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Complete semi-analytical treatment of weakly singular integrals
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SUMMARY

A complete semi-analytical treatment of the four-dimensional (4-D) weakly singular integrals over coinci-
dent, edge adjacent and vertex adjacent triangles, arising in the Galerkin discretization of mixed potential
integral equation formulations, is presented. The overall analysis is based on the direct evaluation method,
utilizing a series of coordinate transformations, together with a re-ordering of the integrations, in order to
reduce the dimensionality of the original 4-D weakly singular integrals into, respectively, 1-D, 2-D and
3-D numerical integrations of smooth functions. The analytically obtained final formulas can be computed
by using typical library routines for Gauss quadrature readily available in the literature. A comparison of
the proposed method with singularity subtraction, singularity cancellation and fully numerical methods,
often used to tackle the multi-dimensional singular integrals evaluation problem, is provided through
several numerical examples, which clearly highlights the superior accuracy and efficiency of the direct
evaluation scheme. Copyright © 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Integral equation-based algorithms stand as one of the most accurate and efficient tools for tackling
a wide variety of problems in various fields of applied physics and engineering. In computational
electromagnetics, more specifically, the mixed potential integral equation formulation seems to
have aroused a lot of attention over the last years, especially when dealing with electromagnetic
scattering and radiation problems from an arbitrary perfect conducting surface [1, 2]. The numerical
solution of the surface mixed potential integral equations via the method of moments [3], using
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the linear Rao—Wilton—Glisson basis functions [1], calls for the computation of the following
four-dimensional (4-D) weakly singular integrals:

I;Zi,‘;g=f c,,/ gr.r)( dAgdAp, p.q=1,2,3 (1)
Ep Eg
and
"= f / g(r,r)dAgdAp, )
EpJEg

where the two triangular elements Ep and Eg may coincide (coincident integration), share a
common edge (edge adjacent integration), or share a common vertex (vertex adjacent integration).
Ap, Ag are the associated triangular surfaces, g(r, r)= e kR /R is the free-space Green’s function,
R=|r—r/| is the distance function, k is the wavenumber of the medium and { p> C’q are simplex
coordinates associated with arbitrary vertices of the triangular elements.

In general, weakly singular integrals are treated by using mainly the singularity subtraction
method [4—14] or the singularity cancellation method [15-25]. Despite their widespread usage,
both singularity subtraction and singularity cancellation methods fail to meet the requirements
for an accurate and efficient numerical integration of weakly singular integrals, as it will be
demonstrated by the numerical examples in next sections. On the other hand, some very promising
new methods have appeared in the literature which seem to outperform the traditional techniques.
In Reference [26], for instance, a method originated in the context of mechanics, which utilizes a
series of coordinate transformations followed by an appropriate Duffy transform [27], is presented.
Similarly, a direct approach for the evaluation of hyper-singular static surface integrals has been
presented in References [28, 29]. Moreover, the later direct evaluation method was generalized by
the first author for the case of the weakly singular integrals (1) and (2) over coincident triangular
elements [30]. In this paper, a further extension of the aforementioned method for all the weakly
singular integrals is presented. With the final formulas derived herein, the semi-analytical treatment
of weakly singular integrals on planar triangles via the direct evaluation method can be considered
as complete. Apart from the weakly singular case, the strongly singular and hyper-singular integrals
(derivatives of Green’s functions) stand as a very challenging quest and their detailed treatment is
a matter of future investigation.

In the following section, we outline the fundamental properties of the equilateral triangle param-
eter space, which is used for the transformation of the original triangles to the equilateral master
triangles. In Section 3, the direct evaluation method for the self-term integrals (coincident inte-
gration) is presented in detail. In Sections 4 and 5, the final formulas for the edge adjacent and
vertex adjacent integration are derived and, finally, in Section 6 a comparison of the proposed
method with three other competing techniques (the singularity subtraction method, the singularity
cancellation method and a fully numerical method) is presented in terms of accuracy and efficiency.
The results reveal the superior overall performance of the direct evaluation scheme.

2. EQUILATERAL TRIANGLE PARAMETER SPACE

The first step of the direct evaluation method is to introduce an appropriate parameter space, a
procedure that is very common in the evaluation of multi-dimensional integrals. In this paper,
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COMPLETE SEMI-ANALYTICAL TREATMENT 1627

following the procedure described in Reference [28], an equilateral parameter space {1, &}, where
—1<n<l, ogfgﬁ(l —n]), will be employed. This specific choice of parameter space is rather
convenient for executing the coincident and the edge adjacent integration, due to its symmetry.
The simplex coordinates in the new parametric space are given by

_V3d-n-¢ C:ﬁ(lﬂ)—i =X 3
23 7T a3 T

while the governing transformation matrices are as follows:

{

S

Cxo4x X2 —X1 2x3—x1—x2'
X 2 2 24/3

y2+y1 y2=y1 2y3=yi1—y2 || n
N A Y S I
. 2+ 2—21 223—721—22

L 2 1 | 2 273 ]

and the Jacobian is just a constant and equals J = A/+/3, where A is the area of the original triangle.
The weakly singular integrals in Equations (1), (2) can be evaluated as a linear combination of the
following terms:

1 40 1 ) &) o e—JkR )
b= 0 bpooa [ ar [Tpgon e pa=1230 )

where £(17) =+/3(1—|5|). Moreover,
lpl(’?’ é):l, l//2(’775)=7” W3(’7» é):é (6)

and R is a function of all six nodal coordinates (for the two original triangles) as well as the
four variables (two for the inner integral £ and two for the outer integral Ep) of the equilateral
triangle parametric space.

