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Abstract

In this paper, we study adaptive finite element discretization schemes for an optimal
control problem governed by elliptic PDE with an integral constraint for the state. We
derive the equivalent a posteriori error estimator for the finite element approximation,
which particularly suits adaptive multi-meshes to capture different singularities of the
control and the state. Numerical examples are presented to demonstrate the efficiency of
a posteriori error estimator and to confirm the theoretical results.
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1. Introduction

Finite element approximations of optimal control problems have been extensively studied
in the literatures, most of which focused on control-constrained problems. In recent years,
many studies have been carried out to examine finite element approximations of optimal control
problems with state constraints. Many authors have studied the specific case of point-wise state
constraints, where the constraints have the forms of K = {y : y > ¢} or K = {y < ¢}, see,
e.g., [3,6,7,9]. In engineering applications, one may care more about how to control the average
value or L?-norm of the state variable. So there exist many state-constraints of average types,
such as integral constraint K = {y : @ < [,y < 4}, L*norm constraint K = {y : [, y*> <~}
and so on. In this work we study a posteriori error estimates of the finite element approximation
of an optimal control problem with the integral constraint for the state. It has been recently
found that suitable adaptive meshes can greatly improve computational efficiency of the finite
element approximation of the optimal control, see, e.g., [2,13,16-19]. Furthermore it has been
observed that multi-meshes are often useful in computing optimal controls, see, e.g., [10,15].
Using different adaptive meshes for the control and the state allows to use very coarse meshes
in solving the state equation and the co-state equation. Thus much computational time can be
saved since one of the major computational loads in computing optimal control is to solve the
state and co-state equations repeatedly.

The purpose of this work is to investigate adaptive multi-mesh finite element method for a
state-constrained optimal control problem with the integral constraint. We derive an equivalent
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a posteriori error estimator for this control problem and then present numerical results to
confirm the effectiveness of the error estimator.

The plan of the paper is as follows. In Section 2, we construct the finite element approxi-
mation for the distributed optimal control problem with the state-constraint. In Section 3, an
equivalent a posteriori error estimator is derived for the control problem. Finally numerical
test results are presented in Section 4.

2. Model Problem and Its Finite Element Approximation

Let © be a bounded domain in R?, 1 < d < 3, with the Lipschitz boundary 2. Throughout
the paper we use the standard notations for the Sobolev spaces, norms and seminorms. We
denote the L2-inner products in L?(Q) and (L?(Q2))¢ by

(v,w):/vw, Y v,w € L*(Q)
Q

and
(w,v) = /QW v, Yv,we (L*(Q)%

For a nonnegative integer m, H™({2) denotes the usual Sobolev spaces and H(Q) = {v €
HY(Q): v=0o0n 00}

2.1. Optimal control problem and its optimality condition
Introduce function spaces U = L3(Q2), V = H}(Q), and W = {v € H}(Q) : Av € L*(Q)}.
Obviously, W is a Hilbert space with the norm:

1/2
lvlw = (lliZ @) + 1AV]1Z2 () )

The constraint set is defined as follows:
K:{UGW: /v}’y}, (2.1)
Q

where 7 is a given constant.
We will investigate the distributed convex state-constrained optimal control problem (OCP):

. 1 N2, @ 2

st. —Ay=u+f inQ, y=0 ond, yeK,

(2.2)

where u € U is the control and y € K is the state, y4 € L%() is the observation, f € L?() is
a given function, and « is a given positive constant.

In [20],it is proved that the state-constrained optimal control problem (OCP) has a unique
solution (u,y) € U x V. Further, the pair (u,y) is the solution of (OCP) if and only if there
exists a unique pair (p,\) € V x RL where R! = {¢ € R!; ¢ < 0}, such that (u,y, p, \) satisfies
the following optimality conditions (OCP-OPT):

(Vy, Vw) = (u+ f,w), Y w e H(Q);
, (Vp,Vq) = (y —ya,0) + (N q), YV qe Hg();
(OCP-OPT) : Oow — ) <0, Y w e IO(; (2.3)

p+au=0.
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2.2. Finite element approximation

Let us consider the finite element approximation of the optimal control problem (OCP).
We consider only the conforming n-simplex elements, which are widely used in engineering
applications.

