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Abstract—1In this paper, we investigate a posteriori error estimates of a mixed finite element method
for elliptic optimal control problems with an integral constraint. The gradient for our method belongs
to the square integrable space instead of the classical H(div;2) space. The state and co-state are
approximated by the P#-P; (velocity—pressure) pair and the control variable is approximated by
piecewise constant functions. Using duality argument method and energy method, we derive the
residual a posteriori error estimates for all variables.
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1. INTRODUCTION

Optimal control problems governed by partial differential equations have been widely studied and
applied in the science and engineering numerical simulation. Many numerical methods have been de-
veloped to solve these optimal control problems, among them, the standard finite element approximation
of optimal control problems has been extensively studied in the literature. It is impossible to even give
a very brief review here. For the studies about convergence and superconvergence of finite element
approximations for optimal control problems, see[1, 6, 9, 15, 16, 25—29] for the standard finite element
method, see[4, 5, 7] for Raviart—Thomas mixed finite element method, and see [11]for splitting positive
definite mixed finite element method. A systematic introduction of finite element methods for PDEs and
optimal control problems can be found in, for example, [3, 18].

Adaptive finite element approximation is among the most important means to boost the accuracy
and efficiency of finite element discretizations. It ensures a higher density of nodes in a certain area
of the given domain, where the solution is more difficult to approximate. At the heart of any adaptive
finite element method is an a posteriori error estimator or indicator. In recent years, the adaptive finite
element method has been extensively investigated in optimal control [2, 13, 14, 19—24, 32, 33]. Sharp
a posteriori error estimators of finite element method for a class of distributed elliptic optimal control
problems are derived in [19]. The recovery type a posteriori error estimates of finite element approximation
are obtained for elliptic optimal control problems [20]. In [22], Li and Yan investigated a posteriori error
estimates of finite element method for an elliptic boundary control problem. They considered a posteriori
error estimates for optimal control problems governed by Stokes equations [23]. They also discussed a
posteriori error estimates of fully discrete finite element method for parabolic optimal control problems,
the backward Euler method and the discontinuous Galerkin method were used for time discretization
in [24] and [21], respectively. In [2], the authors analyzed finite element Galerkin discretizations for
a class of constrained optimal control problems that are governed by Fredholm integral or integro-
differential equations. The analysis in that paper focused on the derivation of a priori error estimates
and a posteriori error estimators for the approximation schemes. In [32], the authors derived equivalent a
posteriori error estimators with lower and upper bounds of finite element approximation of a constrained
optimal control problem governed by a parabolic integro-differential equation. In [14], Hou developed a
mixed discontinuous finite element method for linear parabolic optimal control problems, and derived a
priori and a posteriori error estimates.
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In recent years, Chen et al. [8] developed a new mixed finite element scheme and used a PZ-P;
finite element pair for solving partial differential equations. The gradient of the primal variable for this
method belongs to the square integrable space instead of the classical H(div;2) space. Using this
method, we can derive two approximations for the gradient of the primal variable y, one is the numerical
approximation solution py,, the other is the derivative of the approximation solution y,.

The goal of this paper is to derive a posteriori error estimates of a new mixed finite element
approximation for elliptic control problems. We are interested in the following linear optimal control
problems for the state variables p, y, and the control v with an integral constraint:

. 1 9 1 2, Vo2
_ _ 1.1
Jé%fd{2up pyll* + 2Hy yall* + 2HUH } (1.1)

subject to the state equation

—div(A(z)Vy) = f +u, z€Q, (1.2)

which can be written in the form of the first-order system

divp=f+u, p=—-—AVy, x €, (1.3)

and the boundary condition

y=0, x €0, (1.4)

where Q is a polygonal domain. U,4 denotes the admissible set of the control variable, defined by

Und = {UELQ(Q):/udm>O}.

Q

We assume that yg € H'(Q), py € (H'(Q))? and v is a fixed positive number. The coefficient A(x) =
(aij(x)) is a symmetric matrix function with a;;(x) € Wh°°(Q), which satisfies the ellipticity condition

2
all® <Y ag(n)&é < a'lgf’, V() ERP X Q, 0<a, <a”.
ij=1

The plan of this paper is as follows. In Section 2, we construct our new mixed finite element
approximation scheme for the optimal control problem (1.1)—(1.4) and give its equivalent optimality
conditions. The main results of this paper are stated in Section 3. In this section, by using the duality
argument method and the energy method, we derive the residual a posteriori error estimates for all the
variables. In Section 4, we briefly summarize the results obtained and some possible future extensions.

