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Abstract

In this paper we study the variational discretization and mixed finite element
methods for optimal control problem governed by semilinear parabolic equations.
The space discretization of the state variable is done using usual mixed finite el-
ements. The state and the co-state are approximated by the lowest order Raviart-
Thomas mixed finite element spaces and the control is not discreted. Then we derive
a priori error estimates both for the coupled state and the control approximation.

Keywords: A priori error estimates, semilinear parabolic optimal control prob-
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1 Introduction

Optimal control problems governed by semilinear parabolic equations is an im-
portant problem in engineering applications. The finite element method was un-
doubtedly the most widely used numerical method in computing optimal control
problems. There have been extensive studies in convergence of the finite element
approximation of optimal control problems. For optimal control problems governed
by linear elliptic equations, a priori error estimates of the standard finite element dis-
cretization were established long ago, see, for example, Falk [10]. The authors pre-
sented error estimates of finite element approximations of state constrained convex
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parabolic boundary control problems in [1]. Then, Malanowski in [21] established
a priori error estimates for the finite element approximations to convex constrained
optimal control systems. In [2] the authors considered the finite element approx-
imation of a distributed optimal control problem governed by a semilinear elliptic
partial differential equation, where pointwise constraints on the control were given.
Casas studied the numerical approximation of distributed semilinear optimal con-
trol problems and proved that the L*-error estimates were of order o(h), which was
optimal according to the C'%!(Q))-regularity of the optimal control in [3]. While
the a priori error analysis for finite element discretization of optimal control prob-
lems governed by elliptic equations was discussed in many publications, see, e.g.,
[13, 26], there were only few published results on this topic for parabolic problems.
Meidner and Vexler proposed a priori error estimates for space-time finite element
discretization of parabolic optimal control problems without control constraints in
[22]. The space discretization of the state variable was done using usual conform-
ing finite elements, whereas the time discretization was based on discontinuous
Galerkin methods. Some recent progress in a priori error estimates can be found
in [15, 24], but there were only few published results on this topic for nonlinear
optimal control problems.

In many control problems, the objective functional contains gradient of the state
variables. Thus the accuracy of gradient is important in numerical approximation
of the state equations. Mixed finite element methods are appropriate for the state
equations in such cases since both the scalar variable and its flux variable can be
approximated to the same accuracy by using such methods, see, for example, [16].
However, there was only very limited research work on analyzing such elements for
optimal control problems. Recently, we have derived a priori error estimates, a pos-
teriori error estimates and superconvergence for quadratic optimal control problems
using mixed finite element methods in [4, 5, 6, 7, 8, 18, 19, 20, 27].

In [14], the author first presents the variational discretization concept for optimal
control problems with control constraints, with implicitly utilizes the first order
optimality conditions and the discretization of the state and adjoint equations for the
discretization of the control instead of discretizing the space of admissible controls.

In this paper, we adopt the standard notation W' ((2) for Sobolev spaces on §)

with anorm || - ||, given by || v |5, = > | D% ||’2P(Q), a semi-norm | - |,
|a| <m
givenby | v [, = > || D% [T, Weset Wi™"(Q2) = {v € WmP(Q) :
|a|=m

v |aga= 0}. For p = 2, we denote H™(Q) = W™2(Q), HIQ) = W*(Q), and
I Mlm=I - llma2, || - = - llo.2- We denote by L*(0, T'; W™P(€2)) the Banach space

of all L*® integrable functions from J into W"™P(Q)) with norm || v |
1

Le (JWmop ()=

(fOT ||v\|§vm,p(mdt); for s € [1,00), and the standard modification for s = oc.
The details can be found in [17].
In this paper we study a priori error estimates of the variational discretiza-
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tion and mixed finite element methods for optimal control problem governed by
semilinear parabolic equations. We focus our attention on the following semilinear
parabolic optimal control problem:

. 1 r — —
i {—/ (U 7= 2+ 1y =g |2+ 1w ) dt} )
0

ut)ekcU | 2

subject to the state equation

yi(z,t) + divp(ax, t) + é(y(z,t) = f(x,t) + Bu(z,t), z € Q, t € J, (2)
pla,t) = —A(z)Vy(x,t), = €Q, (3)
y(r,t) =0, x € 09Q, t € J, y(z,0) = yo(z), € Q, 4)

where the bounded open set Q C R?, is 2 regular convex polygon with boundary
o0, J = (0,7, f € L*(J;L*(Q)), and U = L*(J; L*(Q)). For any R > 0 the
function ¢(-) € W2*(—R, R), ¢'(y) € L*(Q) for any y € L*(J; H*(R)), and
¢'(y) > 0. Here, A(z) € H'(Q2) and K denotes the admissible set of the control
variable, defined by

K = {u(z,t) € L*(J; L*(Q)) : u(z,t) >0ae.z€Q, t € J}. (5)

The outline of this paper is as follows. In Section 2, we construct the varia-
tional discretization and mixed finite element discretization for the optimal control
problem (1)-(4). In Section 3, we derive a priori error estimates for the variational
discretization and fully discrete mixed finite element approximation of the semilin-
ear parabolic optimal control problem. Finally, we analyze the conclusion in section
4.

2 Variational Discretization and Mixed Methods
First, we introduce the co-state parabolic equation
—z —div(A(Ve+p—pa) + W)z =y —ya, €, (6)
with the conditions
2(x,t) =0, 2 €0Q, teJ;, z(x,T)=0,x€c.

Next, we assume that the two given functions py, 34 are continuously differentiable
with respect to ¢, moreover, y, € L*(J; H*(Q2)), pg € (L*(J; H*(Q)))2.

We now describe the variational discretization and mixed finite element ap-
proximation of semilinear parabolic optimal control problem (1)-(4). Let V =
H(div) = {¢ € (L*Q))* divi € L*()} endowed with the norm given by
Il 2qaivy = (1915 0 + [|dive§ o)'/2. We denote W = L(Q).
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We recast (1)-(4) as the following weak form: find (p, y, u) € V x W x K such
that

1 T
ug}}gU{Q/O (17 = 2all® + lly — yall* + l[ul®) dt} (7)
(A7'5,0) — (y,divD) =0, Vo € V, (8)
(ye, ) (divp, w) + (¢(y), w) = (f + Bu,w), Yw € W, )
y(z,0) = yo(x), YV € Q. (10)

It is well known (see, e.g., [17]) that the optimal control problem (7)-(10) has
a solution (7, y, u), and that a triplet (p, y, u) is the solution of (7)-(10) if and only
if there is a co-state (¢, z) € V x W such that (7, y, ¢, z, u) satisfies the following
optimality conditions:

(A7'5,0) — (y,dive) =0, Vo € V, (11)
(ye, w) + (divp, w) + (¢(y), w) = (f + Bu,w), Yw € W, (12)
y(z,0) = yo(x), Yz € Q, (13)
(A71q, ¥) — (2,dive) = —(§ — Py, ¥), V0 € v, (14)
— (24, w) + (divg, w) + (¢'(y)z,w) = (y — ya, w), Yw € W, (15)
2(x,T) =0, Vo € Q, (16)
/T(B*z V@ — u)pdt > 0, Vi € K, (17)
0

where B* is the adjoint operator of B and (-, -)y is the inner product of U. In the
rest of the paper, we shall simply write the product as (-, -) whenever no confusion
should be caused.
We also assume that both parabolic equations (2) and (6) have sufficiently regu-
larity and w € L*(J; Wh>°(Q)), y, z € L*(J; H*(Q)), p, ¢ € (L*(J; H*(Q2)))%.
Let T}, be regular triangulation of 2. They are assumed to satisfy the angle
condition which means that there is a positive constant C' such that

Ch2 < |7| < ChZ, V7 €Ty,

where |7| is the area of 7 and h. is the diameter of 7. Let h = max h,. In addition
C or ¢ denotes a general positive constant independent of h.

