2 (2),
(2.11) P2(2) = Aa(@)(2X2(2) — 1), 5(&) = 4X2(2)A3(2),
p3(2) = A3(2)(2A3(2) — 1), 06(&) = 4\ (2)\3(2),

with A1 (&) =1 — 21 — &2, A2(&) = Z1, and A3(&) = Z2; we show in Figure 1 an example of such a
triangle. The 3 x 2 Jacobian matrix J is then defined by

(2.12) J(@)= | (@) | J2(2) | = | Fs, (@) | Fay(2) | € R®*Z

with (componentwise) partial derivatives Fj, () € R? and Fj,(#) € R? with respect to #; and 5.

2.2. Locating the singularity (Step 2). To compute &g, the preimage of the singularity or
near-singularity, we minimize E(&) = |F (&) — xo|?, which we write as E(&) = |e(£)|?; for example,

6
(2.13) e(®) = ¢;(@)a; -z

j=1

for quadratic triangles. Our optimization procedure employs the exact 2 x 1 gradient VE,
() - e, ()

e(®) - e2,(Z)

We also utilize the exact 2 x 2 Hessian matrix H,

(2.14) VE(#) =2 <

(2.15) H(z) =2 (

6(.’%) TR (‘%) + ez, (:ﬁ) “ €y (:%) e({i:) *Ciydy (:ﬁ) + ez, (i) *Ciy (£)>
SYMM. €(®) - €, () + €2, (&)  €3,(2) )

Note that the partial derivatives in (2.14) and (2.15) can be easily computed from the basis functions.
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We start by initializing 9 = (0,0). Our algorithm is then based on Newton’s method,
(2.16) B = &0 + ap(®o), p(&o) = —H (o) 'VE(&0).

When the Hessian H(&¢) is not positive definite, which we can check by evaluating its eigenvalues,
we shift it by 7/ax2 with 7 = max(0, 3 — min()\)) and 8 = 1073 [37, Sec. 3.4]. The step length «
is computed with a backtracking line search with parameters p = 0.5 and ¢ = 10~ [37, Sec. 3.1]—
starting from o = 1, it is progressively decreased via « := pa until it satisfies Armijo condition

(2.17) E(&6°") < E(&0) + caVE(Zo) - p(&0).

Let us conclude this section by emphasizing that the output of the algorithm is a point &, € R?
such that its image F'(Zo) is the closest point to o on S. In certain cases, £, will be inside the
reference element and hence F(&g) € T, but in others, &y will be outside of it and F (&) € S\ T.

2.3. Taylor expanding/subtracting (Step 3). To first-order in 0% = |& — &g, we have
(2.18) F(2) — xo = J(£0)(Z — &0) + hey + O(622),
where the term O(d42), which is added componentwise, is bounded by

O a a. Fﬁﬂ. i 5A2,
i,jIél{lg}ra?eg{‘ it )|} v

for some constant C' > 0 and bounded domain S D T that includes Zo. This yields
(2.19) |F(&) — xo|* = |J(£0)(& — #0)|* + h* + hO(53?) + O(63%),

since F(&q)—x is orthogonal to the tangent plane to T at F(&) and J(&0)(&—&0) is in that plane.
Since the amplitudes of the derivatives of F are of the order of p (see (2.10)), the coefficients in the
term with the Jacobian have size p? while the coefficient in hO(§3?) has size hp; the latter may be
be neglected since h < p. From the expansion of R? = |F(&) — xo|?, we retrieve that of Yy R™1,

1
(2.20) B(@)| (&) — @0~ ~ (o) [|(@0)(& — @0)|? + h2] * .

This is how we derived the O(d2~!) term T_ in (2.5). Note that, when h > 0, the above expression
is a Taylor series but when h = 0, R~! is indeed singular and this is merely an asymptotic expansion.

2.4. Continuation approach (Step 4).

Singular case. A function f : T c R? — R is said to be positive homogeneous of degree r if
there exists an integer r such that f(A&) = A" f(&), for all # € T and A > 0. Such functions verify
- V(&) =rf(&)—FEuler’s homogeneous function theorem. (To see this, differentiate with respect
to A and evaluate at A = 1.) Using integration by parts and Euler’s theorem, we get

(2.21) r/ff(af:)dS(a?:): aff(a‘:)afcﬁ(a“c)ds(ﬁc)fQ/Tf(ﬁ:)dS(a“c),

with normal vector &(&). In the following, we will only deal with positive homogeneous functions
of degree r > —1. For these functions, we can safely divide by 7+ 2 to reach the following equation,

r i 2 Jor f(@)& - D(2)ds(&) (f homegeneous in &).

(2.22) = /T F(#)dS(3) =
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7o)

Fig. 2: The triangle T- &y above is the reference triangle T of Figure 1 shifted by &9 = (&0, 90)-
The (signed) distances 3; to the edges are given by 31 = Jo, 82 = V/2/2(1 — 29 — o), and 83 = Zo.

Consider, for example, the singular asymptotic term (2.5) for h = 0,

(
¥(Zo)

|/ (Z0)(2 '

(2.23) T 1(&,0) = N

We translate by &g to make the integrand homogeneous and apply (2.22) with r = —1,

(2.24) 1,1(0):/%T,1(9z,0)d5(33):/T . |J¢(; (;) 5(5;):/6T N |Jw(§co§) |* & - D(&)ds(&).

We observe that & - (&) is constant on each edge of 7' — & and is equal to §; = (a; —&o) - ¥;, the
(signed) distance between the origin and the edge with normal ©;; see Figure 2. Hence, we get

(2.25) I, Y(&o) Y 8 —— .
Z ! 6T —:l‘:o IJ w w|
We parametrize each edge,
. t+1
Fi(t) = ( Zo + 5 —yo>
. t+1 t+1
(226) palt) = (1-20- T4 -+ 5.

