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Abstract

This paper presents new techniques to compute with an extremely high accuracy the moment
integrals of high order vector basis functions on curved patches.

1 Introduction.

Fully interpolatory higher-order divergence-conforming vector basis functions on surface patches of tri-
angular and quadrilateral shape were defined in [1]. These basis functions become very effective in the
numerical solution of the electric or the magnetic field integral equation provided one is able to compute
with a good accuracy the moment integrals. The kernel of the moment integrals is the free space Green’s
function exp (—jkR)/R, and these integrals are quite difficult to compute when the integration patch
contains or is close to the observation point.

A feature of the bases derived in [1], is that they contain a factor 1/7, where J is the Jacobian of the
curved patch, which cancels with a similar factor in the differential surface area, allowing evaluation of
the moment integrals in parent dependent coordinates (£1,&2,&s for triangular patches; &1, &2,&3,&4 for
quadrilateral patches). Furthermore, in parent coordinates, the bases are a product of a polynomial P
of degree p times a low order vector function, a feature which facilitates determining a Taylor’s series
expansion of each basis function near the observation point for arbitrarily high polynomial order p.

We present two integration schemes, both based on integration in the plane tangent to the surface of the
patch at the observation point, or its projection onto the patch surface. The first scheme, summarized in
Section 2, is used to deal with observation points not lying on the integration surface. This integration
scheme is based on a systematic (recursive) procedure able to express the integrand as the divergence of a
finite vector sum, so that surface integration is easily reduced to an integration along the patch contour.
The second scheme, discussed in Section 3, considers the case of observation points located on the patch
surface. In this case we define a new quadrature function g¢,,(n, @) used to analytically integrate in one
direction [Q R™ exp (—jkR)], for m > —1, where Q) is a monomial of n-th degree (for a plane patch it
suffices to consider m = —1); the moment integrals are then reduced to one-dimensional integrals along
the patch contour. The functions g, (n, «) satisfy recursive formulas which permit their evaluation from
knowledge of g_1(0, a).

2 Integration for observation point located outside of the sur-
face of the patch or of the plane of the tangent patch

For sake of brevity we can consider in this Section only the case of a plane patch. We call R; the
distance from the observation point 7’ to the (integration) point r; located on the plane of the patch.
The subscript ¢ is used to clarify that here we are talking of a distance from the observation point to a
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point on a plane patch (subscript ¢ stays for “tangent” plane when dealing with curved patches). We
call p the length of the projection of 7, — 7' onto the plane of the patch and p the unit vector directed
toward 7; along the projection of 7; — 7’ onto the patch plane.

(b)

Figure 1: a) Planar triangular patch with observation point 7’ located outside the plane of the patch; b)
planar triangular patch tangent to a curved triangular element at the observation point 7’.

Our derivation has been inspired after recognizing that it is very convenient to work in parent indepen-
dent coordinates; in fact, the polynomial PP (£1,&5) is supposed to be known as a function of the two
independent parent coordinates &1, &. The normal projection of ' onto the plane patch specifies the
point with parent coordinates (£, &;). Hence, the vector p (in the observation domain, not in parent
domain) can be expressed in terms of the two unitary basis vectors 2L, £? as follows:

po= Q-+ (&-6)e
where £', €% are constant vectors which are known for a given patch. The knowledge of the unit vector 7

normal to the plane patch and the introduction of the reciprocal basis vectors hy = €2 x 71, ho = 71 x £
allows one to write:

hy he L,
7 E'P—ﬁz ) (1)

Use of the above dot-product expressions is the key point of our derivation.

p:€1_§£7

For both the triangular and quadrilateral patch hy (hg) is the inward vector in the plane of P normal to
side 1 (2), and it is constant; 7; is the Jacobian relative to the plane patch P. By assuming, for a moment,
that the parent-domain point (£}, &) is located outside of the parent patch we are able to demonstrate
the following result:

» exp(—jkR:) & p+2—m
PP &6) —F—— = = X Ve [gmF"] 2)
ngen

where the differential operator V5 operates on the unprimed (integration) coordinates and it is a surface
operator relative to the surface of the plane patch. This result will then be estended to consider also
the cases where the point (&7, &) is inside or on the border of the parent patch. The nice features of
expression (2) are:

1. the scalar functions g,, are computed recursively for increasing m, on the basis of the knowledge of

the function gg;
2. the vector functions FPT2~™ are computed recursively for increasing m (decreasing p+2 —m), on
the basis of the knowledge of the function F?.