More specifically, the weakly singular integrals (1) and (2) are derived with the help of
Equations (3)—(5), leading to the following expressions:

L™ =,J)h, (7)

G JpJ
= Il)zq[311,1—311,2—\/511,3—312,1+312,2+\/§12,3—«/§13,1+«/§13,2+13,3], 3)

. JyJ
Iff§g= A3 1431 2—v3113-301—3hba+N3h3—351—362+ 53], (9)

12
sing JpJq «/_ \/—
15 =T[ 3L 3—~3h3—133], (10)
i JpJ
I = 311300 =V315 4351 =32 —V3hs =3l +V3ha+ il (1)

; JyJ,
I2s’lgg: 11)2(][311'1+311’2_ﬁ11'3+312’1+312’2_ﬁ12’3_ﬁ13'1_\/513’2—’_13’3]’ (12)
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i JpJ,
128,H31g = p6 LIV313+V3h3— 1331, (13)
Igf?g = V3h,- 13, (14)
Ising . JpJq «/— «/—
32 T 76 [V3I3,1+~V3h,—133], (15)
i J,J
I;jgg: p3 ql3,3, (16)

where J, and J, are the constant Jacobians of the transformation from the original triangles to
the equilateral parameter space master triangles.

2.1. Coincident triangles

In the case of the so-called self-term evaluation (or coincident integration) the outer and inner trian-
gles coincide, i.e. Ep=Eg. Hence, it is easy to prove that the distance function can be written as

R=|rp—rg| =\/occl (=12 +0e, (=) (&= ) Foe, (E= N2, (17)

where

1 1
cxc,=4—1|r1—r2|2, Uy = —=(r1 —12) - (r1 +12—2r3), ocq=ﬁ|r1+rz—2r3|2 (18)

2f

and r; = (x;, i, zi), i =1,2,3 are the vertices of the triangular element.

2.2. Edge adjacent triangles

In the case of triangular elements sharing a common edge (edge adjacent integration), we need
to orient the elements so that the shared edge is defined by {=0 for Ep, and &=0 for E 0>
and the singularity is characterized by n+n'=¢=¢ =0. The position vectors are given by Ep:
(r1p,r2p,r3p)=(r1,1r2,13), EQ:(r14,729,734) =(r2,71,74) and, again, the distance function in the
new parametric space can be derived as follows:

= rp—rg| = (|otey | E* +2E[ (e, - Uy )& + (oo, %)) 11 +1)]

Flote, P11+ (oo |2 E2 +2(ate, -atey) (1+17)EN 2, (19)
where
r)—r 2r3—r1—rp 2r4+ri—ra
— L =% g = % (20)
“ 2 “ 23 “ 23

2.3. Vertex adjacent triangles
Finally, in the case of triangular elements sharing a common vertex (vertex adjacent integration),
we need to orient the elements so that the singular point (shared vertex) is #=—1 and 1'=—1.

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2010; 83:1625-1650
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Again, the position vectors are given by Ep:(r1p,r2p,73p)=(r1,12,13) and Eg:(ri4,124,73¢) =
(r1,ra,rs). The distance function in the new equilateral triangle parameter space space is given by

R:|rP_rQ|:|°‘v0+“v17’l+“v26+“v37’1/+“v46/|’ (21)
where
r—ry r—ri 2r3y—ri—rp
“U(): 9 avl: 9 av2:71
2 2 23
v3 (22)
r4—rp 2rs+ri—ry
T T WmETT R

3. COINCIDENT INTEGRATION

3.1. First analytical integration

To begin with the inner integration, a polar coordinate system centered at the point (17, £) of the
outer integration is defined,

n'—n=pcos(0), & —<E=psin(0), (23)

as illustrated in Figure 1. Generally, polar coordinate transformations have been widely used in the
singularity cancellation methods, as the Jacobian of the transformation cancels the weak singularity
of the integrand. The distance function becomes R =|r—r'|=p-a(0), where

o(0) = \/occ1 cos? (0) + o, cos (0) sin (0) + o, sin? (0). (24)

Because the expression for the upper limit of p, p; (0), is different as 0 traverses each edge,
the (p, 0) integration must be split into three subtriangles. In the following, only the calculation
for the lower subtriangle with the edge & =0 will be presented. Exploiting the symmetry of the
equilateral parameter space, the remaining two subtriangles are handled by rotating the element

0,53

1,0 (1,0 K

Figure 1. First polar coordinate transformation {1’, &'} — {p, 0} and splitting of the master
triangle into three subtriangles.
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and employing the formulas for the lower subtriangle, as it will be shown next. For the lower
subtriangle, the integration limits are 0<p<p; and @1<0<O,, where

4 i _1(1+n T 1 (1-n
oL sin(0) 1 5 —tan 7 2 2+ an : (25)
Hence, the inner integration of Equation (5) becomes
) ®; rpop e Jkpa(0) 0, p
[Ch 0 05(0) [C]
where the term
p 0 pL 0 e—Jkpa(0)
I ' & = ) "’ ) - N d 27
q(1,¢,0) /0 Y (. &, p,0) 20 (27)

can be analytically evaluated. The integral for the lower subtriangle is given by:

N 1 O 05) p
= [ wpmod [ " if.c.0a (8)

Clearly, the first analytic integration is sufficient to cancel the weakly singular behavior of the
integrals and the remaining 3-D integral can be computed via a relatively simple scheme of Gauss
quadrature product rule. As already stated, however, the overall performance of such a method does
not meet the requirements for an accurate and efficient evaluation of weakly singular integrals.
Hence, in the following, we will continue with the reduction in the dimensionality of the original
triangle and, ultimately, derive 1-D formulas that provide greater accuracy with less computational
effort.