Assume that (2 is a polygonal domain. Let 7" = |J7 be a quasi-regular triangulation of €
with maximum mesh size h := maz,epn {diam(7)} and let T* = |J 7 be another partitioning
of € with maximum mesh size hy := max, cpn {diam ()}, in which each element has at most
one face on 9, and 7 and 7 ( or Ty and 7, ) have either only one common vertex or a whole
edge in 2-d case or face in 3-d case if 7 and 7 € T" (‘or 7y and 7, € T} ).

Associated with T" is a finite dimensional subspace V" := {w, € C(Q) : wy|, are poly-
nomials of degree not exceeding r (r > 1) for each 7 € Th} N H (). Associated with 77 is
another finite dimensional subspace U" := {v;, € L*(Q2) : vy|., are polynomials of degree not
exceeding m (m > 0) for each 7y € T} C U.

In this paper, we only consider the simplest finite element spaces, i.e., 7 = 1 for V" and m = 0
for U", which means that the piecewise linear conforming elements are used to approximate
the state and co-state, and the piecewise constant elements are used to treat the control. We
introduce the subspace W" C V" of the form

wh = {wh e V" 3z, e U" such that (Vwp, Vop) = (zn,vn), Yo € Vh},

and define the discrete constraint set
K%:{whewm:/um>y} (2.4)
Q

The finite element approximation of the optimal control problem (OCP) reads:

1
min  Jx(un,yn) = 5 /(yh —ya)® + % /Uﬁv
(ocp)t 5 e (2.5)

st. (Vyn, Vwp) = (up + fowr), Yw, € vh oy, e K"
It is proved in [20] that the finite element approximation (OCP)" has a unique solution
(un,yn) € UM x V. Further, the pair (us,ys) is the solution of (OCP)" if and only if there

exists a unique pair (pn, Ap,) € V" xRL, such that (un, yn, pn, An) satisfies the following discrete
optimality conditions (OC P-OPT)":

(Vyh, th) = (uh + f, wh), Y wy € Vh;
Vph, th) = (yh — Yd, Qh) + ()\thh)7 v dh S Vh7
OCP-OPT)" . ( 2.6
( ) (Answrn, —yn) <0, Vwy, € K 26)
aup = —'Ph(ph).
where P, is the L2-projection from U onto its subspace U” such that
(Prw,vp) = (w,vp), weU, Yu,eU" (2.7)

Since U™ is the finite element space of piece-constant functions, we have
1 .
Phw|TU:—/ w, in Ty, VwelU, VTUETS.
|TU| TU

In the following sections, we will give the a posteriori error estimator of the finite element
approximation (OCP-OPT)".
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3. Equivalent a Posteriori Error Estimator

Adaptive finite element approximations have been found very useful in computing optimal
control problems, as mentioned in the introduction. They use a posteriori error indicators to
guide mesh refinement procedures. An adaptive finite element approximation refines only the
area where the error indicator is larger, so that a higher density of nodes is distributed over
the area where the solution is difficult to be approximated. In this section, we will derive
residual-type a posteriori error estimator for our control problem.

Introduce a posteriori error estimator 7 defined as follows

n* =g+ 0y (3.1)
where
o =mn, Ny =mn,+ 1, (3.2)

A posteriori error estimators 1y and 7y, with respect to the meshes Tﬁ and T", are defined by

Me =Y Tl with nZITUZ/ (Pupn = pn)?, (33)

-
TUeTg v

where P}, is the L2-projection described in (2.7),

m=> ml-+ > (3.4)

TETh 1NoN=0

wmlﬁpzﬁ/wwwy,ﬁhzm/wmwﬁ7 (3.5)
l

.
and

m= > ml+ > ml (3.6)

TETH 1NON=0

with 7)12)|.,. =h? /(yh —ya+ )%, 77§|l =N /[Vph -n)%. (3.7)
l

T

Here [ is a face of an element 7, n is the unit normal vector on [ := 7} N 77 outwards 7}, and
hy is the maximum diameter of the face I. [Vy, - n] and [Vpy, - n] are the jumps of the normal
derivatives across the interior face [, defined by

[Vpn - nli:= (Vpal;r = Vpul,2) -,
[Vyn -nli == (Vynlp — Vpnls2) - n.
The element residuals are weighted element-wise L? norms residuals with respect to the

strong form of the state and co-state equation respectively. The face residuals are weighted L2
norms of the jumps [Vyy, - n] and [Vpy, - n] of the normal derivatives across the interior faces.