In this paper, we adopt the standard notation WP (§2) for Sobolev spaces on Q with a norm || - ||
given by

[y = 3 1D, g,

laj<m

and a semi-norm | - |, ,, given by

‘v‘gl,p: Z “Dav“ip(ﬂ)‘

|a)l=m

We set Wi"P(Q) = {v € W™P(Q) : v]sq = 0}. For p = 2, we denote H™(Q) = W™2(Q), H*(Q) =
W), and || -l =1 - llma2, || -1l =1 - llo2- In addition, C' denotes a general positive constant
independent of h, where h is the spatial mesh-size for the control and state discretization.
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2. MIXED METHODS FOR OPTIMAL CONTROL PROBLEMS

In this section, we shall construct our mixed finite element approximation scheme of the control
problem (1.1)—(1.4).
Let
V = (L*(Q))* and W = H}(Q).

Asin[8], for (1.3), we get the following mixed variational form:

— (p,Vw) = (f + u,w), Vw e W,
(A7'p,v) + (Vy,v) =0, Vv eV,

where (-, -) is the inner product of L2(2).
Now, we recast (1.1)—(1.4) as the following weak form: find (p,y,u) € V- x W x U4 such that

min o= pll+ = val? + 5l 21)
(A7'p,v) + (Vy,v) =0, Vv € V. (2.3)

Since the objective functional is convex, it then follows from [18] that the optimal control problem
(2.1)—(2.3) has a unique solution (p,y, ), and that a triplet (p,y,u) is the solution of (2.1)—(2.3) if
and only if there is a co-state (g, z) € V' x W such that (p,y, g, z, u) satisfies the following optimality
conditions:

—(p,Vw) = (f+u,w), Vwe W, (2.4)
(A lp,v) + (Vy,v) =0, Vv €V, (2.5)
(g, Vw) = (y — ya,w), Yw €W, (2.6)
(A7'q,v) = (Vz,0) = (p—pg,v), YV EV, (2.7)
(vu+z,0—u)>0,Va € Uy. (2.8)

In [10], the expression of the control variable is given. Here, we adopt the same method to derive the
following operator:

- max{O,Z}—z’ (2.9)

14

where z = [ z/ [ 1 denotes the integral average on €2 of the function z.
Q  Q

Let 7;, denote a regular triangulation of the domain €2, h denotes the diameter of 7 and h = max h.
Let Vi, x W), C V' x W be defined by the following finite element pair P-P; (8, 31];

Vi, = {vy = (vin,van) € V]vip, vop € Po(7), VT € T},
Wi, = {w, € CUQ) NW|wy, € Py(7), V7 €Ty}

And the approximated space of control is given by
Up :={up € Uyq : V7 € Tp, Upl|r = const}.
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Before the new mixed finite element scheme is given, we introduce three projection operators. Firstly,
we define the standard elliptic projection [3] P, : W — W), which satisfies: for any ¢ € W

(AV(¢ — Ppo), Vwy) =0, Ywy, € Wh, (2.10)
I — Puglls < CR*~*||glla, ¥ ¢ € H*(2), s =0,1. (2.11)

Next, we define the standard L? projection II;, : V' — V,, which satisfies: forany q € V

(@ —Hpgq,vp) =0, Vv, € Vy, (2.12)
[rgl < Cllql, (2.13)
lg — gl < Chlig|1, Vg e (H'(2)* (2.14)

At last, we define the standard L%-orthogonal projection @Qp, : Usg — Uy, which satisfies: for any
u € Uy

(u — Qhu,’fbh) =0, Vuy € Uy. (2.15)

We have the following approximation property:

|u— Quull—s, < Ch™S|uly,, Yu e W (Q), s =0,1. (2.16)

Then the new mixed finite element discretization of (2.1)—(2.3) is as follows: find (py,, yp, un) €
Vi, x Wy, x Uy, such that

. 1 9 1 9 VU 9
i {0 pall 4 o = val? + a2} (2.17)
— (Pp: Vwp) = (f + up, wp), Y wy, € Wh, (2.18)
(A~ 'y, vn) + (Vyn,vp) =0, Vo, € Vi (2.19)

As in the continuous case, the above optimal control problem has a unique solution (py,, yp, un), and a
triplet (py,, yn, up) is the solution of (2.17)—(2.19) if and only if there is a co-state (qy,, zp) € Vi x W),
such that (py,, yn, @y, 2n, up) satisfies the following optimality conditions:

—(Pn, Vwp) = (f +up,wp), Ywp € W, (2.20)

(A py,vp) + (Vyn,vp) =0, Yo, € Vy, (2.21)

(gn, Vwp) = (yn — ya,wr), Ywp € Wp, (2.22)

(A7 q,,vp) — (Vau,vp) = (py, — gy vR), Yo, € Vi, (2.23)
(vup + zp, ap —up) >0, Yap € Up. (2.24)

For the variational inequality (2.24), we have the following conclusion.