3.2. Second analytical integration

In order to proceed to the second analytical integration, we have to introduce, first, the variable ¢,
—1<<1, via

Tt (2T, Y
f=—3 +tan (&> dz_52+(z—n)2_F(n’€’t)’ (29)

which results in p; =/ fz—i—(t —n)2. Interchanging the order of integration, (28) becomes

1 1 <)
I3 = / dn / |, 0L 0106 DF G & d (30)

Next, a new polar coordinate system {A, W} replaces {¢, £},
t=Acos(W)+7n, E=Asin(P). 3D

With the two changes of variables, 0 — ¢ and {z, {} — {A, ¥}, we get the following:

. . sin (W
cos(0) > cos (W), sin(0)— —sin(¥), pL.—>A, F— /i ) . (32)
Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2010; 83:1625-1650
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J3(1-Inl)

g

t

Figure 2. Geometry of the second polar coordinate transformation, {z, }— {A, ¥}.

We have to note that the {¢, £} domain is a rectangle (Figure 2), and integrating over {A, ¥} will
necessitate a decomposition into three subdomains: Wo<W<WY |, V<Y<Y, and Yo <P Ys,
where Wo=0, W1 =tan! [E(n)/(1—n)], ¥2=n—tan" ' [E(n)/(14n)] and W3=r. The integral
with respect to A can be evaluated analytically, and Equation (28) becomes

sub 2 1 l‘Ferl . A
I;l’lqlzmgo » dn/ sin (‘P)Ip,q(n,‘P)d‘P, (33)
where
A AL
1,000 = [ w0 A 0,900 (34)

and the limit Ay, for the integral over A depends upon the particular subdomain (m =0, 1, 2) being
considered, as will be shown next.

3.3. Third analytical integration

The weakly singular integral (5) has been reduced to an integration over {5, ¥’} with the ¥ integral
decomposed into three subintegrals. The main objective is to re-order the integral and integrate
with respect to 5 analytically, and thus each subintegral has to be examined separately. Also, we
split the # integral as —1<#<0 and 0<n<I1.

3.3.1. Integration over region n=0. In this case, the subdivision of the integral with respect to
Y and the limits of the integration with respect to A are (Figure 3(a))

ogwgg, AL=(1—n)/cos(P),

<YLY, AL=+3(1—n)/sin(P), (35)

w3

Wy, <¥<n, Ap=—(+n)/cos(¥),
where W, =W, =n—tan~! (v/3(1—n)/(1+n)).

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2010; 83:1625-1650
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T T
7
27/3 27/3
/3 F 7i/3

Vi

(a) (b)

Figure 3. Geometry of the parametric space {1, ¥}: (a) >0 and (b) n<O0.

Interchanging the order of integration, and subsequently evaluating the integral with respect to

n we get the following three integrals with respect to ‘V:

1 /3 n/3 1 n/3
/ dn / sin ()1, (1. V) d¥ = / sin (W) d¥ / I}, (g, ¥)dn= / % (P)d¥, (36)
0 0 0 0 0

1 ¥, 21/3 1
/ dn/ sin(\I’)II’,\q(n,‘P)d‘sz sin(‘P)d‘P/ I}, (. W) dy
0 /3 ’ /3 0o

P 1
+ / sin (V) d¥ / I}, (. ¥)dy
21/3 o

21/3 b T
= (0] (‘P)d‘P-l—/ ¢ (¥)dY,
./71/3 P4 21/3 P
T

1 T
/dn/ sin ()1, (1. V) d¥ =
0 ¥, ' 2m/3

where o is obtained by inverting the formula for ‘P,

a:m, p=tan (n—¥)//3.

(37

o T[
sin (¥) d¥ / I} (. ¥)dy= / 9 (V)d¥, (38)
0 21/3

(39)

The (D‘;,;]d functions result from the analytic integration with respect to # multiplied with the sine

function.

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2010; 83:1625-1650
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3.3.2. Integration over region n<0. Equally, for the case where <0, the procedures are essentially
the same as above. Hence, the subdivision of the integral with respect to ¥ leads to (Figure 3(b))

2
\Pﬂgws?”, Ay =3(1+n)/sin(P), (40)

2
§<\P<n, AL = —(14n)/cos (P),

where
¥, =tan"! (V3(14+n)/(1—n)). 41)

Again, by interchanging the order of integration and integrating analytically we get the following
results:

¥y
/ dn/ sin (‘I’)I (n,‘P)d‘I’
/3
= / sin (V) d‘I’/  , P)dn= / (I);q (¥)dvy, (42)
0

2m/3
/ dn / sin (‘I’) (r], V) d¥

21/3 0
= / sin (V) d¥ / ', (1. ) d+ / sin (V) d¥ / I}, (. ¥)dn
0 —1

n/3

/3 2n/3
= / @), (¥)d¥+ f 3, (V) d¥, (43)
0 /3

0 b4
/ dy / sin ()17, (n, V) dP
-1 21/3

T 0 T
= / sin (W) d¥ / 13, (n. W) dy= / " (¥)dv, (44)
21/3 -1 /3
where this time
1-B
=——" =tan (¥)/+/3. 45
g Pt )/N3 (45)

Finally, the weakly singular integral for the lower subtriangle has been reduced to the following
1-D smooth integral:

/3 2n/3
I = /0 (@9, (¥)+ 0%, (P)+ D), (P)]dP+ f , (@), (¥)+ @, (P)]d¥
T
T
+ /2 n/3[(I);,q(‘P)+<DZ’q(‘P)+CI)$q(‘P)]d‘P. (46)
Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2010; 83:1625-1650
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1634 A. G. POLIMERIDIS AND J. R. MOSIG

The numerical integration of the remaining integral can easily be evaluated with a Gauss quadrature
rule and as it will be shown later on, the arithmetic results converge to the exact value with a
relatively small number of integration points.

