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A SPLITTING LEAST-SQUARES MIXED FINITE ELEMENT
METHOD FOR ELLIPTIC OPTIMAL CONTROL PROBLEMS
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Abstract. In this paper, we propose a splitting least-squares mixed finite element method for
the approximation of elliptic optimal control problem with the control constrained by pointwise
inequality. By selecting a properly least-squares minimization functional, we derive equivalent two
independent, symmetric and positive definite weak formulation for the primal state variable and
its flux. Then, using the first order necessary and also sufficient optimality condition, we deduce
another two corresponding adjoint state equations, which are both independent, symmetric and
positive definite. Also, a variational inequality for the control variable is involved. For the
discretization of the state and adjoint state equations, either RT mixed finite element or standard
CO finite element can be used, which is not necessary subject to the Ladyzhenkaya-Babuska-Brezzi
condition. Optimal a priori error estimates in corresponding norms are derived for the control,
the states and adjoint states, respectively. Finally, we use some numerical examples to validate
the theoretical analysis.

Key words. Optimal control, splitting least-squares, mixed finite element method, positive
definite, a priori error estimates.

1. Introduction

Optimal control problems are playing an increasingly important role in modern
scientific and engineering numerical simulations. Nowadays, finite element method
seems to be the most widely used numerical method in practical computation. The
readers are referred to, for example, Refs. [1, 2, 3, 4, 5] for systematic introductions
of finite element methods and optimal control problems.

In this paper, we are interested in the following convex quadratic optimal control
problem with the control constrained by pointwise inequality:

W i Teen =5 ([o-wt e [ty [ 02)

subject to
dive + cy = f + Bu, in ©,
(2) o+ AVy =0, in Q,
y =0, on 01,
and
(3) & <ulx) <&, ae in Q.

Here v > 0 is a constant,  and Qpy C Q are two bounded domain in R?, with
Lipschitz boundaries 92 and 9. A precise formulation of this problem including
a functional analytic setting is given in the next section.
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Classical mixed finite element methods (see Refs. [6, 7, 8, 9, 10]) have been
proved effectively for solving elliptic equations and fluid problems. They have
an advantage of approximating the unknown scalar variable and its diffusive flux
simultaneously. Besides, these methods can approximate the unknown variable
and its flux to a same order of accuracy. Recently, there are some research articles
on these methods for solving optimal control problems, see Refs. [11, 12, 13], for
example. However, it is well known that these methods usually produce a symmetric
but indefinite system for elliptic equations. Thus the popular conjugate gradient
(CG) or algebraic multi-grid (AMG) solvers can not be used for the solution of
linear algebraic equation systems.

To conquer these difficulties appeared in using classical mixed finite element
methods, least-squares mixed finite element method, for first-order elliptic mixed
system in unknown variable y and unknown velocity flux o, was introduced by
Pehlivanov et al. [14]. Tt is well known that the least-squares mixed finite element
method has two typical advantages: First, it is not subjected to the Ladyzhenkaya-
Babuska-Brezzi consistency condition, so the choice of finite element spaces becomes
flexible; Second, it results in a symmetric and positive definite system, which can
be solved using those solvers such as CG and AMG quickly. The idea of splitting
least-squares was first proposed by Rui et al. in [15] for a reaction-diffusion equa-
tion, where by selecting a properly least-squares functional, the authors derived
two independent, symmetric and positive definite equations, respectively, for the
unknown state variable y and its flux o. Then it is applied to solve linear and non-
linear parabolic equations [16], sobolev equations [17], pseudo-parabolic equations
[18], and nonlinear convection-diffusion equations [19] and so on.

In this paper, we apply the splitting least-squares mixed finite element method
for the discretization of elliptic optimal control problem. Pointwise inequality con-
straints on the control variable are considered. We derive optimal a priori error
estimates, respectively, for the optimal control u* in L?(2y)-norm, which is ap-
proximated by piecewise constant or piecewise linear discontinuous elements; for
the primal state y* and adjoint state z* both in L?(Q)-norm and H'(f2)-norm,
which are approximated by standard piecewise linear C finite elements; for the
flux state o* and adjoint state w* in H(div;Q)-norm, which are approximated by
the lowewt-order RT mixed finite elements or standard piecewise linear C© finite
elements. Here, the Ladyzhenkaya-Babuska-Brezzi consistency condition for the
discretization spaces of y* and ¢* is not needed.