The scalar functions gs,, are defined by the recursive formulas (the minus sign is important):

exp(—jkRy)
R SXPLTIRA)
90( t) R,
gon (Ri) = — | Rigom—1)dR: = Vil[gon] = —pgorm—1) forn>1 (3)
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The integration constants defining each of these functions are chosen so to make the limit for & — 0
finite. The technique and all the details to obtain the vector functions FPT2~™ will be presented at the
Conference. Knowledge of all the functions ga,, up to a given n permits one to express PP exp(—jkR:)/R:
as the divergence of a known vector, for all values of p up to p = 2(n — 1) (for example, one can easily
handle cases with p = 6 knowing g, up to 2n = 8). Use of (2) yields:

PP (£1,&2) exp(—jkRy) _ = p+2—m
/P 7 m 45 = Zul/ Z gm F de (4)

where OP is the boundary of the plane patch P and quantities with subscript ¢ are associated with the
i-th edge, 0;P, of OP. The surface divergence theorem has been used to convert the surface integral to a
line integral, and @ denotes the outgoing unit normal to the boundary in the plane of P.

If the parent-domain point (£}, &5) is located inside or on the border of the parent patch one has to break
P into the two regions P, and (P-P.). P, is the intersection of P and a small disk of radius € centered at
(&1, &). In the limit for € — 0 (principal value integral) the following result is obtained:

2
PP (&1,&) exp(—jkRy) T30 exp(—jkRy) / s )
’ ds = ds. — = 4, - Frt2-m qy
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(5)
where 7§, = PP (£1,£5), and the integral over P, is intended in the limit for € — 0; expressions of the

integral over P. are available in the literature. The technique used to integrate on a curved patch for
observation point located outside of the tangent patch will be discussed at the Conference.

3 Integration for observation point located on the surface of the
patch or on the plane of the tangent patch

In this section we consider the problem of integrating on a two-dimensional patch P a polynomial function
PP of p-th degree times a scalar function of the form

exp (—jkRy) Ry*, m=-1,0,1,2,... for a plane patch
exp (—jkR)/R for a curved patch

where R; is the distance from the observation point 7’ to the (integration) point r; located on the plane
of the tangent patch; while R is the distance from the observation point ' to the (integration) point 7,
both located on the patch surface.

Indeed, the subscript t is used to clarify that here we are talking of a distance from the observation point
to a point on a plane patch (subscript ¢ stays for “tangent” plane when dealing with curved patches).
The reason why to consider kernels of the form exp (—jkR;) R rather than just the 3D scalar Green’s
kernel is due to the fact that we want to derive formulas to be used to integrate on curved patches, where
the curvature of the patch plays a very important role when the observation point belongs to the curved
patch.

PP is a polynomial function of two independent parent coordinates &1, & as well as of some dependent
parent coordinates (&3 for a triangular patch and 3, &4 for a quadrilateral patch).

Our derivation is presented here by considering, for simplicity, the case of a triangular patch; however,
the results are readily estended to quadrilateral patches.

3.1 Integration on a plane patch for observation point located on the plane
of the patch

In case of a triangular patch, the parent coordinates of the observation point (point of tangency) are (&1,
&, &5). In the parent domain, the point of tangency (pot) is used to subdivide the triangular patch into



three subtriangles, by joining with straight lines the vertices of the triangle to the point of tangency. In
object space we call Ry, Ry, Rs the distances from observation point to vertex 1, 2 and 3, respectively;
while the length of side 1, 2, 3 is ¢1, {5 and /3, respectively. Each subtriangle of the parent domain is
mapped into a square domain {0 <s; <1; 0<\; <1}. For each subtriangle, the point of tangency
(&, &, &) is reached at A; = 1 (where s; is undetermined). The Jacobian J; of the i-th nonlinear
transformation (¢ = 1, 2, 3) has a first order zero at A\; = 1.