2
R t+1
T3(t)—< %o, 1 — 02>’

(2.27) I-1(0) = (@0) ) 35
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Near-singular case. There is a generalization of (2.22) and (2.27) for functions f(-,h) that
depend on a parameter h > 0. Here, it is understood that f(-,h) is near-singular when h > 0 and
singular when /= 0. Suppose that f is positive homogeneous in both x and h, i.e., there exists
an integer r such that f(A&, Ah) = A" f(&,h), for all & € T, h > 0 and A > 0. Differentiating with
respect to A and taking A = 1 yields

(2.28) &-Vaf(Z h) —i—h%(a‘:,h) =rf(&,h),

which is the analogue of Euler’s homogeneous function theorem mentioned before. Let
(2.29) / f(&, h)dS(Z).

Using integration by parts together with (2.28), we can prove that

(2.30) hI'(h) — (r +2)I(h) = — . F(@, h)& - D(@)ds(®).

Note that we recover (2.22) for h = 0. For h > 0, using variation of parameters, we get'

+oo =,
(2.31) I(h) = hr+2/ z- 17(:%)/ f(w_;_;b) duds(&) (f homegeneous in & and h).
oT h u”

We observe, again, that (2.31) approaches (2.22) as h — 0.
Take, for instance, the near-singular asymptotic term (2.5) for A > 0,

(2.32) T i (&, h) = N A( i T

We translate by &g and apply (2.31) with r = —1,

+oo
(2:33) L) = [ T-1@0ds@) = hi@o) [ @5(@) du ().
T OT o heoo W (@0)2[? + u?

Since, for any h > 0 and nonzero vector y € R3,
(2.34) Y A A e

. noo u?/|y|? + u? y[? ’
we arrive at the formula

2 L h2 ]
(2.35) T1(h) = sj / )‘”'f‘ T R as(a),
T —&o | J(20)2|

where the §;’s are those defined in Figure 2. Using the parametrizations in (2.26) yields

(2.36) I_1(h) = / \/U j 22(“;;2 " 18 (1) .

Note that the formula (2.36) approaches (2.27) as h — 0.

IWe refer to [43] for a careful derivation of these formulas.
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2.5. Transplanted Gauss quadrature (Step 5). Let us start this subsection by highlight-
ing something crucial about the first integral in (2.36)—similar remarks hold for the other two.
As mentioned when introducing Step 5, if the origin is far from #; (§; > 0 in Figure 2), then the
integrand is analytic and n-point Gauss quadrature converges exponentially fast [50, Thm. 19.3];
the quadrature error decreases like O(p~2"), and §; > 0 yields p > 1. However, if the origin is close
to 71 (81 =~ 0), the integrand is analytic but nearly singular, convergence is exponential but p ~ 1.
To circumvent this issue, we use transplanted quadrature rules obtained from conformal maps [22].

Suppose f is an analytic function in some Bernstein ellipse £, for some p > 1,2 and that it has
complex singularities near [—1, 1]. We seek to calculate

(2.37) I(f) = /_ fyt

In this case, n-point Gauss quadrature,
(2.38) I(f) ~ L(f) =) wif(ts)
k=1

with Gauss weights {wy} and nodes {t;}, fails to converge rapidly. The idea behind transplanted
quadrature goes like this. Let €2, be an open set in the complex plane containing [—1,1] inside of
which the function f is analytic and let g be an analytic function in E, satisfying

(2.39) 9(E,) C 9y g(-1)=—1, g(1)=1

By Cauchy’s theorem for analytic functions, the integral of f over g([—1,1])—an analytic curve in
the complex plane—is the same as the integral of f over [—1,1], thus we have

(2.40) 1(f) = / J(0)F(g(t))dt.

We can approximate the above integral by the following transplanted Gauss quadrature rule,
(2.41) 1)) ~ 1) = 3 wrg/ (1) F(9()).
k=1

In the following, we shall consider functions f, , of the form

(2.42) fur(t) = peR, v>0, tel[-1,1],

=+

with complex singularities at ¢ = p & iv and exact integral I(p,v) = a,,, + b, with

1- 1
(2.43) ay,, = arcsinh ( > H) , by, = arcsinh ( —:,u) .

We will utilize the map from [48] defined by

(2.44) 9uv(2) = p+vsinh {(aw, + bwj)zi + awj} .

2The ellipse E, is the set of points (z, y) such that a:2/a/2)+y2/b§ = 1witha, = 1/2(p+p~ 1) and b, = 1/2(p—p~1).
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—s— Gauss
—%— Transplanted Gauss

= 14+ V207"

Relative error
-
S)
&

1012 4

10 15 §

1071 T T T ¥
0 20 40 60 80 100
Quadrature size n

Fig. 3: Gauss quadrature (2.38) converges exponentially for the function t — 1/4/(t + 1) + 4e€?,
but at a slow rate (1++/2¢)72". As e — 0, the error “plateaus” at O(1) values. Transplanted Gauss
quadrature (2.41) with the map g_1 2. defined in (2.44) gives machine precision from n = 1.

For this particular real-valued function g, which verifies g([-1,1]) = [-1,1] and ¢’ > 0 on [—1,1],
the transplanted integral (2.40) can be retrieved via the substitution u = g(t), and the transplanted
formula (2.41) is simply Gauss quadrature applied to this change of variables.