This paper is organized as follows. In Sect. 2, we introduce the optimal control
problem and derive the continuous optimality conditions based on the idea of least-
squares. In Sect. 3, a splitting least-squares mixed finite element approximation to
the continuous optimal control problem is proposed, and then we derive the corre-
sponding discrete optimality conditions. In Sect. 4, some a priori error estimates
for the states, adjoint states and control are derived under control constrained by
pointwise inequality. In Sect. 5, we conduct some numerical experiments to ob-
serve the convergence behavior of the numerical scheme. In the last section, some
concluding remarks are given.

In the following, we employ the standard notations W™P(Q) for Sobolev spaces
on  with norm || - ||ym.»(q) and seminorm | - |yym.»(q). We set Wi (Q) = {v €
Wm™P(Q) : v =0 on dQ}. For p =2, we denote H™(Q) = W™2(Q) and HJ*(Q2) =
W{?(Q). In addition, C' denotes a general positive constant which is independent
of the spatial mesh parameters.
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2. Optimality system based on splitting least-squares

In this section, we first describe the optimal control problem under consideration,
and then derive the continuous optimality system based on the idea of splitting
least-squares.

Let

H(div; Q) = {7 € L*(Q)? : divr € L*(Q)},

endowed with the norm given by

: 1
7l vy = (Im12ye + IdivlFaga) ) -
To formulate the optimal control problem, in the rest we shall take the state
spaces
V =H}Q), W= H(div;®Q),
the control space
U= Lz(QU)a

and the admissible control set
(4) Uga = {U ceU:&4 <u<éy, ae in QU};

where the bounds &7, & € R fulfill & < &.
For the optimal control problem (1)-(2), we need the following assumptions.
(H-1) The desired states and source function satisfy the following regularity:

ya € HY(Q), 04 € HY(Q)?, f € L*(Q).

(H-2) A = A(z) = (a;;(x))2x2 is a bounded symmetric and positive definite
matrix, i.e., there are positive constants a and 3 such that

alX? < XTAX < BlX]2, VX € R

(H-3) ¢ = c¢(x) is positive definite and bounded, that is, there exist positive
constants ¢; and ¢y such that

0<c <c<eco.
(H-4) B is a linear continuous operator from U = L?(Qy) to L*(Q2), such that
[(Bu,v)| = [(B*v,u)u| < Cllull2@p)llvllL2@), YueU, veV,

where B* is the adjoint operator of B.
The classical mixed weak formula for problems (1)-(3) is to find (y*,0*,u*) €
L?(Q) x H(div; Q) x L*(Qy) such that

(5) Iy 0% ") = min J(y,0,u)

and

(©) { (A~ to, 1) — (y,divr) = 0, Vr € H(div;Q),
(dive, v) + (ey,v) = (f + Bu,v), Vv € L3(Q).

It is clear that the two state variables o and y in problem (6) are coupled each
other, and the discretization of (6) will lead to a saddle-point problem, which is
symmetric but indefinite.

To derive a symmetric and positive definite weak formulation for problem (2),
we define for a given control u the least-squares functional F (v, 7) as follows:

1, _ . 1, .
(7) .7:(’077') = §||C 1/2(leT+C’U — f _BU)H%Q(Q) + §HA 1/2(T+AV’U>||%2(Q)2.



SPLITTING LEAST-SQUARES MFE FOR ELLIPTIC OCP 613

Then the solution to (2) is corresponding to the least-squares minimization problem:

8 F(y,0)= min F(v,7).
®) (v.0)=  min  Fo.7)

Furthermore, it follows from the first order necessary and sufficient minimization
condition, problem (8) becomes: find (y,0) € V' x W such that

(©) (AVy, Vv) + (cy,v) = (f + Bu,v), Vo eV,
(ctdivo,divr) + (A7 o, 7) = (¢ 1(f + Bu), divr), vr e W.
Remark 2.1. It is clear that the two equations in problem (9) are split, and thus can

be solved independently. Besides, it is easy to check that they are also symmetric,
coercive and continuous.

For the given control set U,q4, we now restate the optimal control problem (1)-(3)
as follows: (OCP)

(10) T(* 0% u )=urggjlgd«7(y,o,u)

such that (y,o,u) € V. x W x U and
(AVy, Vo) + (ey,v) = (f + Bu,v), Yo ev,
(c7tdivo,divr) + (A7 o, 7) = (¢7H(f + Bu),divr),  VreW.
Here the inner product in L2(2) or L?(Q)? is indicated by (-, ).

