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ABSTRACT. In this paper, we have studied the effect of numerical integra-
tion on the Finite Element Method (FEM) based on piecewise polynomials of
degree k, in the context of approximating linear functionals, which are also
known as “quantities of interest”. We have obtained the optimal order of con-
vergence, O(h?F), of the error in the computed functional, when the integrals
in the stiffness matrix and the load vector are computed with a quadrature
rule of algebraic precision 2k — 1. However, this result was obtained under an
increased regularity assumption on the data, which is more than required to
obtain the optimal order of convergence of the energy norm of the error in the
finite element solution with quadrature. We have obtained a lower bound of
the error in the computed functional for a particular problem, which indicates
the necessity of the increased regularity requirement of the data. Numeri-
cal experiments have been presented indicating that over-integration may be
necessary to accurately approximate the functional, when the data lack the
increased regularity.

1. INTRODUCTION

Determination of various quantities of interest is one of the major goals in sci-
entific computation. For example in elasticity computations, typical quantities of
interest are various resultants, stress intensity factors, etc. These quantities are
values of functionals evaluated at the solution of the underlying problems, e.g., the
solution of the system of partial differential equations modeling elasticity (Lamé
equations).

Suppose the solution of the problem is characterized by the solution u € V' C
H(Q) of the variational problem

a(u,v) = f(v), Yvev,

where a(+, ) is a continuous bilinear form satisfying the inf-sup condition on V' x V'
and f(-) is a continuous linear form on V. Then the quantity of interest is given
by G(u), where G(-) is a bounded linear functional on V, characterized by g € V
satisfying G(v) = a(v,g), Yv € V. G(u) is approximated by the quantity G(up,),
where up, € S C V is the Galerkin approximation of w. Using the Galerkin
orthogonality a(u — up,v) = 0, Vo € Sy, the error in the computed quantity of
interest G(uy,) is given by

(1) G(u) — G(up) = alu —up,g —v), VveESp
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In particular, if uy is the solution of the finite element method based on piecewise
polynomials of degree k, and if u,g € H*+1(Q), then

|G (u) = G(un)| = O(h**) = [|lu — un |7 (o)-

We note that the enhanced accuracy (i.e., ||[u— uhHip(Q)) in the computed quantity
of interest is the consequence of the Galerkin orthogonality.

In many applications, the quantity of interest, e.g., stress intensity factors or
resultants as mentioned before, is given as F'(u), where the functional F(-) is not
bounded on V' but F(u) is finite. In such situations, F(-) could be expressed in
terms of a bounded linear functional G(-) on V, and F(u) is approximated by a
quantity F,, , which is computed using the values of G(up,), such that

F(u) — Fy, ~ G(u) — G(up).

We will illustrate a procedure to write F'(u) in terms of a bounded linear functional
G(u) in Section 4. These ideas were first systematically studied in [1, 2]. A detailed
discussion on computing various quantities of interest can also be found in Chapter
11 of [15]. We note however that F,, will have the enhanced accuracy again as a
consequence of the Galerkin orthogonality.

In a finite element method, the definite integrals in the elements of the stiffness
matrix and the load vector are approximated by numerical integration; as a conse-
quence, the Galerkin orthogonality is violated and (1) does not hold. In this paper,
we will address the consequences of the violation of the Galerkin orthogonality and
study the effect of numerical integration on the accuracy of the computed quantity
of interest. We will show that the loss of accuracy in the computed quantity of
interested due to numerical integration could be more than the loss of accuracy in
the energy norm of the finite element solution due to numerical integration. We
will also give sufficient conditions on the quadrature as well as on the data of the
problem that will yield accurate values of the computed quantity of interest.

The effect of numerical integration on the finite element solution u; have been
studied by various authors; we mention [12], [13], [10], [11], [5], and [7] (for the
p-version). An excellent exposition of this problem is given in [9] and we will use
various ideas from [9] in this study. It is well-established (see Theorem 4.1.6 in [9])
that the error in uy in the energy norm yields optimal order of convergence, O(h¥)
provided

e the numerical integration rule used on each triangle of the finite element
triangulation is exact for all polynomials of degree 2k — 2,

e the exact solution u € H*+1(£2) and the data of the underlying problem, i.e.,
the variable coefficients and the load function of the PDE, have sufficient
regularity depending on k,

where the finite element method is based on piecewise polynomials of degree k.
In this paper, we have considered the finite element method based on a quasi-
uniform mesh on a polygonal domain and have obtained the following results:

e We have shown that the error in the computed quantity of interest, under
numerical integration, is O(h?*). We obtained this result under the assump-
tion that u,g € H**(Q), the numerical integration rule on each triangle is
exact for all polynomials of degree 2k — 1, and the data of the underlying
problem have more regularity than is required to obtain the optimal order
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of convergence of the energy norm of the error in u, as mentioned in the
second bullet of the last paragraph.

e We have obtained a lower bound of the error in the computed quantity
of interest for a particular problem. This result indicates that increased
regularity assumptions on the data of the problem, as mention in the last
bullet, is in general necessary.

We have also presented computational results in this paper that show that “over-
integration” may be required to obtain accurate value of the quantity of interest,
when the data of the problem do not have the required increased regularity.

We mention that the effect of numerical integration in the context of eigenvalue
approximation by the finite element method, based on piecewise polynomials of
degree k, was addressed in [6] and the optimal order of convergence, O(h2¥), was
obtained for the error in approximate eigenvalues. It is interesting to note that
the optimal order of convergence of the error in the computed quantity of interest,
as we show in this paper, is also O(h?*). We further mention that a lower norm
error estimate for the finite element solution was also obtained in [6]; the order
of convergence in this estimate is comparable to the result of Theorem 3.6 of this
paper.

We note that the use of a numerical integration rule that is exact for the polyno-
mials of degree 2k — 1 is not restrictive, as the quadrature rules used in most finite
element codes satisfy this condition. But the increased regularity requirement on
the data of the problem may have serious consequences. This requirement indicates
that the Jacobian of the mapping for a curved element in a finite element trian-
gulation (in the case of a non-polygonal domain) should be sufficiently smooth —
a requirement that is restrictive especially in the h-p version of the finite element
method, where a curved element could be large and the Jacobian of the associated
mapping may not have the required increased regularity. In such situations, over-
integration may become necessary to control the energy norm of the error in the
finite element solution; but even more over-integration may be required to control
the error in the computed quantity of interest. We have not studied curved elements
or h-p version of finite element method in this paper, but the results presented in
this paper could be helpful in the analysis of such problems.

The paper is organized as follows. In Section 2, we have given the notation
and the model problem, and defined the finite element method with numerical
integration. We then defined the quantity of interest as a bounded linear functional
G(u), and presented the optimal error estimate for the computed value of G(u) in
the case of exact integration. In Section 3, we presented one of our main results,
where we obtained the optimal error estimate for the computed value of G(u) in
the presence of numerical integration. We derived a lower bound of the error in the
computed value of a linear functional for a particular problem in the presence of
numerical integration in Section 4, which is another main result of this paper. In
Section 5, we gave some computational results that illuminate the results obtained
in Sections 3 and 4. We presented our concluding remarks in Section 6.

2. PRELIMINARIES AND NOTATION

The model problem: Let 2 C R™ be a bounded n-dimensional domain with
piecewise straight faces. We define the standard Sobolev spaces as follows.