Functions of the form of (2.42) are particularly relevant for us. For example, if h = 0, &y = (0, €)
and J(&g) = Isx2, the integral on #1 in (2.36) reads

(2.45) /1 |T:/1(t)|dt/1 I —
—1Pa(t)] 1 /(1) + 42

with complex singularities at ¢t = —1 4 2ie. Since the largest Bernstein ellipse inside which it can
be analytically continued has a parameter p ~ 1 + 1/2¢, n-point Gauss quadrature converges expo-
nentially at a slow rate (1 + 1/2¢)~2"—when ¢ is small, the error is almost constant. Transplanted
Gauss quadrature with g_1 2, on the other hand, is exact; see Figure 3. Note that, for &9 = (2o, €)
instead of (0, €), the integral on #; has singularities at t = —14 2%, £ 2ie and equals I(—14 2%, 2¢).

Let us emphasize that, in general, the integrals in (2.36) will not be as simple as (2.45)—the
term under the square root will be a more complicated polynomial in ¢ and € because of the Jacobian.
We could compute the exact singularities v, construct the corresponding g,, ., and would observe
full accuracy from n = 1 for transplanted Gauss quadrature. However, for simplicity, we use the
same transplanted rule with g = —1 + 2%¢ and v = 2¢ for all integrands with 1/|J(&¢)#1(f)| near-
singularity, independently of the value of J(&y). By doing so, we only misplace the singularities by a
factor O(e).® (Similarly, on #2 and 73, we choose = —1+ 2o and v = 23, and u = —1+2(1— o)
and v = 233 for all integrands.) To illustrate this, we use transplanted Gauss quadrature with go 2.
for integrating fos. in Figure 4—transplanted Gauss quadrature is no longer exact but converges
much faster than Gauss quadrature. We prove these observations in the following theorem.

I(—1,2e),

3For example, for a Jacobian J with columns J; = (a,¢c,0) and Ja = (b, d,0), the singularity is at

R ab + cd . ad — bc
(2.46) t:—1+2mo+2ea2+02 :t2zea2+62.
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Relative error

S

e=10"2
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- (14 i)

~
S

N

—2n

11

10718

2‘0 4‘0 6:0 8‘0 100
Quadrature size n
Fig. 4: Gauss quadrature (2.38) converges exponentially for the function t — 1/+/t? + 25€2, but at

a slow rate (1 +5¢)72". Transplanted Gauss quadrature (2.41) with the map go 2. defined in (2.44)
is mo longer exact but converges exponentially at a faster rate, described in Theorem 2.1.

THEOREM 2.1. Let -1 <pu<1,0<v <1, fu, and g,, as in (2.42)-(2.44), and

/2
arcsinh(2/v)’

Let po(z) = x + V1 + 22 and p1(z) = po(x) + /2xpo(x). In the following statements, by super-
exponential we mean that the n-point quadrature error |I(p,v) — L,(u,v)| decreases like O(p=2")
for all p > 1, and by exponential we mean O(p~2") for some p > 1.

(1) Transplanted Gauss quadrature (2.41) with g,., applied to the product fl’f,,/ X 1) converges
exponentially for any entire function ¢ and nonzero integer power k with p = po(Cay) if p = 0,
p=p1(C) if u==1, and po(Ca) < p < p1(Cy) if =1 < pu# 0 < 1. This gives, as v — 0,

(2.47) C, =

/2
P arcsinh(1/v)’ =0
S
2.4 ~1 —_— if = =1
(248) P * \/ arcsinh(2/v)’ i ’

if—1l<p#0<1.

/2 I
T e <y
+ arcsinh(1/v) ™~ pPRAT arcsinh(2/v)’

When k < 1, the convergence improves to being super-exponential, and when k = 1 and i is a
constant, the quadrature is exact with a single quadrature point/weight.
(2) Gauss quadrature (2.38) applied to any of the functions in (1) converges exponentially with

p=po(V)ifu=0,p=p1(v/2) if u==%1, and po(v) < p < p1(v/2) if =1 < pu#0 < 1. This gives
the following approximations for p as v — 0,

if p=0,
if p= =1,
if—1l<p#0<1.

p~1l+v,
pr1+/v,
1+v < p S1+4/0,

(2.49)
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(3) Let ' = p+ dpv and v/ = dvv for some dpu € R and dv > 0, and let

Im (arcsinh (o0p + idv))
/2

(2.50) 0< = <1

Transplanted Gauss quadrature (2.41) with g,,, applied to the product f L X 1 converges expo-
nentially for any entire function ¢ and nonzero integer power k with p > po(QIC' ) if w= =1 and
p > po(ICs,) if |u| < 1. This gives the following approxzimations for p as v — 0,

I

> 14T f = +1
pPREF arcsinh(2/v)’ i ’
Ir/2
2.51 14+ — ; 1.
(251) PRI arcsinh(1/v)’ il <

Proof. (1) Transplanted quadrature with g, , yields integrands of the form

Aup + by
2

(2.52) g;;,u(t)fﬁ,u(Qu,u(t))w(gu,u(t)) = cosh' " (apw +buw) + auy ¢(9u,l/(t))-

The closest singularities occur when the input of the hyperbolic cosine equals +i7/2, that is,

2,..,
(2.53) t= 14— p—

1 .
App + buw T

If p =0, then a,, = b, = arcsinh(1/v) and ¢t = £iCs,. In this case, the largest Bernstein ellipse
E, verifies p = po(Cay). If 4 = —1, thend, , =0, a,, = arcsinh(2/v) and t = —1£2iC,. Here, the
largest ellipse E, verifies p = p1(C)). Similar calculations can be carried out for 4 = 1. For the other
w’s, the singularities lie outside £, (¢,,) but inside E, (¢, ), and therefore po(Ca,) < p < p1(C,).
(The approximations as v — 0 are straightforward asymptotic expansions.) When k < 1, the
function in (2.52) is a product-composition of entire functions—convergence is super-exponential.
Finally, when k£ = 1 and ¢ is a constant, (2.52) is a constant—the quadrature is exact with n = 1.
(2) The singularities are at ¢t = p 4+ iv. The formulas can be derived with the same techniques.
(3) Singularities occur when the denominator of the function f, ./ o g, ,, vanishes, i.e.,