3.4. Final formulas

Although the remaining two cases could be handled in exactly the same manner, this would require
repeating the analysis above for the other two subtriangles. An alternate route, which clearly
simplifies the implementation, is to exploit the symmetry of the equilateral parameter space. Hence,
the remaining subtriangles are handled by rotating the master triangle and employing the formulas
for the lower subtriangle. More specifically, the expressions for the second subtriangle are given
by the following formula:

Bl =g “7)
) 9,2
o(c3—>o<c312
where
1 V33
O‘C] 2 = ZOCC] - TO(CQ + ZOCC3’
V3 1 NE
Oey2 = 7%1 _5%2_7%3’ (48)
3 V3
Oley,2 = Zoccl + T“cz + Zac3,
Equally, for the third subtriangle the rotation leads to the following formula:
o =l s “9)
%) .3
%3 =0%3 3
where
V33
Oey,3 = ZOCCI + focz + Z‘Xcs,
V3 1 N&]
%ey,3 = —Tacl —zoccz+7ac3, (50)
3 V3 1
0503’3 = ZOCCI — TOCCZ + ZO(C3.

Next to the computation of the integrals for the subtriangles, we can proceed to the evaluation
of the integrals in Equation (5). By rotating the master triangle and after a series of algebraic
manipulations, the aforementioned integrals take the following form:

L=+ 1+, (51a)
1 1 V3 oy 1 ouns V3
sub sub, sub, sub, sub sub sub
ILZ:I],ZI+511,12_511,22_711,32_511,13_511,23+711,33v (51b)
sub ‘/3 sub ﬁ sub 1 sub \/§ subs \/§ sub: 1 sub
]1»3211,31+7]1,12+7]1,22_511,32+711,13_711,23_511,33’ (51c)
Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2010; 83:1625-1650
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1 1 V3 1 1 V3
sub sub. sub sub sub sub sub
12,1212,1l+511,12_512,12_713,12_511,13_512,13"_713,13’ (51d)
, 1 1 V3 1 1 V3.
sub sub sub sub sub sub sub
IZ,Z:12,21+111,12_111,22_711,32_112,12"‘112,22"‘712,32
‘/glsubg \/glsubg 3Isub2 1Isub3 1Isub3 ‘/glsub3 llsub3
Bt bt st T T s Ty
1 sub \/g sub \/g sub \/§ sub 3 sub
4oty X psubs XS psubs X psubs y Z psubs (51¢)
4 2,2 4 2,3 4 3,1 4 3,2 4 3,3
I :Isubl+£Isub2+£15ub2_l]sub2_ﬁlsubz_ﬁlsubz_i_llsubz
23=153 4 L1 4 12 T 3713 4 21 4 22 T2723
31s by 315 b, \/glsubg \/glsub3 \/glsub3 llsub3 ‘/glsub3
Tl Tt T T e T s T
V3 by 1 subs | 3 subs 3 subs V3 sub
4 Y2 subs 2 su3+_Isu3__Isu3__Isu3 (51f)
4 2,2 4 2,3 4 3,1 4 3,2 4 3,3 >
sub ‘/g sub ‘/g sub 1 sub \/g sub \/g sub 1 sub
13,1213,1l+711,12+712,12_513,12"‘711,13_712,13_513,13’ (51g)
Iy — ]Sllbl+£15Hb2_ﬁ]sub2_§]SUb2+\/_§ISUb2_EISsz_glﬂmz
3.2= 13 4 L1 4 12 T 3713 4 21 4 22 T 3723
—lISsz—i—lISsz—i—éISsz _ﬁlsubg _ﬁlsub3+§lsub3+élsub3
4 3,1 4 3,2 4 3,3 4 1,1 4 1,2 4 1,3 4 2,1
V3 by 3 subs , Losubs , Losubs V3 e
+ X2 3__Isu3+_Isu3+_lsu3__lsu3 (51h)
4 2,2 4 2,3 4 3,1 4 3,2 4 3,3 >
sub 3 sub, 3 sub; \/§ sub; 3 sub 3 sub ‘/g sub
13,3:I3,3'+111,12"‘111,22_711,32"‘112,12"‘112,22_712,32
\/§Isub2 \/§Isub2 1Isub2 3Isub3 3 Isubg \/glsub3 3 Isub3
B T ha Lt T T s g
3 sub \/§ sub \/§ sub \/§ sub 1 sub .
+Z’2,23+le,33_713,13"‘713,23"‘1 33 - (51i)

Finally, the weakly singular integrals (1) and (2) for the case of coincident triangular elements
are easily evaluated with the help of the expressions above and the formulas in Equations (7)—(16).

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2010; 83:1625-1650
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4. EDGE ADJACENT INTEGRATION

4.1. First analytical integration

Based upon the coincident integration scheme, we employ here a polar coordinate transformation
for the inner integration (triangle Q) to cancel the line of singularity defined by ¢=¢ =0 and

n=-n',
n'=pcos(0)—n, & =psin(0). (52)

The distance function takes the form

R=\/ﬂe152+ﬁezép+ﬂegp2, (53)
where
Be, = I0te, %,
Be, = 2[(ate,; - ttey) cOS (0) + (e, - tey) sin (0)], (54)
Bey = Iote; 17 c0® (0) +2(e, -ttey ) cos () sin (0) + |at; |* sin® (6).

and the vectors a,,, %, %, are provided in Equation (20). Again, the integration with respect to
0 should be split into two pieces, as shown in Figure 4(a),

1 40
Ip’q :/;1 d’7 0 lpp(ns i)dé

() LT e IkR n Ly e—JkR
/ dG/ ¥, (1,0, p) pdp+/ dt‘?/ ¥, (1,0, p) pdp |, (55)
0 0 Q)] 0 R

R

/3(1-In)

\g‘
0

(-1,00 -7 (1,00 0 L.(e)

(@ (b)

Figure 4. Polar coordinate transformations employed in the edge adjacent integration: (a) first transfor-
mation: {y', &'} — {p, 0} and (b) second transformation: {p, £} — {A, P}.

