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SUPERCONVERGENCE AND A POSTERIORI ERROR
ESTIMATES OF VARIATIONAL DISCRETIZATION FOR
ELLIPTIC CONTROL PROBLEMS

YUCHUN HUA AND YUELONG TANG*

ABSTRACT. In this paper, we investigate a variational discretization ap-
proximation of elliptic optimal control problems with control constraints.
The state and the co-state are approximated by piecewise linear functions,
while the control is not directly discretized. By using some proper inter-
mediate variables, we derive a second-order convergence in L2-norm and
superconvergence between the numerical solution and elliptic projection of
the exact solution in H'-norm or the gradient of the exact solution and re-
covery gradient in L2-norm. Then we construct a posteriori error estimates
by using the superconvergence results and do some numerical experiments
to confirm our theoretical results.
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1. Introduction

Optimal control problems have been extensively used in many aspects of
the modern life such as social, economic, scientific and engineering numerical
simulation. Finite element approximation seems to be the most widely used
method in computing optimal control problems. A systematic introduction of
finite element method for PDEs and optimal control problems can be found in
(14, 17, 18, 23, 26].
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For a constrained optimal control problem, the control has lower regularity
than the state and the co-state. So most researchers considered using piece-
wise linear functions to approximate the state and the co-state and using piece-
wise constant functions to approximate the control. They constructed a projec-
tion gradient algorithm in which the control is first-order convergent (see e.g.,
[16, 20]). Recently, Borzi considered a second-order discretization and multi-
grid solution of constrained nonlinear elliptic control problems in [4], Hinze in-
troduced a variational discretization concept for optimal control problems and
derived a second-order convergence for the control in [11, 12].

There has been extensive research on the superconvergence of finite element
methods for optimal control problems in the literature, most of which focused
upon elliptic control problems. Superconvergence properties of linear and semi-
linear elliptic control problems are established in [24] and [6], respectively. Super-
convergence of finite element approximation for bilinear elliptic optimal control
problems is studied in [32]. Recently, superconvergence of fully discrete finite
element and variational discretization approximation for linear and semilinear
parabolic control problems are derived in [27, 28, 29].

The literature on a posteriori error estimation of finite element method is
huge. Some internationally known works can be found in [1, 2, 3, 5]. Concerning
finite element methods of elliptic optimal control problems, a posteriori error
estimates of residual type are investigated in [10, 21, 33, 34], a posteriori error
estimates of recovery type are derived in [16, 20, 31]. Some error estimates and
superconvergence results have been established in [6, 7, 36], and some adaptive
finite element methods can be found in [3, 13, 15, 35]. For parabolic optimal
control problems, residual type a posteriori error estimates of finite element
methods are investigated in [22, 30] and an adaptive space-time finite element
method is investigated in [25].

The purpose of this paper is to consider the superconvergence and recovery
type a posteriori error estimates of variational discretization for elliptic optimal
control problems with pointwise control constraints.

We are interested in the following quadratic optimal control problem:

1 «a
mip { 31y = vall + 1w~ ualP}.
— div(AVy) = f + Bu, in®, (1)
y=0, ond,

where () is a bounded domain in R? with a Lipschitz boundary 02, the coefficient
A = (a;j(z))axe € (WH(Q))?*2, such that (A(z)€)-£>c| &%, VEER? Bis
a linear continuous operator, y4, uq, f € L*(2), and K is defined by

K={vel*():a<v<b, ae inQ},
where a and b are constants.

In this paper, we adopt the standard notation W™4(Q) for Sobolev spaces
on Q with norm || - |ym.a(o) and seminorm | - [ym.aq). We set H}(Q) =
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{ve H Q) :v|po =0} and denote W™2(Q) by H™(2). In addition, ¢ or
C denotes a generic positive constant.

The outline of this paper is as follows. In Section 2, we introduce a variational
discretization approximation for the model problem. In Section 3, we derive the
convergence. In Section 4, we obtain the superconvergence and a posteriori error
estimates. We present some numerical examples to demonstrate our theoretical
results in the last section.

2. variational discretization approximation for the model problem

We now consider a variational discretization approximation for the model
problem (1). For ease of exposition, we set W = H}(Q), U = L*(Q), || - || =
- llzz)s |- llm = | - |zm (@) and

a(y,w) = /Q(AV?J) -Vw, Vy,weW,

(u,w):/u'w, Vu,weU.
Q
It follows from the assumption on A that
a(y.y) Zclyli,  la(yw)l < Clyliellwllh, Yy, wew.
Then the model problem (1) can be restated as:

. 1 5 o 9
i { 5l wal® + - ual?}

a(y,w) = (f + Bu,w), Ywe W.