-1
(2.54) (X(t) = 6u) + 6% =0, X(t) = sinh | (a0 + bw,)tT ta.,

This leads to X (¢) = du £ iér and a couple of candidate pairs for the closest singularities,

%, +7R I %, — TR  w(2-1
(2.55) P e R G T e . G ok VY
v+ b apw + b v+ b v+ b

with
Re (arcsinh (dp + idv)) [ Im (arcsinh (0 + i0v))
/2 T /2 ’

If w = —1, either t = -1+ 2RC, + 2iIC, or t = —1 — 2RC,, + 2i(2 — I)C,, may be the closest
singularities. These both lie outside the ellipse associated with purely imaginary singularities, for
which p = po(2IC,), and, therefore, p > po(2IC,) (crude estimate). Similar calculations for p = 1.
If 4 =0, then t = RC5, £iIC5, are the closest singularities since 2 — I > I. These lie outside the
ellipse corresponding to purely imaginary singularities, for which p = pg(IC3,); hence, we arrive at
p > po(ICs,). For the other u’s, the singularities lie outside the ellipse corresponding to = 0. O

(2.56) R=
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Let us conclude this section by noting that the integral on the edge #; in (2.36) does not need
to be computed when the origin is on 71, that is, when e = 0, since it is multiplied by §; = € and

1 2 1
(2.57) €I(—1,2¢) = earcsinh () = clog () + - 4+...—0.
€ € 4 e—0

The latter observation also shows that the contribution eI(—1,2¢) on #; becomes negligible with
respect to those on 75 and #3 as ¢ — 0. Therefore, if we were to employ Gauss quadrature, I(—1, 2¢)
would be computed with an error O(1) but this would only introduce an error O(elog(2/¢)) in (2.36).

3. Extension to higher-order approximations. We present in this section our method
based on high-order Taylor series. The first two steps are the same—we go directly to Step 3.
Step 3. Taylor expanding/subtracting. Let 0& = & — &g = (021, 02), Jo = J(&o), and

Yo = Y(&0) = O(1),
2 1 o Vs o \sa sa R
0 (o) = %m( 0)0FT + 5 sa0, (£0)035 + Vs a, (£0)081032 = O(927).
Besides the O(62~1) term T_1, we also compute the O(1) and O(d%) terms Ty and T7,

’ “ 3 3—ic~i—1 4 ~d—ic~i—1
To(Z,h) = 1/10(553) T % Zai—&vl 0% 3 — @ 2014&% 0% 3
(oo +h22 2 = [Jd+h2E 2 I [|Jodd]? + h?)?

b

N 4 fd—isai 5 $5—i g4
(3.2) Tl(a“c,h):¢+h26i§ﬁ—613 22 &
(I Jo6&|* + h?] i1 [[Joo®|* + h?]? = o6& 2 + h2)?

Nl

+Z5:9' 5201511 e 5271511 _

i=1 HJO(S-'I}‘2 +h2 2 i=1 ‘Jo5@|2+h2}2

and add them to/subtract them from (2.1) to regularize the 2D integrals,

I(wo) = /f T (%, h)dS(&) + /f To(&, h)dS(&) + /T (&, h)dS(2)

Check out Appendix A and Appendix B for the coefficients in (3.2).
Steps 4—5. Continuation approach and transplanted Gauss quadrature. Let

(3.4) Io(h) = /; Ty(@1)dS(@). L) = [ T1(&.h)dS (@)

T

Using the continuation approach, we obtain 1D integrals along the boundary oT of f, which are,
again, analytic but nearly singular; see Appendix C. The story is the same—Gauss quadrature will
be inefficient, while transplanted Gauss quadrature will perform well, as guaranteed by Theorem 2.1.
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as as

= (a,b
as &5 ag as (aa ) C)

a  ay  a ar  as  a

Fig. 5: The quadratic triangle we consider is on the right—we choose ¢ = 0.5 to get a 3D triangle.
We take points &9 = (0.2,0.4) (near the center) and &y = (0.5, ¢) for small € (near the lower edge).

4. Numerical examples.
Singular/near-singular 2D integrals over a quadratic triangle. Consider the triangle T given by

0,1:&1:(0,0,0)7 a4:d4:(1/2,0,0),
(41) az = dg = (1’050)7 as = (a7b7 C) # C7’5 = (1/25 1/2a0)a
a3:&3:(0,1,0), 0,6:&6:(0,1/2,0),

which is displayed in Figure 5. The mapping F : T — T and its Jacobian matrix J are given by

.Ci'l +2(2a— 1).%1@‘2 1—|—2(2a— 1).’17,‘2 2(2@— 1).(?}1
(4.2) F(@)= |2 +2@b—Dardy |, J@) =| 202b—1)ds 1+2(2b—1)d4
4C.’i‘1§72 4652’2 4C£AU1

We take a = 0.6, b = 0.7 and ¢ = 0.5, and compute the following integrals for different values of xy,

(43) I(wo) = /T _d5(@)

|z — 0|

We first take points g = F(0.2,0.4) (singular) and xg = F(0.2,0.4) + 10~%z (near-singular).
These are points near the center of 7; the first one is on 7 and the second one is slightly above it.
We compute the integrals (4.3) in Mathematica to 14-digit accuracy and compare them with the
values obtained with our method using T_1, Tp, and T regularization. We use N = n? quadrature
points for the 2D integrals and 10n points for the 1D integrals, with 2 < n < 200. The 2D integrals
are computed with Gauss quadrature on triangles [34], while the 1D integrals are computed with
1D Gauss quadrature (&g is far from the edges). We plot the relative errors in Figure 6. The
convergence is linear with the number of quadrature points when using the method of section 2,
and improves to quadratic when using that of section 3. (Note that the errors come from the 2D
integrals—the 1D integrals are analytic so their errors are much smaller in comparison.)