Lemma 2.1[10]. Assume that zj, is known in the variational inequality (2.24). The solution of the
variational inequality (2.24) is

z z J
up = Qp <—Vh+max{0, Vh}>, zh:Qfl.
Q

In the rest of the paper, we shall use some intermediate variables, we define the state solution
(p(un), y(un), q(up), z(up) € (V x W)? that satisfies
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—(p(up), Vw) = (f +up,w), YweW, (2.25)

(A" 'p(up),v) + (Vy(up),v) =0, YveV, (2.26)

(q(up), Vw) = (y(un) — ya,w), YweW, (2.27)

(A_lq(uh),'v) - (Vz(uh),v) = (p(uh) —pd,'v), YveV. (2.28)

3. A POSTERIORI ERROR ESTIMATES

In this section, we will discuss the residual type a posteriori error estimates for the optimal control
problems. In order to derive our estimators, we need the following three important lemmas.

Lemma 3.1[3]. Lef my, be the standard Lagrange interpolation operator. Form = 0or1and q > ;
"U - 7Th'U|W'm,q(Q) S Chz_m|'l)|w2,q(ﬂ). (31)

Lemma 3.2. Let @, be the average interpolation operator defined in [30]. For m =0 or 1 and
1<g< oo

v = Fpvlwmagy < Y CRE ol Vo € WH(Q). (3.2)
FIOF£D

Lemma 3.3[17]. Forv e Wh4(Q) and 1 < q < oo,

_1 11
[v]lwm.a@ry < C (hr “Nvllwoar) + hr q|U|W1vq(T)> : (3.3)

Using the stability estimates, we have the following lemma.

Lemma 3.4. Let (p,y,q,z) and (p(up),y(un), q(up), z(up)) be the solutions of (2.4)—(2.7) and
(2.25)—(2.28), respectively. Then we have

1y = y(un)ll + IV (y = y(wn)ll + llp — pun) || < Cllu — unll, (3.4)
Iz = z(un) | + IV (2 = 2(un))l| + [l = q(un)[| < Cllu— || (3.5)

As in[10, Lemma 3.2], we can prove that
Lemma 3.5. Let u and wy, be the solutions of (2.4)—(2.8) and (2.20)—(2.24), respectively. Then we
have

lu —un|® < Crpg + Cllz(un) — zll*, (3.6)
where
m = Y llzn — QnznllZz(r-
TET,
Now, we shall derive our main results.

Theorem 3.1. Let (u,y,p, z,q) and (up, Yn, Pn, 21, Q) be the solutions of (2.4)—(2.8) and (2.20)—
(2.24), respectively. Then we have
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2
lu = wnl® + IV (y = y)I* + I = 2ull* + IV (= = 20) P + g —anl> < CY_nf, (3.7

i=0
where ng is defined in Lemma 3.5, and
M= Z hZ||f +Uh”2L2(T) + Z /hl[ph -n]? + Z 1A~ p), + Vyh”%Q(T)’
TET, €07y, 1 TET,
m = B2llyn —vallio + D /hl[qh 0+ oy —pa— A g+ Vanlia ),
T€T), ledTy Y T€T)

where lis an edge of an element 7, [vy, - n; is the normal derivative jumps over the interior edge
l, defined by

[vn -0 = [val1 — val2] - m,

where n is the unit normal vector on | = 7 N 77 outwards 1}, by is the maximum diameter of the
edgel.

Proof. For the sake of simplicity, let
€y = y(un) — yn, ep = p(un) — Pps

ez = z(un) — zn, eq = q(un) — qy,-

From Egs. (2.25)—(2.28) and (2.20)—(2.23), we can easily obtain the following error equations:

—(ep, Vwyp) = 0, Ywy, € Wp, (3.8)

(A ep,vp) + (Vey,v) =0, Vo, € Vy, (3.9)
(eq,th) = (ey,wp), Ywy, € W, (3.10)

(A~ teq,vp) — (Ves,vp) = (ep,vn), Yoy € V. (3.11)

[t follows from the assumption on A, (3.8), (3.9), (2.20), (2.21), (2.25), (2.26), (3.2), (3.3), and
Cauchy inequality that
Cllepll® < (A~ (p(un) — pp), P(un) — pp)
= (A7 (p(un) = pn). p(up)) — (A~ p(un), pp) + (A7 Dy, py)
= (Vy(un), p(un)) — (A'p(un), pp) + (Vy(un), pn) — (Vyn, p(un))
= — (f +un ey) = (A"'py, + Vyn,ep) — (o, Vey)
= — (f +un,ey — ney) — (A7'py + Vyn,ep) — (Py, Ve, — ney))

= - Z /(f +up)(ey — fney) — (A" py, + Vyn, ep) — Z /[Ph -n|(ey — Tpey)
r€Th 107, "