H™(Q) = {v e L*Q), 0% € L*(Q), Y|a| < m},
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with the multi-index o = (a1, g, ..., ), | == > 1| a;, and 9% := 9192 - - - 9.
The H™-norm and semi-norm of any v € H™(Q) is given by
HUH%I""(Q) = Z HaaU”%z(Q)a
la] <m
|U|§{"L(Q) = Z ||3a1’||2L2(Q)7
lal=m

while the L2-norm is

o]0 = / jv[2dz.
Q

In addition, we denote by H}(Q) C H'(Q) the subspace consisting of zero-trace
functions.
We consider the following elliptic boundary value problem:

{ —divAVu = f in Q

(2) u =0 on 09,

where A = (a;;(x)) is a symmetric matrix, and a,;(z) are smooth functions. We
will refer to the functions a,;(x) and f(z) as the data of the problem. We assume
that A satisfies the uniform ellipticity condition, i.e., there exists a constant C' > 0,
such that

n

Z aij(@)&&; = C’Zﬁf, VE € R, VzeQ.

ij=1 i=1
The variational form of the problem (2) is given as

a(u,v) = fQ szzl aij%%dx = fQ fvdz, Vv e H(Q).

Based on the Poincaré inequality, it is clear that the bilinear form a(-, -) is coercive,
namely, for a constant C' > 0,
a(v,v) > Cllollip ), Vv € Hy(Q).
Moreover, the bilinear form is bounded, i.e., there is constant C' > 0, such that
la(w,v)| < Clwllm@llvllm@), Yw,ve H(Q).
Therefore, ||v||? := a(v,v) defines an equivalent norm on HE (), and the solution

of equation (3) is unique by the Lax-Milgram Lemma.

The finite element method: Let 7 be a quasi-uniform triangulation of §2, and
let

Sp={veC’(Q), vlog =0, v|x € Pu(K), VK € T} C Hy(Q)
be the finite element subspace, where Py is the space containing all polynomials
of degree k. The finite element approximation to the solution u € H}(2) of (3) is
given by the finite element method (FEM),

up € Sh,
a(un,vn) = f(vp), Vup € Sh,

where f(vy) = [, fopdz. Tt is well known that

(4) lu = unll @) < Ch*ull gess o)-



THE EFFECT OF NUMERICAL INTEGRATION 5

Note that a(up,vn) and f(vp,) contain definite integrals that are computed nu-
merically. Consequently, the FEM with numerical integration is given by

(5) u}’; € Sy,
a*(uy,vn) = f*(vn), Yun € Sh,

where

and

The two sets {wl(lf)(, ) e, and {wl(of)(, l(oi)( £ | determine two quadrature rules
(possibly different), on "the triangle K € 7.
We define the error functionals,

Eﬁ?(gp):/ dszlecp 1=0,1.

Let Fy : 4 € K — Fg (%) := Bkl + bg be the affine mapping that maps the
reference element K onto K. Then the error functional on the reference element K
is,
L
SOYIS U BV« SO RPC)
BO@) = [ gl IV

where bl(i;( = Fx (I;(i) ), wl K = det(BK) l(ZK, and ¢(&) = () for any © = Fk (&),

# € K. Note that the sets {w b(l }1:17 i = 0,1, define numerical quadrature
rules (possibly different) on the reference element K. Thus, by the standard scaling
argument, it is clear that

By () = det(Bx) BV ().

We define the algebraic precision of a quadrature rule to be m, if the rule is exact
on all polynomials of degree < m. Throughout this paper We will assume that the
algebraic precision of the quadrature rules given by {wl I b() }l 1,1 =011is
2k — 1, ie., EO(3) =0, Vp € Poj_1.

We now state a result similar to the Theorem 4.1.6 in [9] that we will use later.

Theorem 2.1. Suppose EO () =0V ¢ € Pop_1(K) and let a;j € WH>(Q) and
f € HYQ). Ifu e H1(Q), then for n =1,2,3 we have

(6) [ — “Z”Hl(ﬂ) < Chk( Z Haij||W’“v°°(Q)Hu||H’“+1(Q) + ||f||Hk+1(Q)>

ij=1

where the constant C' is independent of u and h, but may depend on k.
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The proof of this result can be obtained by following the arguments of the proof
of Theorem 4.1.6 in [9] and we do not give the proof in this paper. We note that
this result can be extended for n > 4 provided f € W**1.4(Q) with a suitable ¢ > 2
depending on k and n.

The linear functionals: Let G : H}(Q) — R be a bounded linear functional on
H}(Q). We are interested in approximating the quantity of interest, G(u), where u
is the solution of equation (3).

Recall that || - ||, is equivalent to || - || zr1(q) for any function in H{(€2). Then, by
the Riesz representation theorem, there exists a unique g € HE (), such that

(7) G) =a(v,g), Yve H&(Q).

We approximate G(u) with G(up), and the associated error bound is given in the
following lemma.

Lemma 2.2. Suppose that g € H*72(Q), 0 < s < k— 1, and let u € H*1(Q).
Then, there is a constant C > 0 independent of g, u, and the mesh size h, such
that

(8) |G(u) = Glun)| < CH***g|| osa (o lull grer ) -
Proof. Let g;, € Si, be the projection of g with respect to a(-, ), namely,
(9) a(g — gh,’l)h) =0, Yoy, € Sh.

Now using the Galerkin orthogonality a(u — up,v) = 0 for all v € Sy, the bound-
edness of a(-, ), a standard approximation result, and (4), we get

|G(u) = G(un)| = lalg,u —un)| = la(g — gn,u —up)|
Cllg - thHl(Q)HU - Uh||H1(Q)

INIA

Ot ||9||H5+2(Q) Hu||Hk+1(Q)a

which is the desired result. O

Remark 2.3. Tt is clear from (8) in Lemma 2.2 that when s = k — 1, i.e., when
g € H1(Q), we have

|G (u) — G(up)| < Ch%HgHHkH(Q)||U||Hk+1(9)-

This is the optimal order of convergence that can be obtained for the error in com-
puting G(u) by G(up), where uy is the finite element solution based on piecewise
polynomials of degree k and u € H**1(£2). We note that the same order of conver-
gence, i.e., O(h?¥), is obtained in the context of approximation of eigenvalues by
the same FEM (see [3]).

Remark 2.4. The result (8) of Lemma 2.2 also holds for problems with other bound-
ary conditions (e.g., Robin boundary conditions), as long as the associated bilinear
form a(-,-) induces an equivalent norm || - ||, on a subspace V.C H'(Q), G: V — R
is a bounded linear functional, and S, C V. For the problem (2), V = H}(Q).

Remark 2.5. As mentioned in the introduction, often a quantity of interest F'(u) is
finite, but F': V — R is not a bounded linear functional on V. In such situations,
F(u) is written in terms of a bounded linear functional G(u) on V, and F(u) is
approximated by a quantity Fy, such that |F(u) — Fy, | =~ |G(u) — G(up)| (see [4]).
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Let g € V be the unique solution of a(v,g) = G(v), Vv € V. Then it is clear from
(8) of Lemma 2.2 that

[F(u) = Fu,| = O(R*F+1),
provided u € H*1(Q) and ¢ € H**2(Q), 0 < s < k — 1. In Section 4, we

will consider a particular quantity of interest F'(u), where F'(-) is not a bounded
functional on V.