We now look at the case where xq is close to an edge by taking &y = F(0.5, ¢) for small values
of €, which corresponds to points near the lower edge. In this case, it is crucial to compute the 1D
integrals with the transplanted quadrature of subsection 2.5. We take, again, N = n? points for the
2D integrals and 10n in 1D with 2 < n < 200, and choose p = 0 and v = 2¢ for the transplanted
quadrature. We show the results in Figure 7 for ¢ = 10~% and observe similar convergence curves.

A code to compute these integrals in Python can be found in Appendix D. It uses scipy’s BFGS
for simplicity. A code for general quadratic triangles is available on the first author’s GitHub page.


https://github.com/Hadrien-Montanelli/singintpy
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@) = F(2e-01, 4e-01) x) = F(2e-01, 4e-01) + le-04z
1072 1072
107 10-4
s s
S S
2 10 2 10
= =]
~ o
< o]
o o
1078 10-8
—— T, regularization —— T, regularization
10-10 4 == Tp regularization 10-19 —*— Ty regularization
—&— T; regularization —&— T regularization
T T T T T T T T
10° 10! 102 10* 10 10° 10° 10! 102 10* 10 10°
Quadrature size N Quadrature size N

Fig. 6: Results for the singular (left) and near-singular (right) cases are similar. The T_q reqular-
ization, which is the method of section 2, converges linearly with the number of quadrature points.
As we subtract more Taylor terms, the 2D integrand becomes smoother and convergence accelerates.

@) = F(5e-01, 1e-04) x) = F(5e-01, 1e-04)

10724

s s
S 10 S 10-6
o 10°° g 10
= 2
= =
3] ] :
[+3 N i3 L
1073 1078
—— T, regularization —— T, regularization
10-19 —— Ty regularization 10-19 —— T regularization
—&— T regularization —&— T regularization
T T T T : T T T T ~
10° 10! 10% 10* 10 10 10° 10! 10? 10* 10* 10°
Quadrature size N Quadrature size N

Fig. 7: We recover similar convergence curves when the singularity is near the lower edge (left). For
this experiment, it was necessary to compute the 1D mear-singular integrals with the transplanted
Gauss quadrature of subsection 2.5. If we employ 1D Gauss quadrature (right), the relative errors
plateau at O(elog(2/¢)), O(e?log(2/¢€)) and O(e3log(2/¢)) for T_1, To and Ty reqularization.

Singular 4D integrals over two identical quadratic triangles. We explain now how we can use our
method for computing integrals of the form of (1.3) to compute integrals over two curved triangles,
which occur when solving (1.1) with boundary elements. Suppose we are interested in computing

(4.4) IZL/TdS@)dS(-’”),

|z — yl

where 7 is the triangle of Figure 5 with a = b = 0.5 and ¢ = 1. We map the y-integral back to i

_ ¥(9) .
(4.5) I= /T/T |m_F@)|dS(y)dS(w),
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Relative error

—e— T, regularization
—*— T regularization
—o— T regularization

102 10° 10* 10°
Quadrature size M

Fig. 8: Combining the method described in this paper with Gauss quadrature on triangles yields a
new method for computing 4D singular integrals of the form of (4.4). The method converges linearly
with the total 4D number of points M when using the Th regularization described in section 3.

with ¥(g) = |J1(9) x J2(§)|. Then, we discretize it with N-point Gauss quadrature on triangles,

N
(4.6) I~Iy= Zwrﬂﬁ(@n) /T %

There remain N integrals of the form of (1.3), which we compute with the N-point quadrature meth-
ods with T_1, Tp, and Tj regularization that converge at the rates O(N~—1), O(N~15) and O(N~2).
It is possible to show that the integrand of the g-integral is as regular as 2 arcsinh((1 —¢1)/92), for
which standard N-point Gauss quadrature on triangles converges at the rate O(N~2). Therefore,
we obtain M-point quadrature rules for 4D singular integrals that converge at the rates O(M~0-3),
O(M~%7) and O(M~1). We compute the integral (4.4) with the singularity cancellation method
of Sauter and Schwab [46, Sec. 5.2.1] to 8-digit accuracy and plot the errors in Figure 8.
Scattering by two nearby half-spheres. Let Q@ C R? be a bounded domain whose complement
is connected, let T' be its boundary, and let k > 0. Given an incident wave u‘(x), a solution to
Au + k?u = 0 in R3, we look for the scattered field u®(x), a solution to Au + k%u = 0 in R3\ Q,
satisfying the Sommerfeld radiation condition® and such that u'(z) +u®(z) = 0 on I' = 9Q. As said
in the introduction, assuming that k2 is not an eigenvalue of —A in €, this leads to [10, Thm. 3.28],

1 etklz—yl

(4.8) S(y)dl'(y) = —u'(x), xeTl.

el e
Ar Jp |z -yl
Once the equation (4.8) is solved for ¢?®, the scattered field u® is given by

(4.9) @=L [ ), zeR\Q
. u(x) = — | ——¢*(y Y), x€ .
4 F|5'3—y|90

4The Sommerfeld radiation condition, which guarantees that the scattered wave is outgoing, reads

0
(4.7) lim r (T?u - zku) =0, uniformly with respect to r = |x|.
r
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Of particular interest is the far-field pattern u.. defined on the unit sphere S? via [11, Thm. 2.6

ezkr

(4.10) (@) = s (f)+o<:2> r= || = oo,

with integral representation [11, Thm. 3.14]

1

L / BV (y)dT(y), T € S2.
T

(4.11) Uoe(@) =

We discretize (4.8) using a boundary element method with quadratic basis functions (p = 2)
and quadratic triangles (¢ = 2). This yields the computation of integrals of the form [46, Chap. 5]

1 etklz—y|
(412) =g || e waswe, (77 @)asta),

where the ¢;’s are the basis functions defined in (2.11), and 7, and 7T are two quadratic triangles.
(The integral I in (4.12) is singular/near-singular when 7, and 7y are identical /close—when the
triangles are far apart, 4D Gauss quadrature may be used with exponential convergence.)