Let Vh x W, C V x W denote the Raviart- Thomas space [25] of the lowest order
associated with the triangulation T}, of 2, namely, V(1) = {7 € P2()+z-Py(7)},
W(r) = Py(1),VT € T}j,, where Py denotes the space of polynomials of total degree
at most k, x = (1, x2) which treated as a vector, and

Vi={theV:VreTy Gl eV}
W, = {wh eW . Vre Th, wh]T € W(T)}
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The mixed finite element discretization of (7)-(10) is as follows: compute (p},, ys,
up) € Vi, x W), x K such that

T
iy {3 [ 17l + Lo P+ o) e (18)
(A7, ) — (yn, dives,) = 0, Vai, € Vi, (19)
(Yne, wn) + (divph, wr) + (¢(yn), wn) = (f + Bun, wy), Yw, € Wy, (20)
yn(x,0) =Y (x,0), Vo € Q, (21)

where Y (z,0) is the elliptic mixed methods projection into the finite dimensional
space W), of the initial data function y,(z).

The optimal control problem (18)-(21) again has a solution (P}, yp, up), and
that a triplet (pj,, yn, up,) is the solution of (18)-(21) if and only if there is a co-state
(Gn, zn) € Vi, x W), such that (Ph, Yn, Gh, 2n, up) satisfies the following optimality
conditions:

(AP, On) — (yn, divi,) = 0, (22)

(Ynt, wn) + (divph, wi) + (6(yn), wn) = (f + Bup, wy), (23)
yn(z,0) =Y (x,0), Vo € Q, (24)

(A" G, B) — (20, divTy) = —(Ph — P, Un), (25)

—(2nt, wn) + (divgy, wn) + (" (yn) 2n, wn) = (Yn — Ya, wn), (26)
zp(x, T) =0, Vo € Q, 27

(B*zp, + up, Uy, — up) > 0, (28)

where U € Vh,wEWh,ﬁeK.

We now consider the time discretization of the difference methods. Let At > 0,
N =T/At € Z,and t" = nAt,n € Z. Also, let

n __ ,n—1
Y=g =g, dn =T

We define for 1 < p < oo the discrete time dependent norms

1

N P

Lo im0y = (E :AtIW"Hfi) :
n=1

and the standard modification for p = oo.
Then we define the fully discrete finite element solution (77, yit, @7, 2", ult) sat-
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isfies
(A™'y, 0) — (yp, divd) = 0, (29)
(deyp,, w) + (divpy, w) + (¢(y), w) = (f + Buy, w), (30)
yn(z) =Y (2,0), Yz € Q, (31)
(A7'@ 1 0) — (277, divd) = — () — pa, D), (32)
—(dyzpy, w) + (divgy ™" w) + (&' (i) 2~ w) = (yi — ya, w), (33)
2V (r) =0, Vz € Q, (34)
(B* 2 +up, i —u}l) >0, (35)

where 7 € Vi, w € W), @i € K.
For ¢ € W), we shall write

d(p) — d(p) = =& () (p— ) = =& (pP)(p— ) + &"(0)(p— ¢)*,  (36)

are bounded functions in 2 [23].

3 A Priori Error Estimates

In the rest of the paper, we shall use some intermediate variables. For any control

—

function @ € K, we first define the state solution (p(@), y(u), ¢(u), z(@)) associated
with @ that satisfies

(A~1p(a), ) — (y(a),dive) =0, Vi e V, (1)

(ye(10), w) + (divp(a), w) + (¢(y(@)), w) = (f + B, w), Yvw e W, (2
y(a)(z,0) = yo(x), Vo € Q, 3)

(A~Lq(@), ¥) — (2(@), divi) = —(pl@) — fig, 0), V5 €V, (4)
—(ze(w), w) + (divg(a), w) + (¢'(y())z (@), w) = (y( ) = Ya,w), Yw € W,(5)
z(a)(z, T) =0, VY € Q. (6)

Then, we define the discrete time state solution (p" (), y™ (@), " (@), 2"~ (a)) of
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the system (1)-(6) associated with @ € K that satisfies

(A=L5(@), 7) — (y™(@),dive) = 0, Vi € V, (7
(i (@), w) + (divp™ (@), w) + (¢(y" (@), w) = (f + Ba,w), Vw € W, (8)
y°(@)(z) = yo(x), Vo € Q, )

: .