3.1. Upper bound estimate

In this subsection, ¢ and C denote some general positive constants independent of grid
parameters h or hy. First we show that a posteriori error estimator 7 is Reliable in Theorem
3.1.
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Theorem 3.1. Let (u,y,p,\) and (up,Yn,Pr, An) be the solutions of optimality conditions
(OCP-OPT) and (OCP-OPT)", respectively. Then the following estimate

lu—unlZ2ie) + 1y = ynllF () + 1P = Pallin ) + 1A = Ml < O (3.8)
holds, where 1 is defined in (3.1)-(3.2)
The proof of Theorem 3.1 is given step by step. As usual, we recall some useful lemmas.

Lemma 3.1. ( [8]) Let m, be the standard Lagrange interpolation operator. For r =0 or 1,
1< g<ooandve W>1(Q),

‘U - 7Th’U|Wr,q(Q) < Ch2_T|U|W2,q(Q). (39)

Lemma 3.2. Let &, be the average interpolation operator defined in [21]. For r = 0 or 1,
1< qg< oo andve Whi(Q),

0= Fnvlwray < D ChE " [ulwra(e. (3.10)
FINTAD

Lemma 3.3. ( [11]) For each v € WH4(Q),1 < ¢ < oo,
_1 1—1
lellwoaory < C{hr * [ollwoac + hr olwracs - (3.11)

Lemma 3.4. Let 7 be one element in T". For any given constant A, there exists the piecewise
polynomial w, € HE(7) satisfying

/AwT = hi/AQ, such that |w,[3, - < C’hf(l_m)H/AQ, m=0,1. (3.12)

Let Tll and Tl2 be two elements in T" sharing the edge | := ?ll ﬂ?%. For any given constant B,
there exists the piecewise polynomial w; € HY (1} U T?) satisfying

m,‘rl1 UTZ2

/Bwl =N /BQ, such that |w;|? < coptimm /32, m=0,1. (3.13)
l l l

Proof. Let 7 € T" and {\;}3_, be the areal coordinates on the element 7. Construct
2 J, A
LAz

It is clear that w, € H}(7). Let 7} and 77 be two elements in T" sharing the edge [ := 7} N 77

Wr = a; A1 A\9A3, where a, =

with end points {P}}?_,, and \; are areal coordinates with respect to P for i = 1,2. Construct

w; = BiA1 A2, where (§; = u fl B.

’ Tk
It is also clear that w; € H(7! U 72). One can check that all the conclusions in this lemma
hold. For the detailed proof, we refer to [23]. a

We introduce an auxiliary system defined as: seeking (y(un),p(un)) € V XV such that
(Vy(up), Vw) = (up + f,w), Y we Hy(Q), (3.14a)

(Va,Vp(un)) = (y(un) — ya + Mn.q), V¥ q € Hy(Q). (3.14b)
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Lemma 3.5. Let (u,y,p, \) and (up, Yn, P, An) be the solutions of optimality conditions (OC P-
OPT) and (OCP-OPT)" respectively. If p(uy,) is the solution of the auziliary system (3.14b),
then there holds the following estimate:

lp — p(un)|l (@) < C{ |u = unll2(0) + lPn — P(un) |2 (@) + [IPh — PrpallL2o) } (3.15)

Proof. Let v be the average value of v over 2 given by

5= ﬁ /Q v, (3.16)

Choose ¢ € C§°(Q2) such that ¢ = 1 and |[¢||g1(q) < C. Taking C = p — p(up) and noting
Cp € C°(Q) C HA(Q), we obtain

(Vp —plun) — C), V(p — p(up))) = (y — y(up) + X — An,p — plun) — Cp).

Since [,,(p — p(un) — Cp) = 0 and X — Ay, is a constant, we have
)

(V(p — p(ur)), Vp — p(ur))) = C(Ve, Vip — p(ur))) + (y — y(ur),p — p(up) — Ce).