3. THE EFFECT OF NUMERICAL INTEGRATION

In almost all finite element computations, numerical integration is unavoidable.
Consequently, u} instead of wy, is available, and G(u) is approximated by G(u},).
We shall concentrate on estimating |G(u) — G(u};)| in this section, and start with
the following Strang-type lemma.

Lemma 3.1. Let uj, € Sy, be the finite element solution with numerical integration,
given in (5). Let G, g, a*(-,-), and f*(-) be defined as in the last section. Then,

(10) G(u) = G(uy) = alg — gn,w —un) + f(gn) — f*(gn) + a* (up, gn) — aluy,, gn),
where gn, € Sy, is the projection of g onto Sy, given by a(g — gn,vn) =0, Yv € Sp,.
Proof. Recall uj, € Sy, is the finite element solution with exact integration. We first
note that
G(u) = G(up) = alg,u—up) =alg,u—un) +alg,un — uy)
(11) = a(g — gn,u —up) +a(g,un — up),
where we used the well-known fact that w; is the projection of u on Sy with respect
to a(-,-).
Now, using the definition of g5 and (5), we have
a(g,un —up) = algn,un —uy) = algn,un) — a(gn,uy)
= f(gn) — algn,up)
flgn) = f*(gn) + f*(gn) — algn, uy)

= flgn) = F"(gn) + a™(up, gn) — alup,, gn).

Combining the above with (11) completes the proof. O

It is clear from Lemma 3.1, that the effect of numerical integration on the ap-
proximation of G(u), i.e., on the error G(u) — G(uj,), depends on f(gn) — f*(gn)
and a*(uj, gn) — a(uy, gn). In fact, if the integration is exact, these differences are
zeros. To estimate these terms, we need the following two lemmas.

We now present the first result towards estimating the terms in (10). This result
is similar to Lemma 6.2 in [6], where the analysis was given for the one-dimensional
case; we prove it here for higher dimensions.

Lemma 3.2. Suppose E©) () =0, ¥y € ng_l(f() and let 0 < s < k —1. Then,
for1<n <3,

B (F9)] < CRF T fll s o) |l esoqrey, ¥ € Pr(K),
where the constant C' is independent of h and K, but may depend on k.
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Proof. We first prove it for k > 1. Let II be the L2-projection onto Ps+1(K). We
write

(12) EO(f9) = EO(f11g) + EV (f — fl19).
Since k+s+1>k+ 1> n/2, we use Sobolev’s inequality (see 1.4.6 in [8]) to get
EOFI)] < Il 1 ) < O g i)

We recall that E(©) (%) = 0, ¥{ € Prys(K). Therefore,

s+1
‘E(O)(fﬂqb” < C|fH(]5|Hk+s+1(f() < CZ |f|Hk+s+1,i([() ‘H¢|Wiv°°(f()
=0
s+1 R R
(13) < O I lgmveriici M0l iy,
=0

where we used the Bramble-Hilbert Lemma and the equivalence of norms on finite
dimensional spaces. Since IIv = v, Vv € P;_1(K), 1 <i < s+ 1, by the inverse
inequality and the Bramble-Hilbert Lemma, we get

|6 =1l i) < Cllé — 1|12y < Cl&
where C' may depend on k. Therefore,
|ﬂ§g|m(k) < C|¢A5|Hi(f() +16— ﬂ@m(k) < C|¢A5|Hz'(f<)~

Also since II is the L2-projection, the above inequality is true for i = 0. Thus from
(13) and using a standard scaling argument, we obtain

Hi(K)

s+1
|E(0)(fH¢)| < CZ|f|Hk+s+1—i(f()|¢|Hi(f<)
i=0
s+1
< Odet(Bg) T WY | flesesioi |9l
i=0
(14) < Cdet(Br) | fllprievssa (s |0l o x0)-

We now estimate the term E(O)(fqg — fﬂg{)) in (12). Note that fo— fllg =0
if s=k—1. So assume 0 < s < k— 1. Since k > n/2, again using the Sobolev
inequality, we obtain

[EO(fo - fId)| < Cllf = FSl oo i) < ClFll e )16 = TSl oo 29
ClFll v iy 16 = Dl e )

Hence, for a fixed ¢ € Pi(K), the linear functional f € H¥(K) — E©(f¢ —
fII) is bounded and vanishes over the space Pr_1(K). Now using the Bramble-

Hilbert Lemma, the equivalence of norms on finite dimensional spaces, the scaling
argument, and the fact that II leaves Py (K) invariant, we obtain

|EO(fé - flId)| < C|f\Hk(1%)||<f;*ﬁ¢3||L2(k) §C|f|m(k)|<5
< Cdet(Br) "W 2 fl e o) |l preve i)
(15) < Cdet(Bg) B2 Fll e o) |0l preve -

IN

Hs+2(R)
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Finally combining (12), (14), and (15), we have

B (F9)| = [det(Bi) B (FO)| < CHM 7 fll s iy |6l o+
which completes the proof for k > 1.

Now we prove the result of this lemma for & = 1. In this case, s = 0 and (;AS € P.
Using the Sobolev inequality, we get

|EQ(fO)] < CllF ol poe ) < CNFBll iz i)
Since E©) (%) = 0, V{ € P1(K), using the Bramble-Hilbert Lemma, the equivalence

of norms on finite dimensional spaces, and the scaling argument, we have

1
IEOUO < Clfdlmaiy < C D 1 laramiiy | fl e )
=0

1
C Y Nl |9 e it

i=0

IN

1
< Cdet(Bg) 'h? Z | fle2—i )| @

i=0
< Cdet(Bg) "B fllm2 o)l ol o o) -

H'(K)

Therefore, we have

B (£9)] = |det(Br) B (£8)] < CB | fllac) 16l 2 ),
which completes the proof for £ = 1. (I

Remark 3.3. The result in Lemma 3.2 has been obtained for 1 < n < 3. A similar
result could be obtained for n > 4 provided f € W*Ts+1L4(K) where ¢ > 2 is a
real number satisfying k& > n/q. We do not prove the result in this paper.

We now state the next result, which is similar to Lemma 6.1 in [6] (it was also
proved for the one-dimensional case). We do not give a proof as it could be obtained
by following exactly the arguments in the proof of Lemma 6.1 in [6].

Lemma 3.4. Suppose E(l)(f() =0, Vx € sz_l(f() and for 0 < s < k—1, let
a(x) € Whts+t1L.0o(Q)). Then,

1 s
B (a09)] < CH T allyiresn oyl ey |Gl e iy Voo, & € Pr(K),
where the constant C' is independent of K.
Remark 3.5. We note that in Lemma 6.1 of [6], it was assumed that a(z) €
W2k (Q). A careful reading of the proof of Lemma 6.1 of [6] reveals that a(z) €

Whtsthoo(Q)) 0 < s < k—1, is only needed; we have used this assumption on a(z)
in the above Lemma 3.4.

With Lemma 3.1, 3.2 and 3.4, we are now ready to give the upper bound of
|G(u) — G(u})| in the following theorem.