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2010; 83:1625-1650
DOI: 10.1002/nme



COMPLETE SEMI-ANALYTICAL TREATMENT 1637

where

L), Lo V30D (56)

NG " sin(0)£+/3cos (0)

The key feature of the aforementioned transformation is that the break-point in 0 is only a function
of . Hence, the integration can be rearranged,

1 1) HO) Lt o—ikR
b= [ an [ a0 [ua.00 [ w0000 pa
—1 0 0 0

ﬂkR

1 n 4
wf an[ a0 y,m0 / V1,0, ) S——pdp. (57)
-1 O(n) 0

0= g —tan~! (

As the singularity now occurs when p=£¢=0, we proceed by introducing a second polar
coordinate transformation,

p=Acos(¥), E=Asin(V), (58)

as shown in Figure 4(b). The distance function in the new parametric system takes the form

R= A\/ﬁe, sin? () + B, sin () cos (‘P) +ﬁe3 cos2 (¥)=AB(0,¥) 59)

and the original integral can be written as a sum of 3-D integrals,

®1+1 m+1
Ipvq = d’?/ / Ap,q (’17 0’ lIJ) lev (60)
l Om 0

since the integral with respect to p,

cos () [L@0)
B(0,'Y)

Apg(n.0.%)= W, 00, Y, M), (0,0, %, A)e FECTANGA (61)

can be evaluated analytically. The integration limits in Equation (60) are given by

T _ n
Op=0, O;=-——tan 1(—), Or=nx 62
0 1=3 NG 2 (62)
and
V31 —=1n)) T
Y9o=0, Y=t -7 , Yro=—, 63
0 1 =tan ( L(n.0) 2=7 (63)

while the integration limits with respect to A will be shown below. As the angle integrals cannot
be evaluated analytically, it will therefore be necessary to rearrange the aforementioned integrals
by placing the # integral in the innermost position.
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4.2. Second analytical integration

As with the coincident integral, the singularity is at y==1, and it is convenient to consider
n positive and negative separately. In the following, we examine the integration over region 1>0.
Moreover, in the implementation of this method, integration over positive values of 5 suffices,
since integration over region #<<0 can be easily computed by flipping the elements around and
using the #>0 formulas. This is analogues to the rotation procedure employed for the coincident
integration.

The additional complication in the edge adjacent case is that, as shown in Figure 4, both the
0 and V¥ integrals are separated into two pieces. In particular, the splitting in 6 is 0<0<®; and
®,<0<n, where O is defined in Equation (62).

4.2.1. Integration over region @1<0<m. In this case, the splitting of ¥ integrals is independent
of # and, thus, this is the simpler of the two cases. The two integrals are

8 1 n v 1 7 /2
I,,j] = dy do Apg(n,0,¥)d¥Y+ dn do Apq(n,0,¥)dY¥, (64)
+
0 0y 0 0 0, ¥

where the upper limit on A is different in the two terms,

Ly
)’ 0<¥Y<VY,,
A= cos (V) 65)
a0 , Yi<W<m/2.
sin (V)
Moreover,
n - n
0,=0;== —tan 1(—) 66
n 1 ) \/g ( )
and the integral with respect to ¥ is split at
W =tan™"! (sin (0) —/3cos (0)) . (67)

The important simplification in this case comes from the fact that '¥'; is not a function of #. Hence,
once 7 and 6 are interchanged, the n can be moved immediately past the ¥ integral.

Noting that 0,(0)=n/2 and 0,(1)=mn/3, the geometry for interchanging # and 0 is shown in
Figure 5(a). Inverting the relationship between 7 and 0 yields

J3

" tan 0’ ©9)

Mo

while switching the integrals results in

) n v 1 /2 v 1
I,y :/ dG/ d‘P/ Apq(n,0, ‘P)dn—l—/ d9/ d‘Pf Apq(n,0,'¥)dy
n/2 0 0 n/3 0 Mo

n /2 1 /2 /2 1
+/ do d\P/ Ap,q(n,f),‘l’)dnJr/ dé)/ d\P/ Apq(n,0,¥)dn. (69)
/2 vy 0 n/3 v o
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(b)

Figure 5. Polar coordinate transformations employed in the edge adjacent integration: (a) the {1, 0} domain

for the first shift of the integral, ®;<0<m; (b) the domain for interchanging the integrals {y, ¥}, for a

fixed value of 0 and 7(0)<1 (0<0<®1); and (c) the domain for interchanging the integrals {#, ¥}, for a
fixed value of 6 and n(0)=1 (0<6<O).

As before, the integration with respect to # can be carried out analytically, leading to the following

expressions:
m ¥ /2 i
Iy =/ d9/ X540, ‘P)d‘P+/ dH/ x5 (0, %)d¥
n/2 0 n/3 0

n /2 n/2 n/2
+ / do / X6 (0. ¥)d¥ + / do / X4 ,0,¥)d¥. (70)
v ’ n/3 v ’

4.2.2. Integration over region 0<0<®;. In this case, the breakpoint in ¥ is a function of 7
and shifting things around will now produce seven integrals instead of the aforementioned four.
The two starting integrals are given by

0, 0,
,?;,_/ dr// d@/ ,,q(nely)d\wr/ dn/ d9/ Apg(n,0,W)d¥,  (71)

where, again, Ay is given by Equation (65) with L, but now

¥y =tan"! (%) =tan~! <%Z[sin (0)+~/3 cos (9)]>. (72)

1

As in the previous section, the 0 and 7 integrals are easily interchanged, the domain being the
region below the 0(n) curve in Figure 5(a). This results in the four integrals

0 /3 1 E /2 Ny kY
I g =/ dH/ dn/ Apq(n, 0, ‘I’)d‘I’—l—/ dH/ dr]/ Apq(n,0,¥)d¥
0 0 0 /3 0 0
/3 1 /2 /2 Ul /2
+/ d@f dn/i Ap,q(i’],e,‘l")dq"—i-/ d@/ dl”/i Ap 0,Y)d¥Y, (73)
0 0 ¥ /3 0 ¥
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where 7, is given in (68). Using the fact that ¥ (y=1, 0) =0, the geometry for interchanging
n and ¥ is shown in Figure 5(b) (n(0)<1) and in Figure 5(c), the region below the curve for