As in the previous numerical experiment, we first map the inner integral back to T and then
discretize it with N-point Gauss quadrature on triangles,

eikl@—For (8,)]

1 N
(4.13) Imln=_- an%”@n)[r m%( Ha))dS (),
n=1 ¢ n

where v/ includes the Jacobian. We are left with the computations of N integrals of the form

eik|w—wn|_ . —
(4.14) /T T L (N @)dS(a) + /T £l @) o)

|z — x| |x — x|

The first integral, whose integrand has bounded first derivatives, is also discretized with N-point
Gauss quadrature (convergence at the rate O(N~1-9)), while the second one is discretized with the
method described in this paper with 7_; regularization (convergence at the rate O(N~1)).

We take k € {2, 47,87, 167} and consider the scattering of a plane wave u’(r,6) = e
by two half-spheres of radius 1 centered at (0,0, £4); see Figure 9. We first compute the solution
for § = 0, which corresponds to the scattering of the incident wave by the unit sphere—we solve (4.8)
and evaluate (4.11) for an increasing number of quadratic elements. We plot the relative co-norm
error in the far-field pattern in Figure 10 (left); the exact far-field pattern is [11, Eqn. 3.32]

ikr cos 6

(4.15) b i 2n +1) Zz) P,(cosf), 6€]0,2n],

with Legendre polynomials P,,, and spherical Bessel and Hankel functions j, and hg). We observe
quartic superconvergence as the mesh size h — 0; cubic convergence was expected.’

5For boundary elements of degree (p, ) with a mesh of size h, the error in the numerical far-field is bounded by
(4.16) oo (6) — t1oe 4 (8)] < e {A2PFIT ol i oy + Tl } -

Results of this form go back to [36]; see also [46, Chap. 8]. For the sphere, O(h9t1) seems to improve to O(h29).
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Fig. 9: The incident wave u'(r,0) = e**7 <Y travels along the x-azis towards x > 0 and is scattered
by two nearby half-spheres of radius 1 centered at (0,0,+5). We plot the amplitude of u* + u® for
k=2m and 6 = 0.5 (top left), 6 = 0.2 (top right), § = 0.1 (bottom left), and 6 = 0 (bottom right).
For § = 0.5, the distance between the two half-spheres, 26 = 1, equals the wavelength A\ = 2w /k = 1;
the incident wave “sees the gap” and is able to go through it. This not the case when & < .

We now compute the solution for k = 27 and small values of § > 0—for each of these values, we
solve (4.8) and evaluate (4.11) for a mesh size h ~ 10!, which gives about five digits of accuracy.
We observe in Figure 10 (right) linear convergence of these far-field patterns to (4.15) as 6 — 0, in
agreement with [9, 12]. This experiment is particularly challenging when § < h. The method of
Sauter and Schwab [46, Sec. 5], designed for elements that touch each other, cannot be applied to
elements facing each other across the gap—these would simply be computed with Gauss quadrature,
yielding very inaccurate results. We obtained accurate results for values of § as small as 5 x 107%.
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Fig. 10: For § = 0, the incident wave is scattered by the unit sphere; the numerical far-field converges
quartically to the exact far-field (4.15) as the mesh size h — 0 (left). For 6 > 0, it is scattered
by two half-spheres centered at (0,0,+d) and separated by a distance 26; the numerical far-field for
k = 2 is computed for each § with h ~ 1071, It converges linearly to (4.15) as 6 — 0 (right).

We wrap up this section with a few words about implementation. We added our novel method
for computing singular and near-singular integrals—as well as new features to handle high-order
boundary elements and basis functions—to the C++ castor library of Ecole Polytechnique, whose
lead developer is the second author. The castor library provides tools to create and manipulate
matrices ¢ la MATLAB, and uses an optimized BLAS library for fast linear algebra computations.
The finest meshes (h =~ 7.45 x 10~2) yield dense matrices of size ~ 32,000 x 32,000—we employed
hierarchical matrices for compression, and, to solve the resulting linear systems, GMRES [44] pre-
conditioned with a hierarchical LU factorization at a lower precision. Finally, we utilized Gmsh [14]
to generate quadratic triangular elements. The computations were carried out on an Intel Xeon
Gold 6154 processor (3.00 GHz, 36 cores) with 512 GB of RAM.

5. Discussion. We presented in this work algorithms for computing singular and near-singular
integrals on curved triangular elements of the form of (1.3). These are particularly relevant to the
single-layer potential formulation of the 3D Helmholtz Dirichlet problem in the presence of nearby
obstacles. These are also useful for evaluating the boundary element solution close to the surface
over which the single-layer potential is defined. Our methodology is based on singularity projection,
singularity subtraction, the continuation approach, and transplanted Gauss quadrature.

We provided several numerical examples for quadratic triangles in section 4 but we would like
to emphasize that our algorithms work for triangles of any degree ¢ > 1. Moreover, the extension
to quadrilateral elements is straightforward. Finally, we focused on functions F' and ¢ that arise
when using boundary elements, but our techniques apply to any smooth functions F' and .

