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NUMERICAL INTEGRATION IN THE DISCONTINUOUS
GALERKIN METHOD FOR ELLIPTIC PROBLEMS*

Ales Prachar, Karel Najzar

1. Introduction

The use of numerical integration is considered as one of variational crimes often
committed in practical applications of the finite element method. In the theoretical
study of the Discontinuous Galerkin method exact integration is almost exclusively
considered. We refer to one of exceptions, [5], where the effect of numerical in-
tegration applied to the evaluation of nonlinear convective terms is studied while
the diffusion term is set in such a way that application of appropriate quadrature
formulae yields exact integration.

The aim of this paper is to study various aspects of the use of numerical integra-
tion for the evaluation of integrals appearing in Discontinuous Galerkin formulations
of a linear elliptic (diffusion) problem. Our aim is to obtain sufficient conditions
on quadrature formulae which ensure that there exists a unique solution of the cor-
responding discrete problem. Moreover, we shall study how the use of numerical
integration impacts error estimates.

Let us consider simple model problem

V- (A(x)Vu) = f inQ, (1)
u = gp onlp, <2>
(A(x)Vu)-n = gy onIy. (3)

We assume that Q C R? is a bounded polygonal domain with a Lipschitz-continuous
boundary 9 divided into two disjoint parts I'p and I'y such that 0Q = T'p U Ty,
where meas; (I'p) # 0.

We assume that functions f, gp and gy are sufficiently regular. Further, let there
exists a constant K > 0 such that the matrix A € [IW1>(Q)]**? satisfies

ETA)E>K M€ VEER? a e on Q. (4)
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2. Discontinuous Galerkin formulation

Let 7, be a conforming triangulation of 2. We shall denote individual triangles
of 7, by T and put hy = diam(T"). For the theoretical study it is convenient to
consider that a family of triangulations {7}, },~¢ of a domain € is regular, see [4].

Let &, stand for the set of all edges of 7,,. These edges represent the interfaces
between pairs of adjacent elements, or sides of triangles lying on the boundary of the
domain €. Let us distinguish sets of internal edges (E1), Dirichlet edges () and
Neumann edges (E}). The length of the edge S € &, will be denoted by |S|.

Let us define the space V), = {v € L*(Q) ; v|r € B(T) VT € T,}, where P,(T)
is the space of polynomials of degree at most p > 1 on T.

For S € &I let us denote by T and T; the two triangles sharing the edge S. Then
we define the average on the side S by {u} = 3((uln,)|s + (uln,)]s) and {u} = ulg
for S € EP. The jump on S € &/ is defined by [u] = (u|r,)|s — (u|z,)|s and again
[u] = uls for S € EP. Orientation of the vector m is in accord with the orientation
of the jump.

For the Discontinuous Galerkin formulation let us introduce bilinear forms
at,a” :V, x Vi, — R,

(u,v) Z/AVu -Vvdx — /{AVu} nfv] ds

TeT, Segfuep
+ Z /{AVU} nfu] ds + Z % [u][v] ds (5)
seglugl Seglugp s

and linear functionals L™, L™ : V}, — R by
/fvder > /ngds+ > /gD[ + (AV0) - } ds,  (6)
seeN seeb |S‘

where 05 € R, S € £/ UEP, is a chosen penalty parameter. The bilinear form a™ (-, -)
introduces the Nonsymmetric Interior Penalty Galerkin (NIPG) variant (cf. [8])
while the bilinear form a~(-,-) is symmetric for symmetric matrix A. Therefore,
we shall speak of the Symmetric Interior Penalty Galerkin (SIPG) variant (cf. [1]).
Our discrete Discontinuous Galerkin formulation then becomes:

find w, €V}, such that a*(up,v) = L*(v) Yu € V. (7)

It is well-known that there exists a unique solution of (7) if certain properties
of penalty parameters are satisfied, see, e. g., [2]. Moreover, if the weak solution u
of (1)—(3) satisfies u € HPT!(Q), we are able to show that

2
llu = unll® == Z lu— uh’12T+ Z |H u— uh]]HOQT <C Z hp‘u‘p+12T (8)