Integration over region 0<'W<\V'|": Moving the # integral to the front in the first two integrals

in Equation (73) (O<W<'¥|) results in

0w n/3 Yoo \PU /2 lPH Mg
.t =/ d@/ le/ Ap,q(n,e,\y)dnJrf d@/ le/ Ay (1.0, W) dn
0 0 0 /3 0 0

/2 Yoo "Pn
+ / @ aw / Ap.q (.0, %) dn, (74)
/3 v, 0

where

Yoo =¥T (1=0)=tan"" (sin (0) ++/3 cos (0)), (75)
1—
Yo=Y (1=np) = tan™! ( . o [sin () ++/3 cos (6)]) (76)
Mg
and
tan (V)
_ sin(@)4++/3cos(0) _1—7
¥y = tan (V) I ET 77
sin (0) 4+/3 cos (0)

The expressions after the analytical integration with respect to #n are given by:

0. /3 Yoo CENL T
Ipq =f d9/ x4, , 0, ‘I’)d‘P+/ dé)/ X}.4(0,%)d¥
0 0 /3 0

n/2 Yoo
+ / do / X5 (0, ¥)dV¥. (78)
/3 Yy

Integration over region W <¥W<n/2: Similarly, the second two integrals in Equation (73)
(¥, <¥<mn/2) become

o /3 Poo 1 /3 /2 1
I+ =/ dH/ d¥ Apq(n,0, lI’)di7+/ do d‘P/ Apq(n,0,¥)dy
0 0 ¥, 0 P00 0

n/2 Yoo Ny
—1—/ do d‘{’/ Apq(n,0,¥)dy
b WYy v,

/3
/2 n/2 i
+/ do d‘}‘/ Apq(n,0,¥)dn, (79)
/3 Yoo 0
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resulting, after the analytical integration with respect to #, in the following expressions:

0. W n/3 Yoo n/3 n2
Ipg +=/O dH/O Xﬁ,q(e,‘P)d‘H/o dﬁfy Xt ,(0.W)d¥
00

/2 Yoo /2 /2
+ / do / X% (0. 9)d¥+ / do / X!, (0, %) d¥. (80)
/3 ¥, ’ /3 Yoo

Finally, by adding all the components from Equations (70), (78) and (80), we end up to the
following formula for the integration over positive values of #:

La=lpatlpg=lrg" +lng  +Ip. 81)
More specifically, the weakly singular integrals for #>0 have been reduced to the following 2-D
smooth integrals:

n vl /2 v n /2
LY = / do / X4 0. 9)d¥+ / do / x5 (0, 9)d¥+ / do / L X5 g0, dY
/2 0 /3 0 /2 W]

/2 n/2 n/3 Yoo
+ / do / x4 0, %) d¥+ / do f X6 ,(0.¥)d¥
/3 v ’ 0 0 ’

/2 Yo /2 Yoo
- / do / X} (0, %) d¥+ / do / X8 (0, ¥)d¥
n/3 0 /3 Yy

n/3 Yoo /3 /2
+f dO/ X’;q(O,‘P)d‘I’—l—/ dO/ X, ,0,¥)d¥
0 0 ' 0 Yoo

n/2 Yoo n/2 n/2
+ / do / X% (0. %) d¥+ / do / X!, (0, ¥)dV, (82)
n/3 ¥y n/3 Yoo

where the integrands are analytically evaluated smooth functions. It is worth mentioning in this
point that the dimensionality reduction of the original 4-D integrals in both the edge adjacent case
and vertex adjacent case (as will be shown next) is limited compared with the coincident case
due to the algebraic complexity of the distance function after the variable transformations. To be
more precise, the dimensionality of the final integrals is equal to the independent variables in the
expressions a(0), B(0,'¥) and I'(0,,0,,"¥) for, respectively, the coincident, edge adjacent and
vertex adjacent case.

4.3. Final formulas
Similar to the coincident integration, the remaining case (integration over negative values of 7) can

be handled by simply flipping the master triangles (triangles in the equilateral triangle parametric
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space) and employing the formulas for the n>0 case. More specifically, the expressions for the
n<0 case are given by the following formula:

n- L/
Ip,q =Ip,q| Bey = bBey o » (83)
/3624)/}('2,2
ﬁe3—>ﬁe3,2

where
Bey, = latey %,
Be, » = 2[(ate, -ate3) 8in (0) — (ate, - ate,) cos (D)], (84)
ﬂe“ = |ote, |200s2 (0) —2(ate, - &e;) cos (0) sin ((9)—}—|oz63|zsin2 0).

Finally, the weakly singular integrals I, , can be evaluated as a function of the subintegrals
I"]+ n-
pg and I,

T T ol -
11’1—11’14-]1’1, 11’2—11’2 1

_ 7+ n— e gl
1,20 11,3—11,3+11,3, 12,1—12,1 I

2,1°
n_

— 7 _ -
13,1—13’1—}—[3’1, ]3’2—13’2—]

3.0 (85)

Ly= 1;;4—1"_

_ g -
2,20 hi3= 12,3 —1

2,3°

4 n—
13,3 = 13’34-]3’3.

5. VERTEX ADJACENT INTEGRATION

As discussed in Reference [28], the vertex adjacent integrals are separately finite, the singularity
being limited to a single point in the 4-D integration. Thus, there is a variety of methods that can
be used to evaluate these terms. Here, we keep the baseline presented in the previous sections,
mainly for the sake of homogeneity. To begin, we orient the elements so that the singular point is
n=-—1 and #'=—1. Next, we introduce the following separate polar coordinate systems for each
element (Figure 6(a)):

0 = pgeosO) 1. &=p,sin(0,).