Theorem 3.6. Suppose £ (x) =0, Vx € ng_l(f(), 1=0,1. For0<s<k-1,
let f € H*TY(Q), g € H*T2(Q), and a;; € WFFsTL°(Q). Then for 1 <n < 3,
we have

(16) |G(u) = G(up)| < CREF*F([lull sy + 1 | esors ) 9l etz o),
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where the constant C does not depend on the mesh size h. In particular, for s =
k—1, we have

A7) [G() ~ Gi)| < CR*(fullessqay + | ll e gl v .
Proof. We first note from Lemma 3.1 that
(18) G(u) — G(up) = alg — gn,u —un) + f(gn) — f*(gn) + a* (uy, gn) — aluy,, gn),

where g, € S), satisfies a(g — gn,vn) = 0, ¥V vy, € Sp. It is clear from (4) and a
approximation result that

IN

la(g — gn,u — up)| Cllg — gnllar@llv — unll a2 (@)

IN

(19) Ohk+5+1||g||HS+2(Q)HU”H’C‘H(Q)-

We will now obtain upper bounds for | f(gs) — f*(gn)| and |a*(u}, gn) —a(u}, gn)|-
For v € Sp,, we define

[vlls,7 = (Z HUH%N(K))UQ’ i=0,1,... k.
KeT

Clearly, |[v]l1,7 = [|v[|m1 () which is also true for any v € H'(€2). Then from
Lemma 3.2, we get

Flan) = )l < S IEL(f gn)l

KeT
< CRRTTUN T il s ens (o) lgn | ree i)
KeT
(20) < CRM Y| fll perass o lgnllst2,7-

Let Zpv € Si, be the Sp-interpolant of v € H¥72(Q). Then it is well known (see
[9]) that

(21) v =Tpolir < CR*T2 7 0| goraqy, i=0,1,...,s+2.

Therefore from the triangle inequality, the inverse inequality, and a standard ap-
proximation result, we have

lgnllst2r < lgllasr2) + 19 — Zugllsv2,7 + 1Zng — gnllsso. T
< Cllglla=rz@) + Ch™ | Tng — gnllr.7)
< Clglms+2) + Ch= (| Zpg — 9llzr ) + 119 = gnllar @)
< Cllgllas+2(a)-

Hence from (20), we get

(22) [ (gn) = ¥ (gn)] < CRMF* ) fllvsrr o gl mroveo)-
For the last term |a*(u},gn) — a(u},gn)|, we use Lemma 3.4 and follow the
argument leading to (20) to get

|a” (up,, gn) — alug,, gn)|

n

(23) < O g jllwesesroe o l[uh k1,7 |gn s42.7-
i,j=1
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Again by the triangle inequality, the inverse inequality, (21) with v = u, s =k — 1,
and (6), we obtain

luplle+1,r < Nullges ) + lu = Zoullks1,7 + 1 Znw — g |lk+1,7
< C’||UHHI€+1(Q) —|—C’h7kHIhu—uZ||17T
S CH’LLHHkJrl(Q) + Ch_k(||1'hu — u”Hl(Q) + Hu — U;”Hl(g))
< COY aggllwess @ llull ey + [1F e g)-

ij=1
Hence from (23) we have,

la*(uh, gn) — alug,, gn)|

(24) < Chk+s+1[z ||aij||Wk+s+1,oo(Q)]( Z ||aij||wk,oo(g)||UHH1€+1(Q)

i,j=1 i,5=1
1z ) ) lgles2).
Finally, combining (18), (19), (22), and (24), we obtain
|G (u) = Guy)]

< Cpktett |:||9||HS+2(Q)HUHH"H(Q) F N Flmsasr @ 9l o2 (0)

+(Z ||aij||Wk+s+Loo(Q))( Z HainWk’“’(Q)Hu”H’CH(Q)

i,j=1 i,j=1
s ) 2o

< OR (ul gmony + 1 revoss @) gl e

which is the desired result. (I

Remark 3.7. We note that we get the optimal order of convergence (17) under
an increased regularity requirement on the data, i.e., f € H?*(Q) N C%(Q) and
a;; € W2k(Q); this increased regularity is not necessary to obtain (8) — an
optimal-order error estimate with exact integration. We mention that an increased
regularity of the data was also assumed (see [6]) for the optimal order of conver-
gence, O(h?*), of approximate eigenvalues, obtained from finite element method
under numerical integration.

Remark 3.8. It is well known that to obtain the optimal order of convergence of the
H'-norm of the error in the finite element solution under numerical integration, one
needs an increased regularity of the data, namely, a;; € W*>(Q) and f € H*(Q)N
C%(Q) for 1 < n < 3 (see [9]). Moreover, the algebraic precision of the numerical
integration rule is required to be 2k — 2. In a standard finite element software, often
the algebraic precision of the numerical quadrature is 2k — 1, which is the same
as the assumption used in Theorem 3.6. In Theorem 3.6, however, we required
a higher regularity of the data, i.e., a;; € W?>°(Q) and f € H?*(Q) N C%(Q)
for the optimal order of convergence of G(uj). Thus, the error in approximating
linear functionals may be more sensitive to numerical integration than the error (in
H'-norm) in the finite element solution, when the data is not sufficiently smooth.
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Remark 3.9. The result of Theorem 3.6 also holds when the exact solution u sat-
isfies other boundary conditions, provided the functions in .S, satisfy the essential
boundary conditions (see Remark 2.4).

4. A LOWER BOUND ON THE ERROR IN APPROXIMATING FUNCTIONALS

In this section, our main goal is to show that the smoothness assumption on
the data of the problem (see Theorem 3.6) is necessary, in general, to obtain the
optimal order of convergence of the computed quantity of interest. Also in this
section, we will consider a quantity of interest F'(u), which is finite but F(-) is not
a bounded linear functional on the energy space. We will first write F'(u) in terms
of a bounded linear functional G(u) and use the results in Section 3 to obtain an
upper bound of the error in the computed quantity of interest, when the data has
enough smoothness. We will then obtain a lower bound of the error in computed
quantity of interest for a particular problem. This result will indicate that the
increased regularity of the data is, in general, necessary to obtain the optimal order
of convergence of the computed quantity of interest.

Consider the one-dimensional problem on € = (0,1) with the Robin boundary
condition
o5) { —'(@) = fz) weQ,

u(0) =0, wu(l)+u(1)=0,

Suppose we want to approximate the quantity of interest F'(u) = u/(0).
Let

Hp = {ve H'(Q), v(0)=0}.
The variational formulation of (25) is given by
u € H},
(26) 1o 1 1
a(u,v) == [y u'v'de +u(l)v(1) = [; fode, Yve Hp,
where we assume that f € L?(£2). Using the Sobolev embedding theorem and the
Poincaré inequality, it is clear that there exist positive constants C7, Co, such that

(27) Cillvllfn o) < alv,v) < Colvllfnq), Vv € Hp,

Therefore, ||v|| := a(v,v) is an equivalent norm in H}, with the inner product a(, -).

We first note that F(u) = «/(0) is finite, but F(-) is not a bounded linear
functional on H},, and therefore we cannot use the framework developed in Section
3. Moreover, it is well known that F'(up) does not give an accurate approximation
of F(u), where uy, is the finite element solution. To address this issue (see Section
6.2 in [4]), we choose a function (z) € H(£2), such that 1(0) = 1 and (1) = 0.
Then using integration by parts, we have

u/'(0) = —u/9Y)§ = —/01 u" dx — /01 v’ dx
/01 fodx — /01 WP'u' de.

1
G(u) ::/0 ' dx.

F(u)

Let
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Then by Schwartz’s inequality, we get

1
mwn::y/wwwnqwmmmmmn
0
OHU”Hl(Q)v VUGH]]_jv

where C' = [{|g1(q). Thus G(-), which depends on % (z), is a bounded linear
functional on H},, and F(u) can be written as

IN

(28) Flu) = /O Firdz — G(u).