TeT, SEEIUSD TeT,

with the constant C' > 0 independent of v and h.
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3. Problem with numerical integration

The core of this paper is to explain what happens if all the terms in (5) and (6) are
evaluated with the aid of appropriately chosen quadrature formulae. For p € C°(T),
T € T, and ¢ € C°(S), S € &,, we use approximations

/T ola)de = 3 uiloled). / vds > vuad) (9)

where wa, > 5> 0 are integration weights and a: eT, x € S are integration points.
Let us denote by ah( ,+) the result of apphcatlon of numerlcal integration to the
bilinear form a®(-,-) and similarly for the right-hand side. Related problem

find @, €V}, such that ai (i, v) = L (v) Yo eV, (10)

makes sense assuming that all the integrands have their point values well-defined
which requires higher regularity of data. The most important step in the verification
of assumptions of the Lax—Milgram lemma is the proof of uniform Vj-ellipticity.

Lemma 1 Let the quadrature formula for the integration of the first term of (5) be
exact for polynomials from Py, »(T) and/or let the set of quadrature points {z1}"%,
contain a P, _1(T')-unisolvent subset. Let us assume that the quadrature formula
for the penalty term is exact for polynomials of degree < 2p and/or let the set of
quadrature points {x5}hS | contain a P,(S)-unisolvent subset. If penalty parameters
og are sufficiently large, there exists a constant ¢ > 0 independent of h such that

evll? < af(v,v) for all v € Vj,.

Proof: According to Theorem 4.1.2 in [4] there exists a constant ¢; > 0 such that

n n 2
Klofr < Ker ) Wl ST (oGP <Y Wl ST (a00m)(oh),

Similar technique is used to show that if the set of quadrature points {z5}7¢, contains
a P,(S)-unisolvent subset then ||[v Moos < c2donsyvilo(zf)]? with some ¢; > 0.
For the NIPG variant the proof is finished, because other terms disappear if the
same quadrature formula is used for their evaluation. The requirement og > 0 is

necessary. In the case of the SIPG formulation we take into account the inequality

nsos ) s ~1/2
ZQZIVQ[{AVU} n[v]](z7) < eS| ||[[U]]||0’2’SZT:SC8T|U|1’2’T7

where c¢3 > 0 depends on p, shape regularity, properties of weights of quadrature
formulae and properties of the matrix A. By the Young’s inequality we find that

ay(v,0) > YK ( )yv P |\| HOQ,S("S—%?%).

TeTy, SE:S'IUSD

For § > ¢; and o5 > 6dcyc3/ K round brackets are positive. O
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Since a; (-, ) is a continuous bilinear form and Li(-) is a continuous linear func-

tional on the space V} we find by the Lax-Milgram lemma that:

Theorem 2 There exists a unique solution of discrete problem (10).

4. Errors of quadrature formulae

The next step is to express the error induced by the use of numerical integration.
We shall denote Fr and Eg error functionals of numerical integration in a similar

way as in [4, 5], 1. e., Er(p) = [pode — > 0T wlo(al), ete.

Lemma 3 Let u,v € P,(T), a € W(T) and S C 9T. Let the quadrature
formula on the triangle be exact for polynomials of degree < p 4+ | — 2 and let the
(edge) quadrature formula be exact for polynomials of degree < p+1—1. Then there
exists a constant C' > 0 independent of h such that

|Er(ad;udiv)| < Chipllallicor l0ullp—1 27100 02, 1<4,5 <2,  (11)
‘Es(aajuv) < Chyllallioo,s)|0ullp-127|S| [ 0]l02s, 1<id,5 <2, (12)

|Es(adjou)| < Chlallircrl|Ovllogrllullper, 1<id,j<2. (13)

—_

Proof: Estimate (11) follows as in [4]. Other two terms are also estimated with
the aid of suitable transformation to the reference edge, the Bramble-Hilbert lemma
(cf. [4]) and also the estimate

[v]rs < elSIYTITIT

7,8,1» 1 S rSs S +00 (14)

for all v € P,(T), S C T and j < p, see proof of Lemma 1 in [7]. O
Let us now move our attention to the error arising from the integration of terms
on the right-hand side. Let us focus on boundary conditions.