(2)

It is well known (see e.g., [17]) that the control problem (2) has a unique solution
(y,u) € W x K, and a pair (y,u) € W x K is the solution of (2) if and only if
there is a co-state p € W such that the triplet (y,p,u) € W x W x K satisfies
the following optimality conditions:

aly,w) = (f + Bu,w),  VYweW, 3)
algp) = a—y,0), VgeW, 4)
(ou — aug — B*p,v —u) > 0, VoveK, (5)

where B* is the adjoint operator of B.
We introduce the following pointwise projection operator:

Ijq 5)(9(2)) = max(a, min(b, g(x))).

It is clear that IIj, 4(-) is Lipschitz continuous with constant 1. As in [8], it is
easy to prove the following lemma:

Lemma 2.1. Let (y,p,u) be the solution of (3)-(5). Then

1
u = 1[4 (Ud + QB*p) : (6)
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Remark 2.1. We should point out that (5) and (6) are equivalent. This theory
can be used to another situation, for example, K is characterized by a bound on
the integral on w over €2, namely, fQ u(x)dx > 0, we have similar results.

Let 7" be a regular triangulation of {2, such that Q = U, cn7. Let h =
max,c7n{h;}, where h, denotes the diameter of the element 7. Associated with
T" is a finite dimensional subspace S;, of C(Q), such that x|, are polynomials
of m-order(m = 1) for all x € S, and 7 € T". Let W}, = {v, € S}, : vn]oq = 0}.
It is easy to see that Wj;, C W. Then a possible variational discretization ap-
proximation scheme of (2) is as follows:

) 1 2 @ 2
ulilg]l{{2|yh_yd” + 5 llun = udl }

a(yh,u)h) = (f —+ Buh,wh), Ywy, € Wy,

(7)

It is well known (see e.g., [21]) that the control problem (7) has a unique solution
(yn,un) € Wj, x K, and that if the pair (yp,up) € Wy x K is the solution of
(7), if and only if there is a co-state p, € W}, such that the triplet (yn, pn,un) €
Wi x Wy, x K satisfies the following optimality conditions:

a(y;“wh) = (f + Buh,wh), Ywp € Wy, (8)
a(qn,pn) = (Ya — Ynsqn),  Vaqn € Wi, 9)
(aup, — aug — B*pp,v — up) > 0, Vv e K. (10)

Similar to Lemma 2.1, it is easy to show the following lemma:

Lemma 2.2. Suppose (yn,pn,ur) be the solution of (8)-(10). Then , we have
1
up = Ijq p) (Ud + aB*ph> : (11)

Remark 2.2. According to (11), we can replace up by max(a, min(b,ugq +
éB*ph) in our program. Thus the control need not be discretized directly.

3. Convergence analysis

We first introduce the following intermediate variables. For any u, € K, let
(y(un),p(ur)) € W x W satisfies the following system:

a(y(up),w) = (f + Bup,w),  VweW, (12)
a(q,p(un)) = (ya —y(un),q),  VgeEW. (13)
The following lemmas are very important in deriving the convergence.

Lemma 3.1 ([9]). Let mj, be the standard Lagrange interpolation operator. For
m=0orl,q>% and Vv e W?(Q), we have

v — Whv‘wm,,q(ﬂ) < Ch27m|U|W2,q(Q). (14)
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Lemma 3.2. Let (yn, pr, un) and (y(ur),p(up)) be the solutions of (8)-(10) and
(12)-(13), respectively. Assume that p(up),y(un) € H2(Y). Then there exists a
constant C' independent of h such that

1y(un) = ynlls + llp(un) = pully < Ch. (15)
Proof. From (9), (13)-(14) and Young’s inequality, we have
cllp(un) — palli
<a(p(un) = pn, p(tn) — pn)
=a(p(un) — mup(un), p(un) — pr) + (yn — y(un), Tp(un) — pn)

16
<Cllp(un)  palullptme) — map(un) s + Cllun — vl Nimnp(en) il
<C(®)lp(un) — mup(un)||T + C0)|ly(un) — yall® + Cdllp(un) — pallt g
<C @)L |[p(un)llz + C(8)y(un) — ynll* + Cdlp(un) — palli.
Let § be small enough, we obtain
[p(un) = pully < Ch+ Clly(un) — ynl- (17)
Similarly, we can prove that
ly(un) = ynlls < Chlly(un)ll2 < Ch. (18)
Then (15) follows from (16)-(18). O
We introduce the following auxiliary problems:
—div(A*V¢) =F1, inQ,
(A*VE) =F 19)
€laa =0,
—div(AV() =F, inQ,
(AV() =F3 (20)
Claa =0.
From the regularity estimates (see e.g., [9]), we obtain
1€l < ClLFL (€2 < Ol F2]l.