C
< Cllml* + elleyllt + . llepl* (3.12)
Moreover, using Poincare’s inequality and (2.26), it easy to see that
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leylIf <ClIVey|I? = Ol = A ep — (A py + Vi) |I®
<ClA o ccllepll” + ClA™ Py + V. (3.13)
For sufficiently small €, using (3.12) and (3.13), we have

eyt + lepl® < CllmlI*. (3.14)
Similar to (3.12) and (3.13), we have

Cllegl* < (A (q(un) — q1,), a(un) — q3)
= (A7 q(up), q(up)) — (A" qp, q(un)) = (Ves, a,) — (ep, an)
= (yn — ya,€z) — (@n, Vez) + (ep,eq) + (ey,e2)
+ (P = Pa+ Van — Ay, eq)
= (Yn — Yd, ez — Thez) — (qp,, Ve, — Tphez)) + (ep,eq) + (ey, €2)
+ (pn, —Pa+ Van — A7 gy, eq)

= > v = e = X [lan wlfes — )

TeT) T €Ty, 1
+ (pp, —pg+ Vzp — A lq,, eq) + (ep,eq) + (ey.e2)
C
< Clnall* +elle: [l + , llegl* + Cliepl* + Clley | (3.15)

and
le|[f <C|[Ve||* = ClIA™ q(un) — p(un) + pg — V)||*

<C||A  ocllegl® + Clipn — Pa+ Van — Ay ||* + Cllep . (3.16)

For sufficiently small €, using (3.15) and (3.16), we have
ezl + legll* < CUml* + lleyI* + llepll®). (3.17)
Now, combining (3.14), (3.17), Lemmas 3.4 and 3.5, we complete the proof.

Next, we recall a result from Grisvard [12].

Lemma 3.6 [12]. For every function F € L*(), the solution ¢ of

—div(AVe¢) = F inQ, ¢lgn =0, (3.18)
belongs to H} () N H?(Q). Moreover, there exists a positive constant C such that
[8ll2 < C||F|. (3.19)

Theorem 3.2. Let (u,y,p, z,q) and (up, Yn, Pn, 21, Q) be the solutions of (2.4)—(2.8) and (2.20)—
(2.24), respectively. Then we have

2
= wnl? + Iy —wnl® + 2 — znl* < C <773 + Zﬁ?) : (3.20)

i=1
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where ng is defined in Lemma 3.5 and

M= Wl +unlliem + /h?[Ph'n]z + Y WA, + VG

T€T), ledTy Y T€T)
0 4 2 3 2 2 - 2
= > Iy, - Yallz2¢ry + > /hl g, -0]* + > h2|p, —py— A gy + Vanll72(ry-
TET, €07y, 1 TET,

Proof. First, let ¢ € H?(2) N H(2) be the solution of (3.18) with F' = y(uy,) — yp,. We can see that

ley|I? = (AV¢, Vey)
= (AVo, Vy(up)) — (AVe, Vyr + A~ 'py) + (py, V)
= (Vyn + A7'py, I (AVY) — AVQ) + (py,, V) + (f + un, ¢)
= (Vyn + A 'y, I (AVS) — AVS) + (py, V(¢ — ) + (f + tn, ¢ — mh)
< C|oll271, (3.21)

where we used (3.8), (3.9), (2.20), (2.21), (2.25), (2.26), (3.1), (3.3), (2.14), and Cauchy inequality.

Second, let ¢ € H2(Q) N H}(2) be the solution of (3.18) with F = z(uy,) — z5,. Similar to (3.21), we
have

le-|I* = (AV ¢, Ve.)
= (Pn — Pg— A7 ay + Vi, N, (AVY) — AVY) — (g, V)
+ (Yn — Yd, ) + (ey,®) — (ep, AVQ)
= (Yn = Yar & — ) = (@n: V(6 = m9)) = (Vyn + A7 'y, Ty (A*V9) — A’V )
+ (e, 9) + (e, diV(A*V ) + (P, — pa — A gy, + Vap, 4 (AVY) — AV9)
< Cllll2(in + 2 + [ley)- (3.22)
Using (3.19), (3.21), (3.22), and Lemmas 3.4 and 3.5, we complete the proof of the theorem.

4. CONCLUSIONS

In this paper, we discussed a posteriori error estimates of a new mixed finite element method for a
linear elliptic optimal control problem (1.1)—(1.4). Notice that the gradient of the primal variable for
this method belongs to the square integrable space instead of the classical H(div; 2) space. Using this
method, we can derive two approximations for the gradient of the primal variable y, one is the numerical
approximation solution p;,, the other is the derivative of the approximation solution y;,. Our a posteriori
error estimates for linear elliptic optimal control problems by the mixed finite element method seem to be
new. In our future work, we will investigate a priori and posteriori error estimates for parabolic optimal
control problems.
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