There are many ways in which this work could be profitably continued. For instance, one could
consider singularity subtraction with Taylor-like asymptotic expansions of order ¢ > 4, which would
lead to N-point quadrature rules that converge at the rates O(N —(+1)/ 2). One could also extend
our procedure to strongly singular kernels, which will be the subject of a forthcoming publication.
This would allow us to solve the Dirichlet problem with the double-layer potential via [10, Thm. 3.15]

0G(z,y) o(x)

(5.1) g ng(y)df(y) + — = up(x), xel.


http://leprojetcastor.gitlab.labos.polytechnique.fr/castor/
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Appendix A. Taylor coefficients of R?>. The Taylor expansion of R? = |F (%) — x|? is

3 4
|F(&) — @o|* = |Jod&|” + B>+ h Y a;ddf iy + ) ciory 65"
M_/ i=1

0(522) =
0(543)
4 _ 5
(A.1) +hY bioatToRy Y didd T aah ! +O(02°).
i=1 i=1
0(584)
The coefficients are:
ay = ep - Fy 3.,
az = 2ep, - Fy, 4,,
az = ep - Fy,z,,
1
by = 3eh F.3.2.,
by = ep - Fg 3,4,,
bs =ep - F3,2,8,,
1
by = 3€h - Fipt020,
(AZ) Cc1 = Fil : Filila
Co=2F;, - Fg 3, + Fay - Fipsys
Cc3 :2F22 'Ffilfi'z +F5€1 'Ff2i2a
ey = Fy, - Fgoz,,
1 1
di = §Fi1 “Fiyay3, + ZFa?lil “Fay a4,
1
do = gFig “Figa0 + Fay - Faygrzo + Fayay - Fiygos
1
ds = §Fi'1£1 : FiQﬁ:Q + F;i'1 : Fﬁuﬁz;ﬁz + Fi’z ’ Fi’li'li'Q + FﬁliZ ’ Fili?’
1

dy = §F£1 “Faoiois + Fay - Fvaods + Fasay - Fiyaos

1 1
d5 - gFig : Figigig + ZFii‘gii‘g : Ffziz)

where ey, is the unit vector such that F(&q) — xo = hey. Note that the ¢;’s and the d;’s are those
derived in [1]—our contributions are the a;’s and the b;’s. Partial derivatives are evaluated at &.
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Appendix B. Taylor coefficients of yR~!. The expansion of YR~ = v|F (%) — xo| ! is

(B.1) (&) F(#) — ao| ™" = T_1(2; h) + To(&; h) + T2 (&; h) + O(62).
The coefficients are (the g;’s and the h;’s are from [1], the e;’s and f;’s appear to be new):
1
e =-3 [a1tz, + b1vbo] ,
1
e2=—3 [as®z, + a1z, + batho],
1
€3 =5 lasvz, + axtbs, + bsto],
1
€4 = _5 [1131/)22 + b411[}0] )
3
fl = gwo [a%] )
3
fo= gi/fo [2aias],
3
f3= gi/fo (a3 + 2a1as],
3
fa= g% [2aza3],
3
f5 = §1/10 [ag] )
1
g1=-3 [c19z, + d1o] ,
1
(B.2) g2=—5 [cavs, + 19z, + datbo] s
1
93 =—5 [c3vs, + cata, + d3ibo] s
1
91=5 [caz, + c3vs, + datho],
1
95 =5 [catps, + dstbo]
3
hl == gl//o [C%] )
3
hy = gl//o [20102] )
3
hs = §¢o [¢3 + 2c1c3]

3
hsy = §7/10 [2cica + 2¢9¢3] ,

3
hs = =g [ + 2cac4]

8
3

he = gilfo [2csca],
3

h7 = *1/}0 [Ci] .

8
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Appendix C. Computation of Iy and I;. Using the continuation approach, we obtain

; [ Jo&[v/|](£0)&|? + h? — h*asinh (|J(;Lm|)
W =35 [ @) - -

3. 3 Jo&|? + 2h (h — /| Jo&|? + h?
hag . / Ag_x'_1| 0 ( 0

C.1 - — E a; g 8 Ty T d

(C.1) 2 < " Jor gt P |Jo2|*/[Jo|? + h?

3071 Jo#| + | Jo2 — 3h%asinh <|J0a§|>

4 3 =
Yo . aminic1 V|JoZ[? + h? A .
- E ci E 8, . 1T STodl’ ds(&),

=1 j=1 Tj—%Zo
as well as
3
h3 —2R2\/|Jo®|% + h2 + |Jo2|? \Joa:|2+h2
N =3 [ upa Y v
; ! 8'?;'—@0 0 3|JO$|4

3h2|‘]0:ﬁ‘ + |JO;%|3 _ 3h2asinh <|J0:%|>

4 3 =
N A i \/|J033|2+h2 N
+h e; s/ gi-igi-t — ds(&
; Jz:; J af'7£0 1 2 2‘J0$|5 ( )
5 3 4 20 7 a2 14 <12 4 1213
. i ai 8h* 4+ 12h |J0.’II| +3‘J0{B| —8h |J()CC| +h R
—l—hQZfiZsj ~ il - - [é ] ds(&)
i=1 =1 JOTj=&o 3[Jo2|® [|Jo#|* + h?]>
5 3 . . =
) e =8hY — AR Jo2|? + |Joz|* + 8R3/|Jox 2 + A2 .
(C.2) +Zgizsa‘/A Foigi! |Jo \A |Jo |A | Jo| ds(&)
i—1 J=1 oT; — &g 3|J0212|6\/ |J0€l7|2 + h?
FT-igi —16h% — 24h*|Jo2|? — 6R2|Jo2|* + |Jo2|® |, .
Zh ZSJ/ 7 -1 ‘ | | | | (iL’)
Tj—&o 3| Jo&|® [| JoZ|? + h2]

7 3
16h° |J0$‘2 +h%+ 16h3|J01B| |J0$E‘2 + h2
~ A7 zAz 1
DY I v Y

3| o2 |8 [|Jo®|2 + h2]?