(86)
n= ppcos(Qp)— 1, é:pp sin(0)).
Consequently, the distance function takes the form
R:\/ﬁulp%#rﬁvzpppq +Bupg (87)
where
ﬁvl = |oty, cos (0p) +ay, Sin (0p)|2,
By, = —2[(a, cos (0) +ay, sin (0,)) - (o5 c0s (0) — oy, sin (0,))], (88)
By, = low; cos (04) —ay, sin (Bq)|2.
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Lq

Pq

T,
]

(1,0 1.0 ° o, P
(a) ()

Figure 6. Polar coordinate transformations employed in the vertex adjacent integration: (a) first transfor-
mation: {y, £} — Py 0,} and {, &Y — {pg: 0,) and (b) second transformation: {pppgt— {A, V).

This results in an integral of the form

/3 Ly(0,) /3 Ly(0y) o kR
Ipq Z/(; de/O Vp(pp.0p)p)p dpp/O dGQA Yy oy 0q) R Pa dpy

/3 /3 Lp(©0)) Lq(0g) e —JkR
:/0 dopfo qu/o Vpop, 0p)p) dpp/o 'pq(pq’oq)qudpq’ (89)

where

2V3 2V3

L,0,= , Ly(0,)= .
r©p) sin(é),,)+«/§cos(0p) a(l) sin(Hq)-i-\/gcos(Hq)

(90)

The singularity is at the common vertex p,=p,=0, justifying the use of one further polar
coordinate transformation,

ppzAcos(‘I’), pqusin(‘I’). 91

After the new transformation, the distance function takes the form

R :A\/ﬁv1 cos2 (V) + B, sin (‘F) cos () + B8, sin® (V) =AT(0,,04,'P). (92)

As indicated in Figure 6(b), the {p, p,} domain is a rectangle and the ¥ integration must be
taken in two pieces, as follows:

/3 /3
= a0, [ ao,
0 0

¥, L1(P) o—IkAT(0,,04,%) )
X cos (W) sin (¥ 0,,¥,A)d¥Y 0, Y,N)——A“dA
fo (P)sin (P, (0, ¥, A) /0 by Oy ¥ N
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n/2
+/ cos (‘W) sin (V)¢ , (0, ¥, A)d¥

¥
Ly(¥) eIAT0,.0,%)
X 0,, Y, AN)————A“dA |, 93)
/0 Valla T (0,04, P)
where
L,(6,) L,(0,)
Li(P)="L"L2" [,(¥)=—"11 94
1Y) cos (P) 2(*F) S (Y) 94)
and
L, (0
¥ =tan"" (M> (95)
Lp(0p)
Finally, the weakly singular integrals in Equation (5) are given by
/3 /3 ¥ n/2
Ip,qu d0p/ do, / Qp,q(Ll)d‘P+/ Q, 4 (L2)d¥ |, (96)
0 0 0 ¥,
where
Lo e—IkAT(0,,04,'F) 5
Q, (L) = W) sin (W 0,,¥, A 0,, ¥, N)———A“dA 97
p,q( m) /(; cos (V) sin( )lﬁp( p )‘#q( q ) F(Qp,eq,‘{’) o7

are analytically evaluated smooth functions.

6. NUMERICAL RESULTS

In this section, we will present some numerical results for the comparison of the direct evaluation
method with all the methods that are mostly used for tackling the problem of the weakly singular
integrals evaluation in Galerkin mixed potential integral equation formulations.

6.1. Coincident integration

More specifically, in the coincident integration case the proposed scheme will be compared with
both the singularity subtraction method (utilizing the analytical formulas presented in Reference
[7]) and the singularity cancellation method (as described in Reference [19]). As a typical weakly
singular integral test problem, we have selected the scalar potential integral over a unit triangle
with k =1. The reference solution of the integral (absolute error less than 10716 is directly copied
from Reference [26] as Ir.r=0.952716973790348 —j0.240945897671652.

In Figure 7, the relative error in calculating the real part (singular portion) and the imaginary
part (nonsingular portion) of the weakly singular integral (2) using the three methods is shown.
As it is obvious, the reduction of the dimensionality of the original 4-D integral into a 1-D
numerical integration via a completely analytical scheme, has resulted in formulas which provide
high accuracy with far less computational effort. In this point, it is worth mentioning that throughout
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Direct evaluation method

1645

Singularity cancellation method

1072 107"
Real part Real part
1074 ¥ - - = Imaginary part | = = = Imaginary part
1072 E
. 107 =
S S
5 1078 ) 10_3
g 2
£ 10710 5.
g 10 o 107
1012 -
-5
10714 10
10716 : - - . . 1076 = 3 .
4 6 8 10 12 14 10 10 10

Number of integration points Number of integration points

Singularity subtraction method

Real part
= = = Imaginary part

1070} .

Relative error
.

10—12 L \\

10714 | \ -

10716

10! 102 108 10* 10°

Number of integration points

Figure 7. Relative error in calculating the real and the imaginary part of the weakly singular
integral I;"® over the unit triangle.

the whole section the comparison is performed in terms of the actual number of integration points of
the associated cubature and, also, that all the multidimensional integrals are computed via products
of Gauss quadrature rules. Of course, we have to take into account also the small overhead in the
direct evaluation scheme arising from the multiple 1-D integrations, as shown in Equation (46).
Next, a more general example, besides the aforementioned benchmark problem, is presented for
the case of a linear basis function. More specifically, in Figure 8, the relative error in calculating

the weakly singular integral / ls j?g for a triangle of worse quality factor (r; =(0,0,0), r»=(1,0,0),
r3=(%, %,0)) and a linear basis function with k=1 is shown. As expected, all three methods
comprise behavior similar to that of the benchmark problem, only this time more integration points
are needed. It is important to mention that for the last example, as well as for the next examples
that shall be presented herein, the converged solution of the direct evaluation scheme is taken as
a reference.
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Direct evaluation method

Singularity cancellation method

100 10° ,
02 e [t o
o 107 . 1072
g S
& 19-6 | T 10-3
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g 100 f g 10
c 2 N
10710 f - .. 100} N
10712 | ) 10 | Na--oT
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Singularity subtraction method
102 - ' :

N — Real part
= = =Imaginary part

1074 |

1076 | Y

1078 | I

Relative error
.