We note that this expression of F(u) is meaningful, since f € L?(Q). We further
note that F(u) can be written in this form for any ¢ (x) € H'(Q) with ¥(0) = 1
and (1) = 0. We consider a particular ¢(x) given by

(29) P(x) :=1—x+ esin(nz),
for a fixed 0 < € < 1. In fact, we could have considered ¢ = 0 in the definition of

(), but we chose € > 0 to show a particular feature at the end of this section.

It is clear from (28) that, if fol fwdx is computed accurately, we can use the
framework developed in Section 3 to accurately approximate G(u), which in turn
will give an accurate approximation of F(u). We further note that by the Riesz
representation theorem, there exists a unique g € H}, such that
(30) a(v,9) = G(v), Yve& Hp,.

An easy calculation using integration by parts yields
g(x) = esin(mz) — 0.5z.

To approximate the solution of (26), we consider the points z; = jh, j =
0,1,--+,n, where n is a natural number and h = 1/n. Let S, C H} be the
piecewise quadratic (k = 2) finite element space with uniform mesh of size h. The
FEM to approximate the solution u € H}, of (26) is given by

up € Sh,
a(up,vp) = fol fopdz, Vv € Sp.
We define the quantity

(31)

1
(32) F., ::/O fidx — G(uy).

If fol f1 dz is computed exactly, then the quantity of interest F(u) can be approx-
imated by F,, and from (28), we get

F(u) — Fy, = G(u) — G(up).
Clearly g(z) = esin(mz) — 0.5z € H3(Q). If u € H3(2), then from (8) of Lemma
22withk=2and s=k—1=1, we get
(33) IF(u) = Fu,| = [G(w) = Glun)| < Ch gl s o lull sy
But uy, is often not available, as the integrals in (31) are computed by numerical
integration, and therefore we cannot compute Fy, to approximate F'(u).

We use the 2-point Gaussian quadrature, determined by the set {w;;,bi;}7,
on the interval (z;—1,x;), ¢ = 1,2,--- ,n, to approximate the integrals in (31).
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This quadrature rule is exact for polynomials of degree 2k — 1 = 3, as required in
Theorem 3.6. The FEM under numerical integration is given by

uy €8y
34 nEeh
(34) { a(uf,vp) = f*(vn), Yop € Sp,
where
n 2
F) = 3 wif(bri)o(br).
i=11=1
We note that with the 2-point Gaussian quadrature, we have a*(u,v) = a(u, v) for

all u,v € Sy,.
We approximate F'(u) by the quantity

1
(35) Fyx ::/0 fydx — Gup).

If fol fu dx is computed exactly, then from (28) we get
(36) F(u) = Fyr = G(u) — G(up).

Suppose f € H*(2). Then from (17) of Theorem 3.6 (considering k = 2 and
s=k—1=1), we have

(37)  |F(u) = Fuy| = 1G(u) = Gup)| < Ch* (Jull s ) + 1 | ms () llgll e o-

We note however that in practice, the definite integral fol fi dx in (35) is also com-
puted by numerical integration. Therefore this definite integral has to be computed
accurately to obtain |F(u) — Fy:| = O(h*). We further note that the framework
developed in Section 3 for bounded linear functionals could be used to analyze the
accuracy of Fyx, when the quantity of interest is F'(u) and F(-) is not a bounded
linear functional.

Remark 4.1. Tt is possible to approximate F'(u) directly without using the func-
tion ¢ (z) as in (32). In particular, F(u) = u/(0) in our example could be well
approximated by directly evaluating F'(up) = u},(0) (assuming exact integration),
as it is well known (see [14, 16]) that |F(u) — F(up)| < |lu — up|lw1.= ) = O(RF).
But computing F'(up) in terms of the function ¢ (x) as in (32) enables us to to get
|F(u) — F(up)| = O(h*) ~ ||Ju — uh||§p(ﬂ). We mention however that computing
F(uyp) using (32) (or F(u}) using (35)) is costlier than a direct computation, since
an appropriate 1 (z) has to chosen and the integrals fol fiydx and G(uyp) (or G(u}))
have to be computed accurately. On the other hand, computing F'(u;) using (32)
(or F(u}) using (35)) will allow the use of a coarser mesh to approximate F(u)
within a given tolerance.

Remark 4.2. In many problems F(u) could be infinite and thus meaningless, e.g.,
say when F'(u) is the value of the stresses at a re-entrant corner in the elasticity
problem. But computation of F: in such a situation could yield a finite value;
however, |F(u) — F(u})| is meaningless and any conclusion based on the value of
Fy; could be misleading.

We will now obtain a lower bound of the error |F(u) — F;| for a particular
problem, where the data does not have the increased regularity assumed in Theorem
3.6. This result will indicate that the increased regularity assumption on the data
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in Theorem 3.6 may be necessary to obtain (17). We consider a particular problem
(25) with
flz)=(1—2)>°

Clearly, f € H?(Q), but f ¢ H3(Q). Thus f has less regularity than required in
Theorem 3.6 with k = 2 and s = k —1 = 1, and |F'(u) — F,;| may not have the
optimal order of convergence O(h*) in contrast to (37) (see also Remarks 3.7 and
3.8). We note however that the regularity f € H?() is sufficient to obtain the
optimal order of convergence, O(h?), for |lu — u}|| g1 (q) (see [9]).

To analyze the error G(u) — G(uj,), and consequently the error F'(u) — Fyx (see
(36)), we first consider the projection g € Sy of g given by

(38) a(g — gn,vn) =0, Vo, € S},.
Since g;, € Sy, it is piecewise quadratic and can be written as
(39) gn(@) = [eidi(x) + b;Bi()].

i=1

where ¢; () is the usual “hat function” centered at w;, and B;(x) = v6h™%(z —
x;—1)(xz —x;) is the quadratic “bubble function” on the interval (x;_1,z;). It is well
known (in one-dimension) that

ci = gn(z:) = g(z:),
and therefore, g, (x), for x € (x;_1,;), can be written as

(40) gn(x) = M

Remark 4.3. We note that if we define ¢(x) in (29) with e = 0, then g(z) = —0.5z.
Consequently, gp, (), which is a projection of g(x) onto Sj, is the same as g(z), i.e.,

gn(x) = g(x).

(,T —zi_1)+ 9(1‘1;1) + biBi(l‘).

In the following lemma, we estimate the constant b; in (40).