Therefore, we have
IV (p — p(un))|72 (0
< SV = plun) 2y + C[C2 el ey + 1y — w3y + Ip — plun) 2
S S IVIP = PUn))liL2 (o) Pllat@) T I1Y = Y Ur)liLz(Q) T [P — P\UR)IIL2(0) |
which implies that
IV = pun) 3200y < C{C + lu— unlEa + I = p(un)lF2(ey J- (3.17)

Since (2 is a bounded domain, we have

=~ 1
C1 = 17l [ = ptun))
< ﬁ( |/Q(—au+a1m)|+|/Qph—P(uh)|+’/Q(77hph—ph)|)

< C{llu = unllze) + lpn = p(un) lz2(0) + I1Ppn = pll 2@ }- (3.18)

Then the result (3.15) follows directly from (3.17) and (3.18). O

Lemma 3.6. Let (u,y,p, A\) and (up, Yn, pr, An) be the solutions of optimality conditions (OC P-
OPT) and (OCP-OPT)", respectively. Then there holds the following estimate:

A= Anl < C{HU —up||2) + [P — p(un)llL2@) + lpn — Phph||L2(Q)}~ (3.19)
Proof. Obviously, it follows from (2.3) and (3.14b) that A— ), satisfies the following equation

A= q) = (V(p—pun), V) — (y(un) —y,q), ¥ q€Hi),

which implies that
A=l < C(lIp = plwn)llm @) + ly(un) = yllzz) ) (3.20)

Since ||ly(un) —yllz2(0) < Cllu —unl|L2(q), (3.19) follows directly from(3.20) and Lemma 3.5. O
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Lemma 3.7. Let (u,y,p,\) and (un,Yn, Pr, An) be the solutions of the optimality conditions
(OCP-OPT) and (OCP-OPT)", respectively. There holds the following error estimate:

v —unlr2@) < C{Hyh — y(un)llz2() + lon — pun)llL2(0) + lon — PhPhHH(Q)}- (3.21)

Proof. By using (2.3), we have

J'(u)(u —up) = (y — ya, y' (w)(w — up)) + (0w, u — up)
= (y—ya+ Ny (w)(u—up) + (qu,u —up) — (A9 (u)(u — up))
= (u—up,p) + (qu,u —up) — (A, y(uw) — y(un))
= (A y(u) = ylun)).
Similarly,
I (un)(u —up) = (p(un) + aup, u —up) = (An,y — y(un)).
Hence we have
ly = y(un)lZ20) + llu = unlZ2(0)
=T (u)(u—up) = T (un)(u — up)
—(p(un) + aup,u —up) — (A= Ap,y — y(un))
= (pn — p(un),u —up) — (A= An, ¥ = yn) — (A = An, yn — y(un)) + (Pupn — pr,u — up)
(pr — p(un),w —un) — (A= Anyyn — y(un)) + (Pupn — phyu — up)
e{lu = unlFaqa) + 1A = Al
+C(€){th — p(un)|IF20) + llyn — y(un)l|72(q) + | Prpn — ph||2L2(Q)}

< Ol lu— unl3aqq) + lon — p(un) [22(ey

<
<

+C(€){th — p(un) 20 + llyn — y(un)ll72(q) + | Prpn — Ph||%2(9)}7
which implies that
= unllzzcoy < O llyn = ylwn)ll ) + lon — p(un) 2oy + Ipn = Pasnllzay | (3:22)
Here we have used (A — Ap,y —yn) = (A — Ap) (T — Tr)|€2| = 0 due to the following facts

o glQ| >~ such that A =0;
AW — n)|9] = ) N _
Ay =7rlQ) =0, 7| =+ such that A <0 and v— 7,/ <0
and

gh|Q‘ >y such that A\, = 0;

-2 Q
n(7 = 9n)10 = { — (G —7v) =0, 4n|Q] =~ such that Ay, <0 and | —~ > 0.

The proof of Lemma 3.7 is then complete. a

Summing up results of the above lemmas, we have the following lemma.
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Lemma 3.8. Let (u,y,p,\) and (un,Yn, Pr, An) be the solutions of the optimality conditions
(OCP-OPT) and (OCP-OPT)" respectively. If (p(up),y(un)) is the solution of the auxiliary
system, (3.14a)-(3.14b), then there holds the following estimate:
lu = unllzz2ee) + 1y = ynllm @) + 0 = Prllr @) + 1A = Anl
{llyn =yl @y + low = ()l + lon = Pupnllzaey ). (3.23)

Proof. 1t is clear that

ly —ynllar ) + 1P — pulla (@)
< ||y - y(uh)”Hl(Q) + ||y(uh) - thHl(Q) + ||p _p(uh)”Hl(Q) + ||p(uh) —ph||H1(Q)
< C{HU —unll2@) + |y(un) = ynllar @) + lp — p(un) |ar @) + lp(un) — Ph||H1(Q)}-

Applying Lemmas 3.5-3.7 to this inequality leads to (3.23). a

Now, we can prove Theorem 3.1.