Lemma 4 Let gy € HP™(T'y) and gp € HP™(I'p). Let the (edge) quadrature
formula be exact for polynomials of degree < 2p. Then there exists a constant C' > 0
such that

|Es(gnv)] < OS2\ gnlprr.slvlloar,

ggs _
2\ Es(gpv)| < Cos|SIPTV2gnlpr12,s1S| " I[0]l0ss-

B

If the (edge) quadrature formula is exact for polynomials of degree < 2p — 1 and
A € [WPtheo(§)]2%2 then

|Es((AVY) - ngp)| < CllAllps1,o0sISPT 2 gnllpe1 2]0

1,2,T-

Proof: 1t is based on results from [5]. O
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5. Error estimate for the problem with numerical integration

In order to estimate the impact of the use of numerical integration, let us state
the main idea of the first Strang lemma ([4], Theorem 4.1.1) which says that
é|||1jth — Uh|||2 S ai(u — Up, th — Uh) —|— {ai(vh, th — Uh) — a,jf(vh, ﬂh — Uh)}

+ {L3 (an — vn) — L (@ — va)}, (15)
where 1y, is defined by (10), vy, is arbitrary element of the space V}, and u is the
weak solution of (1)—(3) and ¢ comes from Lemma 1. Our aim is to estimate two
consistency errors arising as the result of the numerical integration.

Theorem 5 If the quadrature formula on triangles is exact for polynomials of degree
< 2p—2, the (edge) integration formula for the second and third term in (5) is exact
for polynomials of degree < 2p — 1 and if the penalty term is integrated exactly,
there exists a constant C' > 0 independent of h such that

1/2
| (0n, @ — vn) = aj; (vn, @ — vn)] < CllA]lp41,00.0 (Z hg“pHUhHQ,Z,T) lan — vnll,
TeTy,

where uy,, vy, € V.
Proof: Follows from estimates presented in Lemma 3. U

Theorem 6 Let the quadrature formula on triangles be exact for polynomials of
degree < 2p — 2 and let f € WP"(Q) with r > 2. Let assumptions of Lemma 4 be
satisfied. There exists a constant C' > 0 independent of h such that

L (i, — va) — L(in — v)| < CR?|| fllpralliin — val] + CRPTY? (\9N|p+1,2,FN

Holpriaro + 1 Alp11000ll90 412 ) 1 = vl

for uy, v, € V.
Proof: Is a consequence of Lemma 4, Theorem 4.1.5 in [4] and the Broken Poincaré
inequality, see [3]. We also use |S| < h = maxyer, hr. O
Since other terms can be estimated with the aid of the interpolation theory we

are ready to write the main theorem.

Theorem 7 Let all the assumptions of Theorem 5 and Theorem 6 be satisfied and
let the approximate bilinear form a*(-,-) be uniformly Vj-elliptic. Then there exists
a constant C' > 0 independent of h such that

lu —anll < CRP(Julps12.0 + [|Allps1.00.0

lullp+12.0 + [ fllpre)

+Chp+l/2<|gzv|p+1,2,rw +|9plpr1,2rp + ||A||p+1,oo,ﬂ||9D||p+1,2,FD)a

where wy, is defined in (10) and uw € HPT(Q) is the weak solution of (1)—(3).

218



6. Conclusion

In this paper the effect of numerical integration in the Discontinuous Galerkin for-
mulations for linear elliptic problem was studied. Sufficient conditions which ensure
that the discrete problem is uniquely solvable were found. Moreover, if quadrature
formulae of a certain precision are used then the order of accuracy (compared with
the case without numerical integration) is not decreased.

If we compare these results with the conforming finite element method (see,
e. g., [4]), we find that higher regularity of the matrix A is needed for the proof of error
estimate. Theorem 5 has again a simple interpretation: The order of convergence is
not decreased if the integration formulae yield exact integration of the bilinear form
in the case that A is a constant matrix (cf. Remark 4.1.8 in [4]).

Let us also note that numerical results (not reported here) illustrate reasonable
degree of agreement with presented theoretical results.
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