(A7), 0) — (2" Y(a), dive) = —(p" (1) — py, V), VU €V, (10)
— (27 (), w) 4 (divg" (@), w) + (¢ (y"(@))2" " (@), w) (11)
= (y™(a) — yg,w),Yw € W, 2N (a)(z) =0, Vz € Q. (12)

According to the assumption on the domain (2, we can easily observe that 2 is
2 regular. The domain (2 is said to be 2 regular if the Dirichlet problem

Lyp = —div(A(z)Ve) + Ap = F, x € Q, (13)
=0, x €09, (14)

is uniquely solvable for F' € L?(Q) and if ||| < || F|o forall F' € L*(Q).

For any @ € K, we define an elliptic projection (P"(@), Y™(@), Q"(@), Z™(i))
of the solution of the differential problem into the finite dimensional space Vh x Wy,
to be the map (P(@),Y (), G(a), Z(@)) : {0, 4,2, ....t" = T} — V, x W, given
by

(A~Y(7"(@) — P(@)), ) — (y"(@) — Y™(@),dive) = 0, VT € Vi, (15)
(div(p™(@) — P™(@)), w) + Ay (@) — Y™(@),w) = 0, Yw € Wy, (16)
(AN (@) — Q™(@)),7) — (2"(@) — Z™(@),dive) = 0, Vi € V,, (17)
(div(7*(@) — Q™(@)), w) + A(z"(@) — Z"(q@),w) =0, Yw € W,. (18)

Let A > 0, such that X is sufficiently large so that the bilinear form associated with
Ly (+) is coercive over H} (). In fact, let A be chosen so that [9]:

(A7'E,€) + An,m) = C(I€lI5 + Inllg), V& € V, ¥y e W (19)

The projection (15)-(18) is associated with the operator L. Let
=yt (w) =Y (w), o} =" (w) — P(w), (20)
Ty = 2" (up) — Z" (up), oy = q"(up) — Q" (up). (21)

Estimates for 7%, 75, o, and o4 are given in [11]. We state them here without a
proof.

Lemma 3.1 Fort € J and for h sufficiently small, there is a positive constant C
independent of h such that

lo7llo + lI71"llo + 171" lo.cc < Ch, (22)
lozllo + 175" llo + 175" llo.cc < Ch, (23)

|divey||o + [|divey]lo < Ch. (24)
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Estimates for 77}, 79;, 07}, and 0%, are given in [12]. We state them here without a
proof.

Lemma 3.2 Fort € J and for h sufficiently small, there is a positive constant C
independent of h such that

lotillo + i llo + [T llo,00 < Ch, (25)
logillo + I7atllo + [[73:llo,00 < Ch, (26)
[divatyllo + [[diveg,|lo < Ch. (27)

With the aid of Lemmas 3.1-3.2, we can also derive the following error esti-
mates:

Theorem 3.3 There is a positive constant C' > 0, independent of h, such that

C(At+h), (28)

P(un) = pulllLoe (7 aivy) + Ny (un) = yullloo ;220
1 C(AE+R). (29)

| q(un) — @nlll Lo (rsmraivy) + [l12(un) = 2nlll Lo (5220

IAINA

Set some intermediate errors:

e

e

I
TR

- ﬁn(uh)a 71711 = yn - yn(uh)a (30)
— " (un), ry = 2" — 2" (up). (31

From (11)-(16) and (7)-(12), we derive the following error equations:

NI =3

(A~len §) — (r7, dive) = 0, V& eV, (32)
(g — dyy™ (un), w) + (divel, w) + (¢ (y™)r}, w) (33)
= (B(u™ —u}),w), Yw € W,
(ALen =1 3) — (r}~ 1, divD) = —(e?,7), VT € Vi, (34)
—(2p = d2"(up), w) + (dives ™, w) + (¢ (y™)r5 ™, w)
(@ (") un), w) = (77, w), Yw € Wi, (35)

Theorem 3.4 There is a constant C' > 0, independent of h and At, such that

12" — plun) || Lo (51 (@ivy) + 11|y — y(un)| ||z ;2 (0))

< C(At+ h+ |Ju = unll L2020, (36)
17— qQun)|l| 2o (rimaivy) + 112 = 2(un) ||| Lo (1,120
< C(At—l—h—i-|||u—uh|||L2(J;L2(Q))). (37)

Proof. Part I. Choose v = e and w = r] as the test functions and add the two
relations of (32)-(33), then we obtain that

(A7l ef) + (@' (") rt) = (B = i), 7)) = (7 — dey” (un), 7).
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By using J-Cauchy inequality, we can find an estimate as follows
le2 15 + 17715 < C (A1 + B? + u™ — up5) + 8[lr7I[5, (38)
for any small 4 > 0. This leads to
letllo + [l llo < C(AL + A+ [[u" — ugllo). (39)
Now, take w = dive! as a test function in (33), then we get

Idivey[|s = (B(u" — u}), divey)

—(yi" — dyy" (up), divel’) — (&(yﬁ)r’f, dive?)
< Clly — dey™ (un) g + Cllu™ = upllg + Cllr7|[[§ + dlldiver[|5,  (40)

then, using the estimate (39), we have
[divetflo < Clly — dey™ (un)llo + Cllu™ — uillo + Cllri o
< C(At+h+ [lu = ujllo)- (41)

Then (36) follows from (38) and (41).
Part IL Similarly, choose o = €5 ! and w = r5~' as the test functions and add the
two relations of (34)-(35), then we obtain that

(A~tes ™ 5™ + (@ (y™)rs Ly = () + () = die2™(un), 5
—(ef ey ™) — (@"(y™)2"(up)ri 5 7).
Then, using 6-Cauchy inequality, we can find an estimate as follows
les 2+ I3 < C ((A0)2 + 12 + [lu — g 13)
+O([Iry IS + s 15), (42)
or equivalently,
lez ™" lo + I3~ lo < C(AL + A+ [[u™ — ujllo). (43)
Taking w = dive) ! as a test function in (35) and using J-Cauchy inequality, then
we get
|dives |2 = (r?, divey ) - (¢'(y™)ry ', diveh ™)
+(2 — dy2™(up), divey ™) — (¢ (y™) 2" (up)r}, divey ™)
< Cllgp = diz"(un)llg + ClIrP 5 + Cllrs 5 + dlidives M3, (44)
then, using the estimate (39) and (43), we verify that
|dived o < C(At+ b+ ||u™ — ul]]o). (45)

This implies (37).
Now we combine the bounds given by Theorems 3.3-3.4 to come up with the
following main results.
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Theorem 3.5 Let (5,y, 7, z,u) € (VX W)2x K and (B, Y, G, 20, up) € (Vi X
W3)? x K be the solutions of (11)-(17) and (22)-(28), respectively. Assume that
Vn=10,1,---,NJ], B*2" +u" € H'(Q). Then, we have

10" = Dhll[Loe (1 aiv)) + 11y — Yl [l o220 S C(At+h), 47
17— @nlllzerm@ivy) + 112 = 2alll e (rs2(0)) < C(AL+ h). (48)

4 Conclusions

In this paper, we derive a priori error estimates of the variational discretization and
mixed finite element methods for semilinear parabolic optimal control problem.
Our priori error estimates for the optimal control problems governed by semilinear
paraboli equations by the variational discretization and fully discrete mixed finite
element methods seem to be new.
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