Proof of Theorem 3.1.  Noting |pn — Prpullr2(Q) = 7Mu, we only need to estimate |pp —
p(un)llm (o) and |lyn — y(un)|l m1(@)-

Firstly we need some notations. Let EP = p, — p(up) and EY = 7, EP, where 7, is the
average interpolator defined in Lemma 3.2. Applying the standard residual technique, we have

c| E” |l () < (VE?, VEP)
= (VE?, V(E? — ET)) + (y(un) — yn, ET)

> | —A(un) — pn)(BP — EY) — Z/Vph n)(E? = E}) + (y(un) — yn, EY)

reTh”T TeTh
= Z/ (un) — ya + An) (E? -y /Vph n)(EP — EY) + (y(un) — yn, EY)
Sern T IN9Q=0
:Z/yh_yd+)\h( -y /Vph n)( EY) + (y(un) — yn, E7)
reTh VT 1NOQ=0
(> h2/ (Yn — ya + An)? 0 > hl/vPh n)* + C(&)lly(un) — ynllZ2 (0
reTh lﬁaﬂ 0
+e\|EP\|i2(Q) +e Z h;? /( —EP)? +e Z / )2
TeTh TeTh
Czh2/yh_yd+)\h)2+c Z hl/[vph'n}Q
reTh non=0 7!

+Clly(un) = ynlliz (o) + Cel B[l g

where we have used results in Lemmas 3.1-3.3. Hence we obtain

[P (5
{ > w2 / yh—va+t )+ Y Ml /Vph -n]? 4 |ly(un) — yh||2L2(Q)}' (3.24)

TETH 1NON=0
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Similarly, letting EY =y, — y(up) and EY = @, EY, we have
ol B[ F o
< (VEY,VEY) = (VEY,V(EY — EY))

Z/ n) = yn)(BY —EY) = > /Vyh n)(EY — EY)

TETH TETh
:Z/uh+f Z /vyhn - E7)
TeTh 1NON=0
Z h2/ uh+f Z hl/vyh~n]2
TE€ETh lﬂaQ 0
ey he /|Ev Ey\2+CeZ/|V u)P
reTh TETh
<C Z h2/ up + )2+ C Z hz/Vyh n)? + Ce|| EY ||H1(Q)7
reTh non=p 7!

where we have used Lemmas 3.1-3.3. Hence

1B 310y <C > h2/ (un+£)2+C Y hy /l[Vyh~n]2. (3.25)

TETh INdQ=0
Due to estimates (3.24) and (3.25), we obtain
1yn = y(un) 30y + Ilpn — p(un) | Fq)
= 1B 11 + 1B s ey < O+ }- (3.26)

Hence due to Lemma 3.8, we have obtained the upper bound (3.8). a

3.2. Lower bound estimate

In this subsection, we will show the a posteriori error estimator also provides a lower bound
for the discretization errors in the state, co-state, control and multiplier; that is to say that the
estimator 7 is Efficient:

n° —co® < lu—unlZaiq) + 1y = vl o) + 1P = pallin ) + 1A = Al
where o is a higher order term.

Theorem 3.2. Let (u,y,p,\) and (un,Yn, Pr, An) be the solutions of the optimal conditions
(OCP-OPT) and (OCP-OPT)", respectively. Then there holds the estimate:

i = c(of + 03)
C{llu = unlifaay + Iy = wnli oy + I = pulli ey + A= M2}, (3.27)
where 1 is defined in (3.1), o1 and oo are defined by

a%::Z/ (@nlr = yn + Jalr — va)*,

TETH

o3 Z/ (@nlr —un + flr = )%

TETh

Here 9|, is the averaging of v over the element T.
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The proof of Theorem 3.2 is divided into the following three lemmas.
Lemma 3.9. There holds the following error estimate:
2 2 2
M < p *PhHLZ(Q) + lu— Uh||L2(Q)- (3.28)
Proof. 1t is clear that
> /(Phph =) = [1Pupn — il 220y = llaun +prll e
TETI}} T
<o = pall72 (o) + @2llu = unlZ2 (o),
which is (3.28). m]

In order to derive the lower bound, we use the standard bubble function technique (see,
e.g., [23] ). Asin Lemma 3.4, there exist piecewise polynomials w, € Hg(7) and w; € H} (1} UT?)
such that

/(yh —Ya + )| rwr = b2 /(yh —ya + )3,
T v (3.29)
e 2o, < CR20-mI+ / = w2 m=0,1,

T

and

/Z[Vph njwy =My /Z[Vph -n]?,

(3.30)
‘wllzn,‘rfu-rf < Ch?(l_m)Jrl /I[Vph ), m=0,1.
We will use these bubble functions and their properties.
Lemma 3.10. There holds the following error estimate:
1y < C’{th — Pl + lun — vz + A — AP + 0%}- (3.31)

Proof. By using the standard bubble function technique, which infers (3.29) and (3.30), and
noting that py is the piecewise linear element, we have

/ R2(yn — ya + An)?