Since the objective functional J(y, o, u) is convex, it then follows from Ref. [2]
that the optimal control problem (OCP) has a unique solution (y*,0*,u*) € V x
W x Uqq. Furthermore, (y*,0*,u*) is the solution of (OCP) if and only if there is a
pair of adjoint state (2*,w*) € V. xW, such that (y*,0*, 2*,w*,u*) € (VxW)2xUpyq
satisfies the following optimality conditions: (OCP-OPT)

(11) (AVy*, Vo) + (ey*,v) = (f + Bu”,v), Yo ev,
(et dive*,divr) + (A7 1o, 7) = (¢ (f + Bu*), divr), vr e W.

(12) (AVz*, Vo) + (cz*,v) = —(y* — ya,v), Yv eV,
(c‘ldivw*,diVT) + (A7 'w*, 1) = —(0* — 04, 7), VT e W.
(13) (vu* — B*z* — B*¢ tdivw*, u — u*)U >0, YueU,CU,

where (-, )y denotes the inner product in U = L?(Qg).

Remark 2.2. [t is clear that the two variables z* and w* in problem (12) are also
independent, so they can be solved separately, too. Besides, the two equations in
problem (12) are also symmetric, coercive and continuous.

Remark 2.3. [2]. Inequality (13) is equivalent to the following:
yu* — B*z* — B*c ldivw* >0, u* = &y
(14) yu* — B*z* — B*c ldivw* <0, u* = &;
yu* — B*2* — Bc ldivw* =0, & < u* < &.
Define a pointwise projection operator Py, from U to Uyq that
Py, ((2,)) = max (&, min(&, f(z,1)))
Then, the optimality condition (13) can be expressed as

(15) ut =Py, (B (2" + ¢ Hivw®))
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3. Splitting least-squares mixed finite element approximation

In this section, we consider the approximation of optimal control problem (OCP)
based on the splitting least-squares mixed finite element method.

Let Tp, and Ty, be two families of regular triangulations of €2, which could be
identical or not. Here h, and h, denote the largest diameters of elements in 7j,
and Tj,, respectively. Construct two finite element spaces V" x W' c V. x W
with the following approximate properties (see Refs. [1, 8, 9, 10]): There exist two
integers k1 > k > 0 and [ > 1 such that

inf,, ey {lo = vnll 2 + Ry V(0 = o)l 202} < CRE oll i o,

(16) inf.,.hewh || — ThHLQ(QP < Ch§+1|‘T||Hk+1(Q)2,

inf,.hewn diV(T - Th)HLz(Q) § Chlgl HT||H’“1+1(Q)27

for any v € VN HHL(Q) and 7 € W N (HM+1(Q))2. Here k; = k + 1 when Wh is
chosen as RT mixed finite elements in Ref. [8], and k1 = k& > 1 when W" is any
one of the other mixed elements in Refs. [9, 10] and standard C elements in Ref.

[1].

Let Ty, be a family of regular triangulations of 7, where h,, denotes the largest
diameters of elements in 7, . Associate with 7, is another finite element space
Uh c U = L*(Qu) consist of piecewise r-order polynomials on each element of T, .
Here there is no requirement for the continuity, due to the limited regularity of the
optimal control. Let de be a closed convex set in U", that is,

(17) UMy ={up € UM : & <up < &, ace. in Qu}.

Then the corresponding splitting least-squares mixed finite element approxima-
tion of (OCP), which will be labeled as (OCP),, is defined as follows:

(18) T (yr,0p,up) = min J(yn, on, up)
up€UR,

where (yn,on,upn) € VP x W x UM satisfies

(AVyn, Vou) + (cyn,vn) = (f + Bun, vn), Yo, € VI,
(c~tdivoy, divr,) + (A~ Yo, ) = (c’l(f + Buy,), diVTh) , Y, € Wh.

It is again well known (see, e.g., Ref. [2]) that the optimal control problem
(OCP);, has a unique solution (yj, o}, u;) € V' x Wh x Ul and that a triplet
(yr, 0%, up) is the solution of (OCP),, if and only if there is a pair of adjoint state
(z5,w;) € VA x Wh such that (y;, 07, 25, wi,ul) € (VI x Wh)2 x Ul satisfies the
following discrete optimality conditions: (OCP-OPT)y,

(19) (.AVy;:, V'Uh) + (Cyiavh) = (f + Bui,vh% Yoy € th
(c7dive, divry) + (A7 o, ) = (c_l(f + BuZ),diVTh) . Ve Wh

(20) (AVzE, Vo) + (ezf,vn) = —(Yf — Y, vn), Yo € VI,
(e~ divwy, divr,) + (A7}, ) = — (0] — 04, Th), Y, € Wh.
(21) (VUZ — Bz} — B*c‘ldivw;,uh - u;‘L)U >0, VYuy€ Uc'jd c Uh.