In object space, the distance R; of a point r; of the plane (tangent) triangle from ' = r(&],&5,&5) is a
function of A and s of the form R; = (1—\;)\/A; — s;B; + s2C;, where A4;, B;, C; (i = 1, 2, 3) are known
positive constants

We will see that when dealing with curved patches one need also to evaluate some surface integral by
means of some quadrature rule which specifies the sampling points. When a sampling point is given, it is
important to be able to evaluate the A and s coordinates. For a given sampling point (&5, &5, £5) inside
one subtriangle (as said, the sampling points on the subtriangle are chosen, for example, by the surface
integration routine used to integrate the “regular” part), one can easily evaluate s; (for i=1, 2, 3) and
then the parent coordinates (£f, €5, €5) of any point close to (&1, &, &) having the same value of s;.

By use of the above specified nonlinear transformations, on each subtriangle of the plane (tangent) patch,
it is then possible to integrate polynomial functions of (&1, &2, 3) times some radial functions:

//P(£17£2a§3) exp (—jkRy) R A&y dé; for m = —1,0,1,2,. ..

For m = —1, the singularity (1/R;) is in fact eliminated by the first order zero of the Jacobian of the
NL-transformation. The first integration along A is performed analytically, the remaining integration
along s is performed numerically. This technique “de facto” reduces the surface integration to a contour
integration along the oriented contour of the patch.

To perform this integration the polynomial function PP must be represented in terms of the A and s
variables. Since PP is of p-th degree and the parent variable vary linearly in A, the expression of PP as a
function of A will be a polynomial in A of p-th degree:

PP = ay(8) N 4 ap_1(s) N7 4 apo(s) NPT + -+ ag(s)

The algorithm to obtain the coefficients a,(s) (r =0, 1, ..., p) on the basis of the expression of & (i=1,
2, 3) in terms of A and s variables and of PP(&;,&2,&3) is so simple that does not need to be discussed.

3.2 The quadrature function g,,(p, &)

The potential integrals we are interested in have the following form

/ / P(€1,60,65) oxp(—jkRy) R d€, dés =

-y [ as [(%)mzw) [0 o - -

p=0

with a = jk\/Ai —s5;B; + st’i

Thus, to integrate along A\ we need to define and use the following function:

(P, @) = /0 (1= N\ expf—a (1 — A)} (1 — A) dA

m and p integer; m > —1, p>0 (6)
For m = —1 and p = 0 this function has a simple analytic expression whereas, for other values of m and
p, this function can be evaluated by recursive formulas. In fact, for m = —1, one has:
1 — exp(—a
q-1(0,a) = 1= expia) (7)
@
1 —pgalp—1,a
g-1(p,@) = ( ), p=1 (8)

(67



(7), (8) permit one to recursively compute g_1(p, @), for p = 0 up to p = pimas- This knowledge is then
used to compute the functions go(p, ) for 0 < p < ppqe, which, in turns, allows computation of ¢; (p, @)
up to P = Pmaz, etc.. In fact, for m > 0 one has:

qm(O,a) = qm—l(ova)f(Jm—l(laO‘) (9)
dulpc) = LI — PP R0) ) (10

The recursive evaluation of g, (p, &) becomes critical for |a| = 0. In this case one can use Taylor series
approximations which are always convergent and, for « real positive, take the form of alternating series.
For |a| small, a general and more effective (under a computational point of view) expression can be given
in terms of infinite continued products.

3.3 Integration on the tangent plane or on a plane patch

For a plane patch Py, the results of the previous two subsections yield:

/ pr (51352753) eXp(fijt)
R R

exp(—jkRy)
R

ds = / PP (61, 60,65) a6, dé
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with a = jk\/Ai —s$;B; + SZZC'Z' (11)

In order to derive the result valid for a curved patch we first need to study an approximation of the 3D
Green’s kernel on the tangent plane. This is done in the following subsection.