<C/hz((yh_yd+)\h)|r)2+C/h3—(yh_yd+>\h_(yh_yd+)\h)|‘r>2

=C/(yh—yd +‘Ah>|fw7+c/h3<yh i — G’

:C{/(Aph+yh—yd+)\h—Ap—y+yd—/\)wT

+/((yh —Ya+ M)l — (Wn — Ya + An))wr + / R2(yn — Ya — (yn — yd)\f)z}

< —c/v(ph—p)wfw/(yh—y+Ah—A)wT

+C/((yh —Ya)lr — (Yn — Ya))wr + C/ R2(yn — ya — (yn — ya)l-)*. (3.32)
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Applying the Cauchy-Schwartz inequality, we have
/Vph— )Vwr + /(yh_y+/\h_)‘)wr

< COLIVn —2) ey + lvn — ey + 10— M } + ellr 3o

and J G~ o = v
) [ K@=l (= 50)? + o

Therefore, by using the estimate of bubble function (3.29), we obtain

/ h2(yn — ya + An)”

< O{llpn =l oy + ln = w32y + 20 = Al |+ ellor oy
+C [ RG=TDl = n =00+ e e
{llpn = plidn ey + o = 913y + 120 = M3a(r) }

€ [ RG=T) = =)+ e [ B(Gn— vt )

T

Hence we have the estimate

/ h2(yn — ya+ An)*
< {llon = Pl + v = vli3acry + 14n = Alagry }
+0 [ W@zl — 0 - ) (3.3)
On the other hand, for [N OQ # 0, (1 :=7; N77), by using the bubble function technique, we
obtain
[mivon 2 = [ aler = (10— Tp- ke
l l l

:/ (Vpr-n—Vp-n)w
o7 UoT;

/ (Vpr — Vp)Vw, + / div(Vpp — Vp)w
Tll UTLZ

12
T, UT;

/ (Vpr — Vp)Vw; + / (divVpn +y — ya + Nwy
T LJTl2

1,2
T, UT;

(Vph — V)V, + /

1,2
T, UT;

(yh—yd+>\h)wz+/ (Y—yn+ A= p)w

12 12
T, UT; T UT;

COIVBn = D)2 rriny + ln = 93 piny + 100 = Marpir) |

ellwor 2 auray + €A 2wr I3 rpun) + C(€) / B = ya et )?
T UTl

< CO{IN G = P rim) + lwn = s epnty + 00— Marpir) |

+e€ /hl [Vph . n]2 + 0(6)/ h?(yh —Ya + >\h)27 (3.34)
l 'rLlLJTL2
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where we have used the estimate (3.30). Therefore, combining (3.33) and (3.34), gives

> /yh—yd+)\h)2+0 > hl/l[vph'n]2

TETh 1NON=0
C{llpn = Pl + lvn = ylEga) + Pn = A2+ 32 [ B2 =)l — (o — va)? -
TeTh VT
This ends the proof of Lemma 3.10. o

Similarly, we have the following estimate for 7]5.

Lemma 3.11. There holds the following error estimate:

2 < {lly =l @ + e = unlFaq + o3} (3.35)

Remark 3.1. Actually, o1 and oy are higher terms. Due to the Poincare inequality, we have

Z / yhl’T yh+yd|‘r yd C Z h ”yh_delT

TETh reTh
< ChYlyn — yall? o = O(R?).

On the other hand, since aup = —Pppp such that

Z/ (@nly —up)® = a2 Z/ (Pupnlr — Prpn)®

TETh TeTh

<0 B[ Pan—mll+ [ -p0+ [Pun -]

TeTh T T

< CP2[||Prpn — pulliz (o) + W2 pnllin o)) < CR*(W* + b)) lpalF gy

we have

ng Z hvz—(ah|‘r_uh+f|7_f)2

TeTh ¥ T
Z/h uh|7—uh —I—Z/h? f‘_r_
TETh TETH

< CR*[(h* + h))llpnllf o + R2(IF112 o] = O(h* + hyy).