To obtain a priori error estimates for the above numerical schemes (19)-(21), in
the end of this section, we introduce auxiliary variables (y; (u*), op(u*)) € VA x W
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and (zp(u*),wp(u*)) € V! x W associated with the optimal control u* as follows:

(22) { (AVyp(u*), Vo) + (cyn(u*),vn) = (f + Bu*,vp),
(cdivey (u*), divry) + (A7 op(u®), ) = (¢ H(f + Bu*),divr,) ,

and
(23) { (AVzp(u*), Vou) + (czn(u”),vn) = —(yn(w”) = ya, vn),

(e~ tdivwy, (u*), divry) + (A7 wp (u*), 1) = —(on(u*) — 04, Th),
for Yo, € V" and V7, € Wh.

For simplicity, in the following we denote

Un = yn(u™), Zn = zp(u*), op = op(u”), Op = wp(u®).

4. A priori error estimates

In this section, we are able to derive some a priori error estimates for the optimal
control problem (OCP-OPT) and its splitting least-squares mixed finite element
approximation (OCP-OPT),. Due to the weak regularity of the optimal control
problem, we consider piecewise constant elements (r = 0) or piecewise linear dis-
continuous elements (r = 1) for the approximation of the optimal control u*, and
piecewise linear C° elements (I = 1) are adopted for both the approximations of
the states y* and z*. While for the discretizations of the flux states ¢* and w*, we
use either the lowest-order RT mixed finite elements (k;y = 1,k = 0) or standard
piecewise linear C° elements (k; = k = 1), where in both cases the Ladyzhenkaya-
Babuska-Brezzi consistency condition is not satisfied.

Let

Q?] = {UTU Ty C QUagl < u|TU < 52}5
(24) Qf ={Uty : v C Qu,ulry, = &1, or uln, = &},
Oy = Qu \ (U Q).
It is easy to check that the three parts do not intersect on each other, and Qy =
QU Q% UQY. In this paper, we assume that u and T are regular such that
meas(Q?)< Ch, (see Refs. [21, 22]). Moreover, set
Qp ={z € Qu, & <u(r) <&F

Then it is easy to see that €27, C Q.

Before deriving the main error estimates for the splitting least-squares mixed
finite element approximation of optimal control problem governed by elliptic equa-
tions, some interpolation and projection estimates are prepared without proof.

Lemma 4.1. [1]. Let Py, be the L*-projection from U = L*(Qy) to U" such that
foranyueU
(25) (u—Pru,dn)u =0, Vo, € U".
Then we have

lu = PrullL2p) < Chullul aray)
for any u € H Q).
Lemma 4.2. Let I, be the standard Lagrange interpolation operator defined in
Ref. [1]. Then there is a constant C > 0 such that

\u — Ihu‘wm,p(ﬂ) < Chi_m|u|W2,p(Q)

forue W2P(Q), p>1, andm =0 or 1.
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Lemma 4.3. Let Ry € V" be defined as the elliptic projection of y € V such that
(26) (AV(y — Ruy),vn) + (c(y — Ruy),vn) =0, Vw, € VI
It then follows from Ref. [20] that

ly = Ruyllc2c0) + hylly = Ruyllmi @) < Chillyllazo)-
Lemma 4.4. [15]. From the approximate property (16) of finite element spaces we
know that for any o € WNH?2(2)2, there exists a vector-valued function Qno C Wh
such that

lo = Qnallz()z < ChE T |o|l gk )2,
Idiv(e — Qno)llz2() < Challo]lmz(y2,

where k = 0 for the lowest-order RT mized finite elements, and k = 1 for piecewise
linear C° elements.

In the following, we wish to demonstrate three main lemmas which can be col-
lected to obtain the main conclusion of this paper.

Lemma 4.5. Let (y}, 0}, w;, 25) and (Yn, 0n, wn, 2n) be the solutions of (19)-(20)
and (22)-(23), respectively. Then the following estimates hold

(27) v, = Unllze) + 125 = Zllmr @) < Cllu™ — ugllz2p).
(28) s, — onlla@ivia) + lwh — @nlla@ivie) < Cllu* —uj |l L2 (qy)-
Proof. Tt follows from (19) and (22) that

(29)

(AV(yh = n), Vor) + (c(yp — Un),vn) = (B(uj, — u”),vn),
(c71div(o}, — G4),divry) + (A7 (o} — G4), ) = (¢ B(uj, — u*),divr,),

for Yu, € V" and V7, € Wh.