The integrals (C.1)—(C.2) are, again, analytic but nearly singular. The main difference with (2.36),
however, is that when the origin lies on an edge, these are no longer singular but O(1) and O(4%).
As a consequence, the Gauss quadrature error with a single quadrature point is small. For example,
for (C.1), the quadrature error when the origin is close to an edge plateaus at O(elog(2/¢)) as the
distance to that edge ¢ — 0. Moreover, since the corresponding integral is multiplied by ¢, this only
generates an error O(e? log(2/¢)) in the total computation of (C.1). Similarly, for (C.2), the Gauss
quadrature error is O(e?log(2/¢€)) and introduces an error O(e3 log(2/e)).

We recommend using the transplanted Gauss quadrature rule of subsection 2.5 for both (C.1)
and (C.2); it outperforms Gauss quadrature in theory and practice (see Theorem 2.1 and Figure 7).
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Appendix D. Python code. The following short Python code assumes that numpy has been
imported as np and uses the minimize method from scipy.optimize. Finally, confmap (t,mu,nu)
returns the value of the map (2.44) and of its derivative at points ¢ and for parameters p and v.

# Step 1 - Mapping back:
a, b, c=0.6, 0.7, 0.5
Fx = lambda x: x[0] + 2%(2%a-1)*x[0]+*x[1]

Fy = lambda x: x[1] + 2%(2%b-1)*x[0]*x[1]

Fz = lambda x: 4*c*x[0]*x[1]

F = lambda x: np.array([Fx(x), Fy(x), Fz(x)]) # map

J1 = lambda x: np.array([1 + 2%(2%a-1)*x[1], 2*(2%b-1)*x[1], 4*c*x[1]]1) # Jacobian (1st col)
J2 = lambda x: np.array([2*(2*a-1)*x[0], 1 + 2%x(2%b-1)*x[0], 4*c*x[0]]) # Jacobian (2nd col)
x0 = F([0.5, 1le-4]) + le-4*np.array([0, 0, 1]) # singularity

# Step 2 - Locating the singularity:

e = lambda x: F(x) - x0

E = lambda x: np.linalg.norm(e(x))**2 # cost function

dE = lambda x: 2#np.array([e(x) @ Ji1(x), e(x) @ J2(x)1) # gradient

xOh = minimize(E, np.zeros(2), method='BFGS', jac=dE, tol=le-12).x # minimization

h = np.linalg.norm(F(x0h) - x0)

# Step 3 - Taylor & 2D Gauss quadrature:

n = 10; t, w = np.polynomial.legendre.leggauss(n) # 1D wts/pts

W = 1/8*np.outer (wx(1+t), w) # 2D wts

X = np.array([1/2#np.outer(1-t, np.ones(n)), 1/4*np.outer(1+t, 1-t)]1) # 2D pts

psi = lambda x: np.linalg.norm(np.cross(Ji(x), J2(x), axis=0), axis=0)

tmp = lambda x,i: F(x)[i] - x0[i]

nrm = lambda x: np.sqrt(sum(tmp(x,i)#**2 for i in range(3)))

tmp0 = lambda x,i: J1(xOh) [i]*(x[0]-x0Oh[0]) + J2(xOh) [i]*(x[1]-xOh[1])

nrm0 = lambda x: np.sqrt(sum(tmpO(x,i)**2 for i in range(3)))

f = lambda x: psi(x)/nrm(x) - psi(xOh)/nrm0(x) # regularized integrand
I = np.sum(W * £(X)) # 2D Gauss

# Steps 4 & 5 - Continuation & 1D (transplanted) Gauss quadrature:

sl, s2, s3 = xOh[1], np.sqrt(2)/2*(1-x0h[0]-x0h[1]), xOh[O] # Distances
dril, dr2, dr3 = 1/2, np.sqrt(2)/2, 1/2

tmp = lambda t,r,i: (J1(xOh) [i]l*r(t)[0] + J2(xOh) [il*r(t) [1])**2

g, dg = confmap(t, -1 + 2%xOh[0], 2*s1)

r = lambda t: np.array([-xOh[0] + (t+1)/2, -xOh[111) # edge ril

nrm = lambda t: np.sqrt(tmp(t,r,0) + tmp(t,r,1) + tmp(t,r,2))

f = lambda t: (np.sqrt(nrm(t)**2 + h**2) - h)/nrm(t)**2

I += psi(xOh) * s1 * drl * (dg * w @ £(g)) # 1D transplanted Gauss

r = lambda t: np.array([1 - xOh[0] - (t+1)/2, -xOh[1] + (t+1)/2]) # edge r2
nrm = lambda t: np.sqrt(tmp(t,r,0) + tmp(t,r,1) + tmp(t,r,2))

f = lambda t: (np.sqrt(nrm(t)**2 + h**2) - h)/nrm(t)**2

I += psi(xOh) * s2 * dr2 * (w @ £(t)) # 1D Gauss

r = lambda t: np.array([-xOh[0], 1 - xOh[1] - (t+1)/2]) # edge r3
nrm = lambda t: np.sqrt(tmp(t,r,0) + tmp(t,r,1) + tmp(t,r,2))

f = lambda t: (np.sqrt(nrm(t)**2 + h¥*2) - h)/nrm(t)**2

I += psi(x0h) * s3 * dr3 * (w @ f(t)) # 1D Gauss

Fig. 11: Python code for computing the integrals of the first example when the origin is close to 71.
A code for general quadratic triangles/singularities is available on the first author’s GitHub page.
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