Hence, we infer that o, and oy are the terms of the order O(h? + h?]) From the a priori
estimate in [20], we known that ||u — up|r2(0) + |y — ynllz2@) + [P — PrllL2@) = O(h + hy).
Thus o7 and o9 are a small amount of higher order.

4. Numerical Experiments

In this section, we carry out some numerical experiments to demonstrate the error estimator
developed in Section 3. Basically we are able to show that the derived error estimators can
be effectively used in adaptive finite element approximation of the control problem in the
framework of multiple adaptive meshes. We note that computational savings mainly come from
two aspects: one is the adaptive meshes suitable for the singularities of the optimal control or
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states; the other is the possible DOFs reduction of the states for a given error of the optimal
control via using multiple meshes. In all the examples, we use different meshes for the control
and the states. And we use the piecewise constant elements to approximate the control, and
the piecewise linear elements for the state and co-state. In solving these examples, we use a
projection gradient algorithm, whose convergence has been proved in [20]. For the details of this
algorithm we refer to [20]. We combine this algorithm with the standard adaptivity procedures,
and only adjust the meshes after each iteration. We describe the algorithm briefly as follow:

Adaptive Process
1. Start with initial partition 7", T} and corresponding finite element space U", V",

2. Solve the discretization problem with the projection gradient method on current
meshes.

Step 1. Seek an initial approximation u) € U",, and y?, gn, 1 € V" such that
(Vyn, Vwn) = (up, wn), (Vgn, Vwr) = (1,w),
(Vra, Vwn) = (Pugn,wn), Y wy € V' k= —.

Step 2. Seek pj € V" such that
(Vor,Van) = (i = ya>an), ¥ an € V"

1 1
Step 3. Set u, 2 = u — plaul + Pupy). Seck y, 2 € VP such that

n 1 n 1
(Vyh+2,th) = (uh+27wh), \4 wp € Vh.

1 1
Step 4. Set A} = kp, min {§Z+2 -, O} and UZ-H = uZ+2 — A\ Phgn-
Step 5. Seek yZH € V" such that

(VyZ“,th) = (u}fl,wh), Y wp, € Vh.

Step 6. Stop if stopping criterion is satisfied. Otherwise set n =n + 1,

3. Calculate local error estimators 1y |+, 7yl +, Myli, Mp| - and 1, |; on each element 7y € T}
and 7 € T" by (3.3), (3.5) and (3.7), then global error estimators 7,, 1, and 7, by
(3.3), (3.4) and (3.6).

4. Refinement: for mesh 77, let fy = %nu with IV being the numbers of elements in
partition Tg. An element 7y is marked for refinement if 7,|,, > 0y 7y, where 0y is a
suitable parameter. Perform refinement and then obtain new triangulations, T3, for
control. The treatment of mesh T is similar with 7y = (1, + n,)/M with M being
the numbers of elements in partition 7. An element 7 is marked for refinement if

Mylr ol + Y (gl + mpl) > vy,
1€dm\00

where 6y, is a suitable parameter. Perform refinement and then obtain new triangula-
tions 7" for the state and co-state.

5. Return to (2) on new meshes to update the solutions.
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We solve the following problem on €2 = (0,1)? to confirm the theoretical results.

1 1
min J(Uay)zﬁ/g(y—ydf‘i‘i/ﬂ’lﬁa

(4.1)
st. —Ay=u+f, inQ, y=0, on 09, /y}O.
Q

We perform three groups of numerical experiments. In the first group of numerical experiments,
we investigate the advantage of multi-meshes. In the second and the third groups of numerical
experiments, we check the efficiency of our posteriori error indictor. In our examples, the iter-
ation parameter was set p = 0.8.

Example 4.1. The first example is to solve a control problem of type (4.1) with the exact
solutions as follows:
3
p = sin 27wy sin 2wxs + 3 sin 27wy sin4nxs;
U=-—-p, Yy=2n,
Ya =y — Ap — 0.4;
f=—-Ay—u, A\=-04. (4.2)

We compute Example 4.1 on a uniform mesh and an adaptive mesh, respectively. The
numerical results are presented in Table 4.1, where the mesh information is displayed together
with L? approximation errors for the control and states.