Note that the two equations in problem (29) are split. By selecting v, = y}: — yn,
Th = Op — Op, respectively, and using the assumptions (H-2)-(H-4), we can easily
prove that

(30) Iy — Ul < Cllu* —upllLzy),

(31) o} — TnllE(@ivia) < Cllu* —ujllz2@y)-
Similarly, one can obtain from (20) and (23) that
(32) (AV (2, = Z1), Vo) + (c(z;, = Zn),vn) = (Un — Yhs vn),
(c7tdiv(w} — @p), divry) + (A7 w) — @n), ) = (Gh — o5, Th),

for Yo, € V" and Vr, € Wh.
Then with v, = 2z} —Z) and 73, = w} —wy, in (32), and again using the assumptions
(H-2)-(H-4), we similarly derive

(33) Iz, = Zull @) < Cllyy — Unllz@) < Cllu* = uj |2y

(34) lwy — @nllg(divi) < Cllog, = orllez)2 < Cllu* —upllz2 oy,

which ends the proof of Lemma 4.5. |
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Lemma 4.6. Let (y*, 0%, z*,w*,u*) and (v}, 0}, 2}, wi, u}) be the solutions of (OCP-
OPT) and (OCP-OPT)y,, respectively. Let U™ be the piecewise constant element
space (r = 0). Assume that u* € H*(Qp), 2* € HY(Q), and divw* € HY(Q). Then
we have

(35) lu* = whllz2@0) < C (hu + 112" = Zhllz2(o) + Idiviw” = &n)lr2 ()

where (Zn,wp) is defined in (23), and the constant C' depends on some norms of
the solution (z*,w™*,u*), but is independent of the mesh parameters h,,.

Let UM be the piecewise linear discontinuous element space (r = 1). Furthermore,
assume that u* € WHo°(Qu)NH?(Q7), where QFF is defined above, z* € Wh*°(Q),
and divw* € WH°°(Q). Then we have

§ ~ . * ~
(36) [l —willag) < C (hd + 127 = Fulliac + Idivie” — @) la ),

where the constant C depends on some norms of the solution (z*,w*,u*), but is
independent of the mesh parameter h,.

Proof. Let u € U, fd be an approximation of v*. Note that U* ¢ U and de C Uqq.
Recalling the variational inequalities (13) and (21) imply that

(yu* — B*z* — B*c ldivw*, u* — u})y <0,
(yuj — B*z; — B*cldivw;, u} — u})y < 0.

Hence, we can deduce that

(37)

= Ry = (s u” =)o — (u, w — uf)o
= (yu* = B2 — B¢ divwt, vt —ul)y

+(yuj — B*zp — B*e tdivwi, uf — ul)u

+(yuj, — B*zp — B*e Mdivw}, uf — vy

(38) +(B*(z* = z}),u* —up)u + (B Hdiv(w* — wpp), u* — uZ)U
< (y(up —u*),ur —u )y + (yut — B 2" — B*cildivw*,uf —u")y

+(B*(2* = Zn), uf — u)y + (B¢ Hdiv(w* — u*)U

+(B*(Zp — zp;), uf — u*)y + (B¢ Mdiv(w, — u*)U

+(B* (2" = Zp),u* —up)u + (B¢ Hdiv(w* — Gp), u* —up),

+(B*(Zh — 1), u* —up)u + (B¢ Mdiv(@y — wy), v — up) g -
The right-hand side of (38) can be bounded in a standard way. We here just pay

special attentions on the last two terms of the right-hand side of (38). By selecting
Up = 2}, — Zp, Th = wj, — Wy, in (29) and vy, = Y}, — Y, Th = 0}, — 0p in (32) we have

(B*(Zn = 21),u” —up)y = (Zn = 2, Bu" = up))
(39) = (AV(yp —4n), V(z, — 2n)) + (c(yh — Un), 2 — Zn)

=~y = Uy — Un) = —lluh = Unll720) <0,
and

(B*eMdiv(@y, — wpp), u* — uZ)U = (¢ 'div(@y, — w}), Bu* — up))

(40) = (¢ tdiv(or —on), div(w) —@n)) + (A" oF — F4), Wi — @n)
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~ ~ ~ 12
= (0n —0op, 05, = 0n) = —lloy, = Tnllz2(q): <0
Thus we obtain from (39)-(40), Lemma 4.5 and Cauchy-Schwarz inequality that

V[Ju* —UZH?J(QU)

< (yu* = B2 — B Mdivw*,ul — u)y + C0)||lu* — u}‘||2L2(QU)
FO)2" = Full3aga + COdiv” — D) sy
(41) +C6(|Z — 23|72 (0 + COlldiv(@n — wi)lI72(q) + Collu* — ujl|72 0y
< (yut = B2t = B¢ tdivwt, uf — vty + Cllut — U?”%Z(QU)

+C|z" - 5h\|%2(sz) + C|div(w” — CN"h)H%z(Q) + Célu* — “ZHiz(QU)a

where § is an arbitrary small positive number.