3.4 Approximation of the kernel on the tangent plane along a line s = con-
stant

Let us call R the distance from a point (&1, &2, £3) of the curved patch and the point of tangency
r’ =r(&, &, &) (observation point). In the neighborhood of the point of tangency, the integral kernel
exp(—jkR)/R can be approximated by a function of the distance R; from a point 7:(&;, &2, &) on the
tangent patch and the point of tangency. The point 7; of the tangent patch is reached for the same values
of dependent coordinates relative to the point r of the curved patch. In the neighborhood of the point
of tangency, and along a line s= constant, one has:

exp(—jkR) exp(—jkRy)

. 1
7 ~ T = exp(—jkR:) E — Kk1(s) + ng(s)Rt + ng(s)Rf (12)

The argument of the exponential function on the left-hand side of eq. (12) is approximated on the right-
hand side to first order in R;, whereas the factor inside the square brackets on the right-hand side of (12)
is obtained by assuming the following representation for small R (~ R,) and Ry:

Ry

R, =
1—k1(s) Ry + H%(S) Rf + lig(s) Rf

which yields

and

R, ~ R {1+ ri(s)Ry + [K3(s) — r3(s)] R} + [K3(s) — 2K3(s) ka(s) — K3(s)| R + -+ }



In the latter equation k;(s) approximates the curvature of the patch at the point of tangency (where
R, =~ 0), but it is not the true curvature. For x1(s) to become the curvature one should represent R in
the neighbourhood of the point of tangency as it follows (infinite series):

Ry

R p—
1—k1(8) Ry + K3(s) RZ + --- + KZI}(S)R?"F

Therefore, the function coefficients 1 (s), k3(s) and k3(s) must be evaluated numerically by enforcing
(12) at three points located very close to the point of tangency. Because of the presence of the complex
exponential functions, these coefficients are complex. The three points used to evaluate the coefficients
have the same value of s-coordinate (s is known when one integrates along s, while it can be evaluated
when integrating the regular part, since the sampling quadrature-point is always given); whereas the A-
values are (1 —A), (1—2A) and (1 —3A) (with A = 1072, for example). By calling (R;1, R1), (Ri2, R2),
(Res, Rs) the distance couples (R;, R) relative to the three interpolation points, the numerical-curvature
coeflicients are easily expressed in terms of matrix product.

The numerically obtained values for 1, k3 and xj yield a regular part which, numerically, is zero at
r =7’ (i.e., at the point of tangency, where R = R; = 0) and with zero first and second derivatives along
the direction s=constant.

Since R and R; are continuous functions of s, also x1(s), k3(s) and x3(s) are continuous functions of s.

3.5 Integration on a curved patch

We either recall or introduce the following functions:

%‘im) — exp(—jkRy) [étm(s)Jrng(s)Rt+/f§(s)Rt2 (13)
o = jkyAi—sBi+s2C; (14)
PP = ap(s) Xt ap i (5) X+ () W2 ot aols) (15)

Q(s:) LY () golpia)

B \/Ai — 5B + 52C;

+ K3 (5:) q1(p, @) \/Ai — 5;B; + s2C; + K3(s:) @2(p, @) (A; — 8;B; + 57C;) (16)
For a curved patch one has:

pr (517£2a§3) eXp(_jij)
/p J R

= / pr (51752753)

t

1 |Pmax
+ Zfé/o [Z ap(si)Q(Si)] ds; (17)

p=0

[exp<—ij> _ exp(—jkR)
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The surface integral on the right-hand side is evaluated by first subdividing the parent patch into sub-
triangles. The quadrature rule used to integrate on each subtriangle defines some sampling points in
parent space. To evaluate R, one needs first to evaluate the s; coordinate of the sampling point (and
then x1(s;), k3(si), k3(si)), as explained previously.
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