Lemma 4.4. Let gn(z) = Y1 [ci¢i(z) + b;Bi(z)] be the projection of g onto Sp,
given by (38). Then,

[ VBlds G, ;
b a1 s )+ Ol

Ti—1

Proof. We first recall from (30) that

1
a(gnsvn) = a(g,vn) = / Y'vpdr, Vv, € Sh.
0

By the definition of a(-,-) and the orthogonality of Legendre polynomials, we
have

/O $(@)Bl(x)dz = algn, Bilx))

| Bl oot + @) = [ bR

i=1
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Therefore,

[ (@) Bl(a)de
[T Bi@)Pde

Ti—1

bi =

Since B;(z) = v6h~2(x — x;_1)(z — ), a direct computation gives

Zq , B 2
| iBiaypas = 7.

i—1

We now focus on the integral of f;bil ' (x)Bi(x)dz. Clearly,

/ z Y (2)Bi(z)dz = \f6h72/ l (2z — xj—1 — x;)[em cos(mx) — 1]dx
Ti—1 Ti—1
= e/6h7?2 (29@- sin(mx;) — 22,1 sin(7wx;—1)

Zi

—(x; + x4-1)[sin(7rx;) — sin(ra;—1)] — 2/ sin(mx) dz)

Ti—1

= e/6h72 ((xl — x;_1)[sin(mwz;) + sin(7z;_1)]

+%[cos(7m:i) - cos(mci_l)]>

= e/6h 2 (h[sin(ﬂ'xi_l) + sin(mwz;)]
7h T(Ti—1 + ;5
_% sin(7) sin (%))

Using the Taylor series,
3

sin(z) = x — z—' +0O(z),

for x small, we have

(41) /ml w/(x)B,Z(.T)d(E = 6\/6h_1 (Sil’l(ﬂ'.’ﬂifl) + Sin(’]'('gji) — 2511’1(@)
+ g2 ) o).
Now,
eV6h! (sin(rz; 1) + sin(mz;) - zsm(m%ww
= eV/6h! (2 COS(%&H + %xifl) Sin(%h) — QCOS(%xi,l + %xl) Sin(%h))
272
= \/62671' ((1 _ 7792 )[cos(%mi + gwi_l) — COS(:%‘-xi_1 + %l’z)] + O(h4))
272
= \/62671' ((1 - ng ) - 2sin(%h) Sin(g(% +xi-1))] + O(h4)>

€T n2h? m m® m
(42) = \/62 ((1 — 92 ) - §h + @hg + O(h°)] sin(E(Ii +xi-1)) + O(h4))~
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Combining (41) and (42), we obtain

/Mdﬂ@&@ﬂx:—Hgiﬁdgm4+xMh+mm%

where the absolute value of the coefficient of eh? is less than 1, and independent of
h. Therefore,

dx 2 -
bi= fzf””l (B!(x ))2;{5 == 1\2/665111(5(%'—1+5Ei))h2+(9(eh4)_

Tj—1

We are now ready to provide a lower bound of |G(u) — G(u})|.

Theorem 4.5. Let u be the solution of (26), and let u} be the solution of (34)
with k = 2. Then,

Gu) — Glul)| > Oﬁcﬁ“+mmw)

where Cy is a fizved constant depending on the numerical integration rule.

Proof. We recall that a*(u,v) = a(u,v) for all u,v € Sy. Therefore, from Lemma
3.1, we have

G(u) = G(up,) = alg — gn,w —un) + f(gn) = " (gn);
where the bilinear form a(-,-) is as defined in (26). Hence,
(43) |G(w) = G(up)l >[I (gn) = *(gn)| = lalg — g, u — un)|.

We first address the term |f(gn) — f*(gn)|-
We recall that gy, is piecewise quadratic. Therefore, by the standard error formula
for the Gaussian quadrature, there is & € (x;_1, ;), such that

n T; 2 n

fow) — Fn) = 3 / Fanlde — 3 wialfanl(bin) = Coh® 3 [fan] @ (€1)

i=1 v %Ti-1 =1 i=1

= G AUOal(E) + FOglE) + P g1}

(44) - hsz[ Tg(€) + 2 (1~ &) (6

+g - &)—”39;;(&-)]7

where C'y > 0 is a fixed constant depending on the numerical integration. We will
now estimate each term in the above equation.
We first estimate the term

(45) OMZ )]

i=1
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in (44). Recall that gp,(z;) = g(x;), and note that for the bubble function B;(z;—1) =
Bi(z;) = 0. Thus, from the definition of g5 in (40), we have

(1= &) "gn(&)

(46) =(1-&) [%g(xkl)(fz —xi—1) + g(xi—1) + b;Bi(&)].

Recall g(z) = esin(nz) — 0.5z. For the term W(fi — x;_1), using the
Taylor series, we have

9(@s) — gwi1) = esin(mas) — esin(mziy) — 0.5(zs — 2i_1)
— 2 sin(gh) cos(g(mi_l + ;) — 0.5k
= |er cos(g(xi_l + ;) — 0.5]h + O(eh?).
Therefore,
|9(33i) —hg(ﬂ?i—l) (& — 251)|
(47) gmqugm4+m»—om4mwngqn

Meanwhile, by Lemma 4.4,

2
b:Bi(&)| = |”1fesin<g<xi_1 +a0))h2 + O(eh)|[VBh2(&; — i) (& — ;)|
2
= |Gesin(G (@i +20) + O(h?)]|(& — zima) (& — )
(48) < |%2esin(g(:ci_1 +2:)) + O(eh?)|h? < Ch?.

We will now find upper bounds for the term g(z;—1) in (46) for 1 <i <[] —1
and [%"} < i < n, where [z] denotes the largest integer that is less than or equal
to . We first note that g(z) < 1 for 0 <z <1 and for all 0 < € < 1; consequently

7

(49) glxi—1) <1, for1<i< [gn] —1.
Furthermore, an easy calculation shows that for all 0 < € < 1, g(z) < —0.035 for
0.87 < z < 1. Since, for h small (in fact h < 0.0025), z;_1 > 0.87 for i > [T2], it
is clear that
mn
8

We next note that the function (1 — z)~7/3 is positive and increasing on (0, 1).
Therefore, recalling that x;—; < & < x; and using the Riemann sum ideas, we
easily see that for h small,

(50) g(zi—1) < —0.035, for [—] <i<n.

[7n/8]—1 7/8 3

G) By (- TP <ht [ ) e = Shs - ),
i=1 0

and
n 1—-h

e Y a-g)y Tz

3
» (1—2)""3dz = Zh‘*(h—‘*/?’ — 843,
i=[Tn/8]
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We now write the summation in (45) as

5 40
Cgho Zl 81( gz) /3 gh(fl)

= ;L(l)cghfs ;(1 — &) {M(fi —Ti—1) +g(zi-1) + biBz‘(fi)}

63) =gon S (- P[E IO ¢ g )
i=[Tn/8]
[Tn/8]—1
40 _73[9(xi) — g(xi—1)
+5iBi(6)] + 57 Coh® Y (- RS )
+g(ziz1) + biBz‘(fi)]-
For ¢ > [7n/8] and h small, using (47), (48) and (50), we get

g(@i) — g(xi—1)
h

Similarly using (47), (48) and (49), we have for 1 <i < [Tn/8] — 1 and h small,

(fz — xi—l) + 9(%‘-1) + blBl(fl) < —0.035+ C1h + Cgh2 < —0.025.

9(zi) = g(zi-1)
h

Therefore, from (53), we have

(fz — 337;_1) + g(xi_l) + szz(&) <1+ Cih+ Czhz < 2.

40 40, < _
Y W) e < Doy —nos YD 1-g)
i=1 i:[7n/8]
[Tn/8]—
) Z 7/3}
0.75 4.7 -4/3 4/3 4/.4/3
(54) < =g Gt (WP = 8% ¢ 8—109h (8%/3 —1).

For the term
cmz Y1 — €026,

n (44), we follow a similar argument as above and get, for all 0 < € < 1 and h
small,

gh(&) <345 fori< {%”} g
and gn(&) < =05 fori> [%}’

and consequently obtain, for A small,

€S0 W1 — ) g ) <~ (17— 81

i=1

35
(55) +§Cgh4(81/3 —1).