Lemma 3.3. Let (yn, pr, up) be the solution of (8)-(10). Suppose that y(up),p(ur) €
H?(Q). Then there exists a constant C' independent of h such that

ly(un) = yul + lp(un) — pnl| < CH*. (21)

Proof. Let Fy = y(up) — yp in (19) and &, = mp€. From (8), (12) and (15), we
have

ly(un) — ynll” =a(y(un) — yn, &)
=a(y(un) — yn, & — &n) (22)
<Clly(un) = yall1 € = &nll1-
Note that

1€ = &nlli < Chl€]l2 < Chlly(un) — ynl|- (23)
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Thus,

ly(un) — ynll < Chlly(un) — ynllio < CR>. (24)

Similarly, let F5 = p(up) — pp, in (20) and ¢, = mr¢. From (9), (13) and (15),
we obtain

Ip(un) — pall < CH®. (25)
From (24) and (25), we get (21). O

Lemma 3.4. Let (y,p,u) and (yn,pn,un) be the solutions of (3)-(5) and (8)-
(10), respectively. Assume that all the conditions in Lemma 3.3 are valid. Then
there exists a constant C independent of h such that

lu —un|| < Ch?. (26)

Proof. By selecting v = up and v = w in (5) and (10), respectively. From (3)-(4)
and (12)-(13), we have

allu —up|* <(B*p — B*pn,u — up)
=(B*p — B*p(un),u — up) + (B*p(un) — B pp,u — up)

== lly = y(un)||” + (B*p(un) = B"pn,u = un)
<Cllp(un) = pallllu = unll
From (21) and (27), we derive (26). O

Now we combine lemmas 3.2-3.4 to come up with the following main result.

Theorem 3.5. Let (y,p,u) and (yn,pr, un) be the solutions of (3)-(5) and (8)-
(10), respectively. Assume that all the conditions in lemmas 3.2-3.4 are valid.
Then we have

lu = unll + lly = ynll + llp — pull < Ch2. (28)

4. Superconvergence and a posteriori error estimates

We now derive the superconvergence and a posteriori error estimates for the
variational discretization approximation. To begin with, let us introduce the
elliptic projection operator Py, : W — W), which satisfies: for any ¢ € W

a(¢ — Pro,wp) =0, Vwp, € W
It has the following approximation properties:
¢ = Puoll < CR*|19ll2, V¢ € H*(Q). (29)

Theorem 4.1. Let (y,p,u) and (yn,pr, un) be the solutions of (3)-(5) and (8)-
(10), respectively. Assume that all the conditions in Theorem 3.5 are valid. Then
we have

|1Pry = ynllr + | Pap — pally < CR®. (30)
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Proof. From (3)-(8), we have the following error equation:

a(y — yn, wp) = (Bu — Bup, wp), Ywyp, € W, (31)
By using the definition of P}, and choosing wy, = Py — yp, we have

a(Phy = Yns Pry — yn) = (Bu — Bun, Pry — yn). (32)

Let us note that B is linear continuous operator. From (26), (29) and Holder
inequality, we get

[1Pny — ynl < Ch?. (33)
Similarly, we can derive

1Prp = pulls < CH®. (34)
Thus, (30) follows from (33) and (34). O

In the second, let us recall recovery operators R; and Gj,, respectively. Let
Rpv be a continuous piecewise linear function (without zero boundary con-
straint). Similar to the Z-Z patch recovery in [37, 38|, the value of Rjv on the
nodes are defined by least-squares argument on an element patches surrounding
the nodes. The gradient recovery operator Gpv = (Rpvy,, Rpvs, ), where Ry, is
the recovery operator defined above for the recovery of the control. The details
can be found in [16].