Thanks to the definition of the control finite element space U", in the following
we shall discuss two different cases for estimates of the first two terms on the right-
hand side of (41). First let us consider the case that U" is the piecewise constant
element space. Let u} be defined as the L2-projection Phu* (see, Lemma 4.1). It
is clear that Pnu* € U, and

(42) [u* = Pru’||L2ay) < Chullu|| 51 p)-

Moreover, if u* € HY(Qy), z* € H(Q), and divw* € H'(Q), we conclude from the
definition of Py, in (25) that

(yu* — B*2* — B*c divw*, Pru* — u*)U

(43) = /Q (@ - Ph@) (Phu* - u*)

IA

2 (Idiver 372y + 12" sy + 16 s ) -

where © = yu* — B*2* — B*c¢ ldivw*. Then (35) follows from (41)-(43) with
Cé=~/2.

Next we consider the case that U" is the piecewise linear element space. Let
uwi = Zpu* € UM be defined as the standard Lagrange linear interpolation of u*
(see, Lemma 4.2). It is clear that Z,u* € U",, and for u* € WL (Qy) N H2(Q})
we have

o = T 2 < CR2u lsga) 10" = T |y < Chullu s ot -

Note that Zpu* = u* on Qf;, then it follows that

||u*—zhu*||iaw=</ w4 ><u*—zhu*>2
oy Joy  Jay

Chiyllu |72z + 0 + ChE 1w [§y1.00 (o, ymeas(Q)

IA

(44)

IN

RS (Iulidraqagey + lulffyrmqan)) -

Moreover, it follows from (14) that yu* — B*2* — B*c~'divw* = 0 on Q};, and we
conclude from the definition of %, that for any element 7y C Q% there is a xg such
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that & < u(wg) < &, and hence (yu* — B*z* — B*c~'divw*)(zg) = 0. Therefore,
for any 7y C Ql[’] we have

|[yu* — B*z* — B*cfldivw*HLoo(TU)

= |yu* = B*z* = B¢ Mdivw* — (yut — B*z* — B M divw™) (20)]| oo (ry)

< Chy|yu* — B 2" — B*e ' divw* || o () -
Thus
(yu* — B*z* — B*¢ M divw*, Thu* — u*)y
= </ Jr/ +/ ) (yu* — B*2* — B*c ™ divw*)(Zpu* — u*)
b v o
(45) = 040+ / (yu* — B*z* — B*¢ Mdivw*) (Zpu* — u*)
Q

< yut =BTt — B*c_ldivw*HLoc(Qz{]) | Zpu™ — u*HLw(Q?J)meas(QbU)

IN

B (I s+ 112" ey + iV ey ) -

Then (36) is proved by inserting (44)-(45) into (41) with Cd = /2. |
Lemma 4.7. Let (y*, 0%, z*,w*) and (Yn,0n, 2n,wn) be the solutions of (11)-(12)
and (22)-(23), respectively. Assume that problem (2) is H>-regular, and the solu-

tions y*, 2* € HY}(Q) N H?(Q) and o*, w* € H*(Q)%. Then the following estimates
hold

(46) ||y* - /ZthHS(Q) + ||Z>‘< — EhHH*"(Q) S Chz_s, S = O7 1,

(47) o™ = anllr(aivia) + lw* — GrllE(givi0) < Che,

where the constant C' depends on some norms of (y*, 0™, z*,w*), but is independent
of the mesh parameters hy, and h.

Proof. In the following, we divide the proof into two parts.

Part I. Note that (op,%p) is the least-squares mixed finite element solution of
(o*,y*). Therefore, it follows immediately from Ref. [15] combined with Lemmas
4.3 and 4.4 that

(48) lv* = Onlla) < Chi*|ly*lla2 ), s =0,1,
and
(49) llo* = Gnllm(divio) < Chollo™ (|2 ()2-

Part II. To derive corresponding error estimates for ||z* — 2| s(0) and [w* —
Wh | H(divs) In (46)-(47), we write
25 =2 = (2" —Rpz") + (Rpz" —2zp) :=p+m,
W' —wp = (W' = Qpw™) + (Qpw™ — Wp) :=C +n.
Here Rpz* € VP and Qpw* € W are defined as in Lemmas 4.3-4.4, and of course
p and ( are bounded in the desired way.