20 I. BABUSKA, U. BANERJEE, AND H. LI

For the term

10
Cgh5 Z 9 (]‘ - 51) 1/39;:(&)7
i=1
n (44), a similar and even simpler argument with 0 < € < 1 and h small yields,

= 10 :
Cyh® Y 5 1= &)1 (&)
=1

(56) < —%Cgeh5(8_2/3 —h23) + gCgh‘*(l — 8723,
Hence, combining (44), (54), (55), and (56), we conclude that
Fg) = F(gn) = cﬁ}j[ &) gn(E) + 51— )74 (&)
10

(1—@)U%ﬂ@ﬂ

Y 750 he/3 — Cgh11/3 +O(n).

<

- 81
Consequently,

N 0.75
[£lgn) = [*(gn)| = =5 Coh™* + O(h1/).
Now, since
la(g — gn,u—un)| < Cllg = gnllmr(o)lle — unlla (o)
< ChMgllas o lullgs @),
we have
|G(u) = Gup)l = |IF(gn) — f*(gn)] — lag — gn,u —up)]|
> & 750 he% 4 O(h'?),

which completes the proof of the desned result. O

We recall the definition of F,: in (35), and we assume that the definite integral

fol fi dz is evaluated exactly. We approximate the quantity of interest F'(u) by
Fy:. A lower bound of the error |F(u) — F:| is easily obtained using (36) and
Theorem 4.5, which we state below.

Theorem 4.6. Let u be the solution of (25) with f(x) = (1 —x)%/3, and u} be the
finite element solution (k = 2) obtained with the 2-point Gaussian quadrature as

above. Suppose the integral fol i dz in the definition of Fy: is computed exactly.
Then, for the quantity of interest F(u) = vu'(0), we have
0.75
| (u) = Fu; | = G (u) = Gluj)| 2 770 3+ O(h'?),
for h small.

Remark 4.7. If we choose f(x) = (1—x)?/3 in our example (25), then f(x) € H'(Q)
but f(z) ¢ H?(Q). Using the FEM with k£ = 1 and 1-point or the 2-point Gaussian
rule, we can again show that [F'(u) — Fyx| > Ch®/3. For the FEM with k = 2, we
can also obtain the same lower bound O(h%/3) for |F(u) — F,» | with the 2-point
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Gaussian rule. We do not present the analysis here, but will illuminate this in the
numerical examples of the next section.

Remark 4.8. We note that the use of the Gaussian quadrature with more integration
points will result into a smaller value of Cy, and thus the computed value of |G(u)—
G(u})| will be smaller. More Gaussian points, however, will not increase the order
of convergence as h — 0. We show this in our examples in the next section.

We recall that g(z) = esin(rz) — 0.52 € H3(Q2). Moreover, since f(z) = (1 —
z)%/3 € H%(Q), it is well known that u € H*(Q). Therefore (33) holds for our
particular problem, i.e., |F(u) — F,,| < Ch*. Then, we can easily conclude from
Theorem 4.6, that the ratio

_IF@) ~ Ful G~ Gl - s -
(57)  Rp(u): Flu)—Fo|  |G(u) = Glun)| > Ch oo, as h—0.
Thus the ratio Ry, (u), which could be interpreted as a relative error in the computed
quantity of interest due to numerical integration, becomes unbounded as h — 0.
In contrast, the ratio of ||u — uj|[g1(q) to ||u — unl[g1(q) is bounded as h — 0.
We remark that a careful analysis with e = 0 in (29) shows (in fact, the analysis
is simpler) that the results in Theorem 4.5 and Theorem 4.6 are still true (with
different constants). However, from the definition of ¢g(x) in (30) with € = 0, we
have

F(u) - Fuh = G(U) _G(uh) = a(g,u_uh) = a’(g_ghvu_uh) = Oa

since g(z) = gn(z) (see Remark 4.3). Therefore, we will not be able to draw a
meaningful conclusion about the ratio Ry (u) as h — 0. This is one of the reasons
we used € # 0 in (29).

5. NUMERICAL ILLUSTRATIONS

In this section, we will present numerical results that will illuminate the results
obtained in the last section. We will show that the optimal order of convergence
in the approximation of functionals, i.e., the quantities of interest, is not obtained
when the data do not have the increased regularity as specified in Theorem 3.6. We
will further show that over-integration may yield the optimal order of convergence,
at least in the pre-asymptotic range, i.e., when the mesh parameter h is not too
small.

We consider two boundary value problems, namely,

—u" =1 —-2z)%% in Q,

(58) w(0) =0, wu(l)+ /(1) =0,
and
(59) —u"=(1-2?*% i Q

uw(0) =0, wu(l)+2/(1)=0,

where Q = (0,1). We note that in (58), the data f(z) = (1 — z)%3 € H?(Q),
whereas in (59), the data f(x) = (1 —2)?/® € H'(Q) but ¢ H?(Q). The goal in
both problems is to approximate the bounded linear functional G(u) = fol Y'u' dx,
where 9(z) = 1 — x + sinmz. We recall that the functional G(u) is related to the
functional F(u) = v'(0) as discussed in the last section.
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n | |G(u) = G(up)| rate | [G(u) — G(uj, ;)| rate
10 | 1.833E-03 1.663E-03

20 | 4.569E-04 2.004 | 4.122E-04 2.012
40 | 1.142E-04 2.001 | 1.027E-04 2.005
80 | 2.853E-05 2.000 | 2.565E-05 2.002
160 | 7.133E-06 2.000 | 6.407E-06 2.001
320 | 1.783E-06 2.000 | 1.513E-06 2.001
640 | 4.458E-07 2.000 | 4.002E-07 2.000

TABLE 1. up and uj, ; are piecewise linear (k = 1) finite element so-
lutions with exact integration and with 1-point Gaussian quadrature,
respectively, approximating the solution of (58). The data of the prob-
lem has the increased regularity for k = 1.

In this section, we will denote the finite element solution with numerical integra-
tion by uj, ,, where the integrals in the load vector and in the stiffness matrix are
approximated by the /-point Gaussian integration rule. We will also approximate
the order of convergence of uj, 4, for a fixed ¢, using the expression

rate — hl(‘en/e?nw,

In(2)
where e, is the error in the computed quantity for h = 1/n, ie., e, = |G(u) —
G (uh )l

We first consider the problem (58). We computed the piecewise linear (i.e.,
k = 1) finite element solutions up and uj, | to approximate the solution u of (58);
we recall that uy, is the finite element solution (piecewise linear in this case) with
exact integration. We note that the algebraic precision of 1-point Gauss rule is 1,
as required in Theorem 3.6 for £ = 1. Also f(z) has the increased regularity for the
case k = 1, i.e., f € H*(Q). We have presented the values of |G(u) — G(uy)| and
|G(u) — G(uj, ;)| for several values of h in Table 1, where n = 1/h; As expected,
we observe the optimal order of convergence O(h?) for |G(u) — G(up)| and |G (u) —
G(uj, 1)|, which illuminates the results in Lemma 2.2 and Theorem 3.6 respectively.