Table 4.1: Numerical results of Example 4.1

u, y, p on uniform mesh u, Yy, p on adaptive mesh
U Y p U Y p
Number of nodes 65536 65536 65536 65519 8639 8639
L? error 6.14e-03 | 1.23e-04 | 1.31e-04 | 6.13e-03 | 1.04e-03 | 1.06e-03

In Figure 4.1, we present the adaptive mesh and the discretized solution of .

In this example, the optimal control and states are quite smooth so there is no much dif-
ference from numbers of nodes of meshes in either cases for the control with an approximation
accuracy. However from Table 4.1, it can be clearly seen that using the multi-meshes the num-
bers of nodes for y and p can be reduced substantially to achieve this given control accuracy
(here we are mainly interested in computing the control).

0 02 04 yq 08 08 1

Fig. 4.1. Example 4.1: the adaptive mesh and discretized solution of y.



Error Estimate of Optimal Control Problem with Integral Constraint for State 539

Since the main computational loads in solving the control problem come from repeatedly
solving the state and the co-state equations, substantial computing work is thus saved.

Example 4.2. In this experiment, we show the efficiency of our posteriori error indictor. The
example is to solve a control problem of type (4.1) with the exact solutions as follows:

u=-p, ya=y—Ap—04
A=-04, f=-Ay—u;

1
7 x 1019 exp (—)) , s(xy,x9) <0,

p= s(z1,x2)
0, s(x1,x2) > 0.
8 x 10'% exp <;)> , s(xy,29) <0,
y= s(x1,x2)
0, s(x1,22) > 0.

where s(z1,72) = (71 — 0.2)2 + (23 — 0.6)2 — 0.04.

In Figures 4.2 and 4.3, we display the adaptive meshes and the discretized solution of u and
y in Example 4.2.

o 02 04 08 08 1
X1

Fig. 4.2. Example 4.2: the adaptive meshes for the control (left) and for the state (right).

Fig. 4.3. Example 4.2: the approximation solutions of u (left) and y (right).



540 L. YUAN and D.P. YANG

Likewise, we compute this problem on a uniform mesh and an adaptive mesh, respectively.
Numerical results are presented in Table 4.2, where the mesh information is displayed together
with L? approximation errors for the control and states.

Table 4.2: Numerical results of Example 4.2

u,y, p on uniform mesh u, Yy, p on adaptive mesh
U Y p U Y p
Number of nodes | 143360 143360 143360 15481 12247 12247
L? error 1.45e-03 | 1.58e-04 | 9.45e-05 | 1.14e-03 | 1.50e-04 | 8.75e-05

In this case, the control and states have different singularities. It can be clearly seen that
on the multiple adaptive meshes one may use 10 times fewer degree of freedoms (DOF's) in the
control and states variables to produce a given L? control error reduction.

Example 4.3. The final example is to solve a control problem of type (4.1) with the exact
solutions:

p =sinmrysinTry, u=ug—p,

1, ifa? <oy
v = { 0, else,
y = sin 27z sin 27w, yq =y — Ap — 0.4,
A=-04, f=—-Ay—u. (4.3)

Again, we compute this problem on a uniform mesh and an adaptive mesh, respectively.
Numerical results are presented in Table 4.3, in which the mesh information is displayed together
with L? approximation errors for the control and states.

Table 4.3: Numerical results of Example 4.3

u, y, p on uniform mesh u, Yy, p on adaptive mesh
U Y p U Y p
Number of nodes 65536 65536 65536 4246 2407 2407
L? error 3.08e-02 | 9.82e-05 | 5.09e-05 | 2.94e-02 | 4.27e-03 | 1.85e-03

The numerical results show that the a posteriori error indicator works well. Adaptive meshes
can capture the singularities of the solutions so that the number of DOFs is reduced substantially
to one tenth of that used for the uniform mesh.

Fig. 4.4. Adaptive meshes
for the state (left) and for
the control (right) in Exam-
ple 4.3.
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Fig. 4.5. Discretized solutions of p,y and v in Example 4.3.

In Figures 4.4-4.5, we present the adaptive meshes and the discretized solutions of u and y.
It can be clearly seen from the right of Figure 4.4 that the locations of the jumps were

correctly reflected in the adaptive meshes. These jumps require a large number of the DOFs
to resolve and this would significantly increase the number of the DOFs for the computation
should a uniform mesh were used.
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