Theorem 4.2. Let (y,p,u) and (yn,Dn, un) be the solutions of (3)-(5) and (8)-
(10), respectively. Suppose that all the conditions in Theorem 4.1 are valid and
y,p € H3(QY). Then

||Ghyh - Vy” + Hthh - Vp“ < Ch2 (35)

Proof. Let y; be the piecewise linear Lagrange interpolation of y. According to
Theorem 2.1.1 in [19], we have

1Py = yrlli < CR?|ly]ls. (36)
From the standard interpolation error estimate technique (see, e.g., [9]) that
1Gryr — Vyl| < Ch?|yl5. (37)

By using (36)-(37), we get
1Gryn — Vyll = [1Gryn — GuPryll + |GrPry — Gryz |l + [|Gryr — V|
<Cllyn — Puylly, + C |1Poy — y1ll; + |Gryr — Vyl| (38)
<Clyn = Payll, + CR?[|yll5.
Therefore,
1Ghyn = VylI* < Cllyn — Payll? + ChY|lyll3- (39)
From Theorem 4.1 and (39), we derive

IGryn — Vy|| < Ch?. (40)
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Similarly, we can prove that
|Grpn — V|| < Ch?. (41)
Then (36) follows from (40)-(41). O

By using the superconvergence results above, we obtain the following a pos-
teriori error estimates of variational discretization approximation for the elliptic
optimal control problems.

Theorem 4.3. Assume that all the conditions in Theorem 4.1 and Theorem 4.2
are valid. Then

m = Gryn = V!l = [IV(y = yn)ll + O(h?), (42)

n2 .= |Grpn = Voul = V(= pu) | + O(h?). (43)

Proof. From Theorem 4.1 and Theorem 4.2, it is easy to obtain the above results.
d

5. Numerical experiments

In this section, we present some numerical examples which is solved numer-
ically with codes developed based on AFEPack. The package provide a freely
available tool of finite element approximation for PDEs and the details can be
found in [15].

We solve the following optimal control problems:

1
i {5156) ~ vao)] + 5 (o) - wa(o)}.
—div(A(z)Vy(z)) = f(z) + Bu(z), z€Q,
y(x) =0, z €09,
where
K = {v(z) € L*(Q) : a < v(z) < b},
and the domain  is the unit square [0,1] x [0,1] and B = I is the identity
operator and F is the 2 x 2 identity matrix.
Example 1. The data are as follows:
a=1,a=0,b=1, A(z) = E,
p(x) = —z129(1 — 21) (1 — 22),
y(z) = p(=),
ug(x) =1 —sin(mz1/2) — sin(rze/2),
u(z) = max(0, min(1, ug(z) + p(x))),
f(z) = =div(A(z)Vy(z)) — u(z),
ya(z) = y(z) — div(A* () Vp(z)).

The numerical results are listed in Table 1. In Figure 1, we show the profiles

of the exact solution u alongside the solution error.
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TABLE 1. Numerical results, Example 1.

Mesh lu — ua| 1y — wnll lp — pall
16 x 16 | 2.14058¢-04 | 6.06285e-04 | 6.33941e-04
32x 32 | 5.39805¢-05 | 1.52186¢-04 | 1.59139¢-04
64 x 64 | 1.34857e-05 | 3.81582e-05 | 3.98205¢-05

128 x 128 | 3.36858¢-06 | 9.61916¢-06 | 9.96335¢-06
256 x 256 | 8.427966-07 | 2.48396e-06 | 2.49504e-06

FIGURE 1. The exact solution u (top) and the error u, — u
(bottom), Example 1.

The results in Table 1 indicate that ||u —up|| = O(h?), ||y — yu| = O(h?) and
lp — prll = O(h?). Tt is consistent with our theoretical result obtained in the
Theorem 3.5.

Example 2. The data are as follows:
a=1,a=-05,b=0,

_ Ea ZC1+£C221,
Alz) = { 2F, x1+a0 <1,
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T

=B

—2sin(may)sin(waa), a1+ a9 >1
—sin(rzy)sin(rzs), 1+ x2 < 1,

p(x), uq(z) =0,

max(—0.5, min(0, ug(z) + p(x))),
f(z) = =div(A(z) Vy(z)) — u(),
ya(z) = y(z) — div(A"(z) Vp(z)).

The numerical results based on adaptive mesh and uniform mesh are presented
in Table 2. In Figure 2, we show the profiles of the exact solution u alongside the
solution error. From Table 2, it is clear that the adaptive mesh generated via
the error indicators in Theorem 4.3 are able to save substantial computational

work, in comparison with the uniform mesh. Our numerical results confirm our
theoretical results.

u\xr

(2)
y()
(2)

TABLE 2. Numerical results, Example 2.

Mesh Nodes | Sides | Elements | Dofs | |lu — up]|
Uniform mesh | 513 | 1456 944 513 | 6.19419e-02
Adaptive mesh | 145 392 248 145 | 6.04841e-02
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