We next computed the piecewise quadratic (i.e., k = 2) finite element solutions
up, uj, 5 and uy, 4 to approximate the solution u of the same problem (58). We note
that the algebraic precision of the 2-point Gauss rule is 3, as required in Theorem
3.6 for k = 2. But the data f ¢ H*(Q), and thus does not have the increased
regularity required in Theorem 3.6 for the case £ = 2. We mention that up, ¢ 18
the finite element solution with “over-integration”. In Table 2, we presented the
computed values of |G(u) — G(un)|, |G(u) — G(uj )| and [G(u) — G(uj, 6)|-

1. We observe that the values |G(u) — G(uy)| are converging with order O(h*),
which is optimal. But clearly, the values |G (u) —G(uj, ,)| are not converging
with the optimal order. In fact, the order of convergence is monotonically
decreasing with increasing values of n. It appears that the order of conver-
gence is getting closer to O(h®/3), which is the order of the lower bound of
the error given in Theorem 4.5.
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n | |G(u) = G(up)| rate | |G(u) —G(uy,)| rate | |G(u) —G(ujq)| rate
10 | 1.293E-06 4.264E-06 1.297E-06

20 | 8.124E-08 3.992 | 3.840E-07 3.473 | 8.188E-08 3.985
40 | 5.086E-09 3.998 | 4.110E-08 3.224 | 5.186E-09 3.981
80 | 3.180E-10 3.999 | 5.154E-09 2.995 | 3.337E-10 3.958
160 | 1.987E-11 4.000 | 7.209E-10 2.838 | 2.234E-11 3.901
320 | 1.194E-12 4.000 | 1.072E-10 2.750 | 1.581E-12 3.820

TABLE 2. up, uj, 5, and uj, ¢ are piecewise quadratic (k = 2) finite
element solutions with exact integration, with 2-point Gaussian quadra-
ture, and with 6-point Gaussian quadrature (over-integration), respec-
tively, approximating the solution of the problem (58). The data of the
problem does not have the increased regularity for k = 2.

2. We observe that the order of convergence of |G(u) — G(uj ¢)| is approxi-
mately O(h*) initially for smaller values of n, but the convergence rate is
slowing down for larger values of n, i.e., for small h.

3. We observe that the values of |G(u)—G(uj, ¢)| are smaller than the values of
|G(u) — G(uj, 5)|, as indicated in Remark 4.8. Thus, over-integration yields
smaller absolute values of the error, but does not affect the asymptotic
convergence rate.

We remark that for &k = 2, the data f(x) of the problem (58) has adequate regularity
for the optimal order of convergence of the finite element solution in the energy norm
(see Theorem 4.1.6 in [9]) and both [ju — uj; »|[#1 () and [|u — uj, gl|#1 (o) yield the
optimal order of convergence O(h*). We have not presented numerical results to
illuminate this fact in this paper.

We now consider the problem (59). First, we computed the piecewise linear (i.e.,
k = 1) finite element solutions up, u}, 1, and uj, , to approximate the solution u of
the problem (59). Note that wuj , is the finite element solution with over-integration
(only one extra Gauss point). We have summarized the results in Table 3. We then
computed piecewise quadratic (i.e., k¥ = 2) finite element solutions up, up, o, and
u}, 50 to approximate the solution u of the problem (59); u}, 50 is the finite element
solution with over-integration (lots of extra Gauss points). We have summarized the
results for k£ = 2 in Table 4. We note that the Gauss rules employed to compute (%
in Table 3 and uj, , in Table 4 have the algebraic precision, as required in Theorem
3.6. But the data f(x) of problem (59) does not have the increased regularity
required in Theorem 3.6, either for kK = 1 or for k = 2.

1. We observe from both Table 3 and Table 4 that the values of |G(u) — G (up)|
converge with the optimal order O(h%*), k = 1,2, as expected in Lemma
2.2, since u € H3(Q).

2. It is clear from Table 3 that the rate of convergence of |G(u) — G(uj, ;)| is
decreasing with increasing values of n. It is important to recall that the
lower bound of the error is O(h%/3), as mentioned in Remark 4.7. The rate
of convergence of |G(u) — G(uj, ,)| in Table 3 is close to the optimal rate
of convergence, O(h?), for smaller values of n, but the rate slows down
monotonically with increasing values of n. This indicates over-integration
does not yield the asymptotic rate of convergence. The second and the third
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n | |G(u) — G(up)| rate | |G(u) —G(uy,)| rate | |G(u) — G(up,)| rate
10 | 3.220E-03 4.270E-03 3.274E-03
20 | 8.047E-04 2.001 | 1.114E-03 1.938 | 8.203E-04 1.997
40 | 2.011E-04 2.000 | 2.924E-04 1.930 | 2.059E-04 1.994
80 | 5.028E-05 2.000 | 7.725E-05 1.920 | 5.175E-05 1.992
160 | 1.257E-05 2.000 | 2.060E-05 1.907 | 1.303E-05 1.990
320 | 3.413E-06 2.000 | 5.549E-06 1.892 | 3.286E-06 1.987
640 | 7.856E-07 2.000 | 1.513E-06 1.875 | 8.306E-07 1.984

TABLE 3. un, uj, 1, and uj, 5 are piecewise linear (k = 1) finite element
solutions with exact integration, with 1-point Gaussian quadrature, and
with 2-point Gaussian quadrature (over-integration), respectively, ap-
proximating the solution of the problem (59). The data of the problem
does not have the increased regularity for k = 1.

n | |G(u) = G(up)| rate | |G(u) — G(uy,,)| rate | |G(u) — G(uj, 5)| rate
10 | 8.647E-07 5.492E-05 8.665E-07

20 | 5.695E-08 3.925 | 1.575E-05 1.802 | 5.751E-08 3.913
40 | 3.670E-09 3.956 | 4.750E-06 1.730 | 3.847E-09 3.902
80 | 2.337E-10 3.973 | 1.465E-06 1.697 | 2.895E-10 3.732
160 | 1.478E-11 3.982 | 4.566E-07 1.682 | 3.237E-11 3.161

TABLE 4. wp, uj 5, and uj, 5, are piecewise quadratic (k = 2) finite
element solutions with exact integration, with 2-point Gaussian quadra-
ture, and with 50-point Gaussian quadrature (over-integration), respec-
tively, approximating the solution of the problem (59). The data of the
problem does not have the increased regularity for k£ = 2.

columns also show that over-integration reduces the absolute value of the
error.

3. The second column of Table 4 shows that the rate of convergence of |G(u) —
G(u22)| decreases with increasing values of n and indicates that the order

of convergence is approaching O(h5/ 3), the lower bound of the error as men-
tioned in Remark 4.7. Also the third column of Table 4 clearly indicates that
over-integration does not yield optimal order of convergence, but certainly,
over-integration reduces the absolute value of the error.

These experiments indicate that the increased regularity assumptions to obtain
the optimal order of convergence in Theorem 3.6 is, in general, necessary. Also,
over-integration reduces the absolute values of the error, and may even show the
optimal order of convergence in the pre-asymptotic range. But over-integration
does not yield the asymptotic optimal rate of convergence.

6. CONCLUSIONS

In this paper, we have presented sufficient conditions on the data of the problem
and on the numerical integration rule employed in the finite element method to
obtain the optimal order of convergence of the error in the computed quantity of
interest. We have also shown that the sufficient conditions on the data of the
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problem are, in general, also necessary. Our results clearly show that a finite
element solution with numerical integration may converge optimally in the energy
norm, but a quantity of interest, computed using the same finite element solution,
may not yield optimal order of convergence. Moreover, our computational results
indicate that over-integration may be necessary to obtain an accurate value of the
computed quantity of interest.
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