10710 ¢ *

10712

10! 102 108 10°

Number of integration points

Figure 8. Relative error in calculating the real and the imaginary part of the weakly singular integral / : _irllg

over a triangle with the following vertices: r; =(0,0,0), r,=(1,0,0), r3 :(%, %, 0).

6.2. Edge adjacent integration

In the edge adjacent case, we slightly modify the comparison procedure. More specifically, the
direct evaluation method is compared with the fully numerical method often used to compute
the integrals with an isolated singularity along the shared edge. In addition, we have included
in the first example the results obtained by utilizing only the first analytical integration in the
direct evaluation method. This is almost equivalent to the singularity cancellation concept, since
the Jacobian of the first transformation is enough in order to cancel out the singularity of the
distance function in the denominator of the free-space Green’s function. Consequently, in Figure 9
the relative error in computing the weakly singular integral (2) with k=1 over the edge adjacent
triangles defined by the vertices: r1=(1,1,0), r,=(2,1,0), r3=(1,2,0), r4=(1,0,0) using the
aforementioned three methods, is shown.
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Direct evaluation method

1647

Direct evaluation method (1D) — Singularity
cancellation method
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Figure 9. Relative error in calculating the real and the imaginary part of the weakly

singular integral Lfing over the edge adjacent triangles defined by the vertices: r1 =(1,1,0),
r=(2,1,0), r3=(1,2,0), r4=(1,0,0).

Next, in Figure 10 we demonstrate the comparison between the direct evaluation method and the

fully numerical method in the computation of the weakly singular integral IZS’HIlg (k=1) over the edge
adjacent triangles defined by the vertices: r1=(1,1,0), r;=(2,1,0), r3=(1,2,0), r4=(1,0,0).
It is clear from the above that the dimensionality reduction in the direct evaluation scheme from
4-D to 2-D leads to a superior performance both in terms of accuracy and efficiency. In other
words, the second analytical integration, although not needed in a strictly mathematical sense, is
fully justified by the results just presented.

6.3. Vertex adjacent integration
At last, in the vertex adjacent case, we proceed in a comparison of the direct evaluation method with
the fully numerical scheme. More specifically, in Figures 11 and 12 the relative error in computing
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Relative error
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100 1072 T
Real part J'\—_—\
2 = = = Imaginary part \
10 1074 | .
N \\ Real part
<) . N - - = Imaginary part
5 1087 ' 1
[ A
= A
'a‘ \
3 108 .
o AY
A
AY
10—10 L Ve e e e e ==
-12
0 100 200 300 400 500 600 700 800 900 10! 102 108 104 10° 108
Number of integration points Number of integration points

Figure 10. Relative error in calculating the real and the imaginary part of the weakly

singular integral IZSiIllg over the edge adjacent triangles defined by the vertices: r1 =(1,1,0),
r=(2,1,0), r3=(1,2,0), r4=(1,0,0).

Direct evaluation method Fully-numerical method
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1078 2 AN
‘('“‘ Ay
10 o 107® *
10 o \\
A Y
_12 .
10 108 .
10-14 N
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Figure 11. Relative error in calculating the real and the imaginary part of the weakly singular

integral [ N ing over the vertex adjacent triangles defined by the vertices: r1=(1,1,1), n=(2,1,1),
r3=(1,2,1), r4=(0,1,1), rs=(0,2,1).

the weakly singular integrals Ifing and [ ls f?g (k=1) over the vertex adjacent triangles defined by
the vertices: ri=(1,1,1),rn=2,1,1), r3=(1,2,1), r4=(0, 1, 1), rs=(0,2, 1), is shown. Again,

as

expected, the direct evaluation method succeeds in an accurate evaluation together with a

greatly reduced computational burden. Therefore, the treatment of the edge adjacent and vertex
adjacent integration with the help of the direct evaluation method is fully justified not only for the
presentation of a unified approach (for coincident, edge adjacent and vertex adjacent integrations),
but also because of the overall superior behavior in any case and compared with any other method.
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Direct evaluation method Fully-numerical method
1072 100
Real part Real part
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\\
10712 R
v e
. -
10—14 L L L n L 10_15 " Ve N
0 500 1000 1500 2000 2500 3000 101 102 103 10% 10° 106
Number of integration points Number of integration points

Figure 12. Relative error in calculating the real and the imaginary part of the weakly singular
integral / f 1r11g over the vertex adjacent triangles defined by the vertices: ri=(1,1,1), r,=(2,1, 1),
r3=(1,2,1), r4=(0,1,1), rs=(0,2, 1).

7. CONCLUSIONS

In this paper we present a complete treatment of weakly singular integrals over coincident, edge
adjacent and vertex adjacent triangles arising in the Galerkin discretization of mixed potential
integral equation formulations using the linear Rao—Wilton—Glisson basis functions. The numerical
experiments undertaken throughout the paper verify the superior performance of the proposed
approach in comparison with singularity subtraction, singularity cancellation and fully numerical
methods, often used to tackle the weakly singular integration problem. Moreover, the direct eval-
uation method is expected to be particularly interesting for singular integrations of higher order.
Therefore, the detailed analysis presented in this paper forms the backbone for the general treat-
ment of strongly singular and hyper-singular integrals, a very promising course for future work.
The benefits of applying the procedures of the direct method to the less singular integrals are
primarily the high accuracy, together with a reduced computational work, and a consistent treatment
of all integrals.
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