In the following, we first estimate m = Rpz* — z,. By subtracting the first
equation in (23) with that of (12), we obtain for Vv, € V",

(50) (AV(Z* — Zh), Vvh) + (C(Z* - Zh),vh) = (gh — y*,vh),
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which implies
(51) (AVT, V) + (em,vn) = (Un — y*,vn), Yo, € VI

Let v, = m = Rpz* — Z,. It then follows from the standard finite element error
estimates and (48) that

(52) IRnz* = Zullmr @) < Clly* — Tnllz2) < CRNY* (|20
Similarly, we can obtain another error equation
(53) (c7tdiv(w — @p), divr) + (A7 (w — @p), )
= (o4 —0*, 1), Ym€Wh
Using the interpolation operator Q, equation (53) can also be written as
(e~ tdivn, divr,) + (A~ 1y, )
= (6n —o*, 1) — (¢ div¢, divry,) — (A7, 1), Vm, € Wi

Let 7, = n = Qpw™ — Wy, in (54). Tt is easy to see that

(54)

Cgl‘ldiV(Qhw* — (::)h)H%z(Q) + 5_1”Qhw* — Ghll%Q(Q)z

< o = onllzz)2 | Qnw™ — @il L2 ()2
+ep Hldiv(w® — Qpw™) || z2(a) 1div(Qrw™ — @r) | 12(0)
(55) o Hw* = Qpw* || L2 ()2 || Qrw™ — Wnllr2(0)2
< C(llo* = anllz@e2 + [div(w — Qrw*)|l2() + lw* — Qrw*|IL2(0)2)

|| QhW* — W, ||H(div;Q) .
Following from Lemma 4.4 and the proved result (49), we deduce
| Qnw™ — @n |l H(divi)

(56)

IA

C (HU* — 5hHL2(Q)2 + ||div(w* — Qhw*)HLZ(Q) + ||w* — Qhw*HLz(Q)z)

Chg Z ||T*||H2(Q)2~

T=0,w

IA

Incorporating the above results (52), (56) with the well-known estimates for p
in Lemma 4.3 and ¢ in Lemma 4.4, we derive

(57) ||Z* - zh”]‘[s(ﬂ) S Chiis Z HU*”HZ(Q)v s = O7 ]_7
V=Y,z
and
(58) |w* = OnllE(divioy < Che Z (177 22 (2)2 -
Thus Lemma 4.7 is proved. m

Collecting the bounds given by Lemmas 4.5-4.7, we have the following main
result.

Theorem 4.8. Suppose that (y*,c*, z*,w*,u*) and (y;, 07, 2, w}, u}) are the so-
lutions of (OCP-OPT) and (OCP-OPT), respectively. Assume that all conditions
of Lemmas 4.5-4.7 are valid. Then for r,s = 0,1, we have

(59) lu = willau) < € (A5 4+ 02+ 0, ),
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* * * * 1+5 —s
(60) Ny = il + 127 = 2l < C (W7 420 4R, )
* * * * 1 5
(61) lo* — opllm@ivio) + lw* — Wil g@ivio) < C( A hf} + hg) ,

where the constant C' depends on some norms of (y*,o*, z*,w*,u*), but is indepen-
dent of the mesh parameters hy, h, and hy.

Proof. 1t follows from Lemmas 4.6-4.7 that

fu* — UZ”L?(QU)

C (h}f% + [12* = Znll L2(q) + ||div(w* — LT’h)HL?(Q))
C (™5 02+ hg)

IN

(62)

IN

Moreover, it follows from Lemma 4.5, Lemma 4.7 and (62) that
ly* = vhllze @) + 12" = 23l ()

< i = Onllre@) + 121 = Zull =)

(63) Ty = Falle@ + 12 = Bl
g(%ﬁ%+@ﬂ+m)
lo* = op | (aive) + [lw* — wh |7 @ivie)
< oy = onllm(aivie) + lwf;, — Onll 2 (divio)
4 .~ .
(69 o™ = Fnll e + 97 = Bull i
< c(mEanan,).
Thus, Theorem 4.8 follows immediately from (62)-(64). |

5. Numerical experiments

In this section, we conduct some numerical examples to check the efficiency of
the spitting least-squares mixed finite element scheme (19)-(21). Let the spatial
domain © = (0,1)? and consider the problem:

(65) ;(/S)(Z/yd)2+/52(00d)2+/9u2>

subject to

(66)

—div(AVyYy) +cy = f + u, in Q,
y=20, on 0f,

with 0 = —AVy. In fact, the adjoint state z satisfies the following equation:

(67) —div(AVz) + cz = —(y — ya), in 0,

z=0, on Of).

For simplicity we shall adopt the same mesh partitions for the states and con-
trol in the numerical tests, i.e., 7;h = T! = Th. To solve the optimal control
problem numerically, we use the C++ software package: AFEpack, it is available
at http://dsec.pku.edu.cn/7rli/. As for constrained optimal control problems, peo-
ple pay more attention on the states and the control. Therefore, in the following
numerical examples, we mostly center on the primal state variable y, which is ap-
proximated by piecewise linear C° elements; the flux state variable o, which is
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approximated by piecewise linear C° elements or the lowest-order RT elements;
and the control variable u, which is discretized using piecewise constant elements
or piecewise linear discontinuous elements. Furthermore, in the following tests, we
use F,, ES, E;, and E, to represent the error norms ||u —unl|z2(Q), |¥ = ynllr2 (),
ly — ynll (@), and [lo — onl| g (aivi), respectively.

Example 1. For the first example, the corresponding analytical solutions for prob-
lems (65)-(67) with a constant diffusion coefficient matrix A = I and a constant
reaction coefficient ¢ = 1 are given by

y(x) = sin(mzy ) sin(ma),
o(z) = —AVy,

z(x) = 2sin(mxy ) sin(rzs),
) = (sin(ra), sin(rar)),

u(r) = max{0, min(1.0, z + ¢ *divw)).

The source function f, the desired states y4 and o4 can be determined using the
above functions.

In this test, we consider the lowest-order RT elements for the approximation of
the flux state o, and piecewise constant elements for that of the control u. Table 1
displays the errors and convergence orders for the control u, the primal state y, and
the flux state o in corresponding norms. We can see that the convergence orders for
the control u in L?(2)-norm, the state y in H(2)-norm, and o in H(div; Q)-norm
are almost first-order, while the convergence order for the state y in L?(Q)-norm is
second-order, which are consistent with Theorem 4.8 very well. Figure 1 shows the
approximate profiles of the control v and the primal state y. The two components
of the numerical flux state o are presented in Figure 2. It can be observed that the
numerical figures are agreement with the analytical solutions very well.

TABLE 1. o: the lowest-order RT elements, u: piecewise constant elements.

E. Order ES Order E; Order Es Order

7.7865E-02 — 6.9370E-03 — 2.4620E-01 — 9.2504E-01 —

3.8356E-02 1.02 1.7639E-03 1.98 1.2364E-01 0.99 4.6058E-01 1.01

1.9264E-02 0.99 4.4563E-04 1.98 6.1994E-02 1.00 2.3082E-01 1.00

g EH 8 =

9.5384E-03 1.01 1.1092E-04 2.01 3.0873E-02 1.01 1.1456E-01 1.01

Example 2. For the second example, the corresponding analytical solutions for
problems (65)-(67) are

y(x) = 21(1 — 21)22(1 — 22),

o(x) = —AVy,

2(x) = 1621 (1 — 21)22(1 — 22),

w(z) = (22(1 = z2), 21(1 — 1)),

u(z) = max(0, min(0.5, z + ¢~ 'divw)),

where A = I and ¢ = 10. The source function f and the desired states y; and oy
can also be determined using the above functions.
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FIGURE 1. The approximate control uy, (left) and the approximate
state yp, (right) for Example 1.
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FIGURE 2. The approximate flux state o, for Example 1.

In this example, we consider piecewise linear C° elements for the approximation
of the flux state o, and piecewise constant elements for that of the control u. We
list the corresponding numerical errors and convergence orders for the control wu,
the primal state y and the flux state o in Table 2. The convergence orders for
the control, the primal state, and the flux state are also well matched with the
theoretical analysis in Theorem 4.8. We also show the approximate profiles of the
control u, the primal state y and the flux state ¢ in Figures 3-4, respectively. It
can be observed that the numerical results are also agreement with the analytical

solutions very well.

TABLE 2. o: piecewise linear C° elements, u: piecewise constant elements.

h E. Order By Order B, Order Es Order
& 4.2662E-02 — 6.3657E-04 — 1.7283E-02 — 6.1190E-02 —
& 2.0861E-02  1.03  1.6964E-04 1.91  8.7530E-03 0.98 3.0421E-02  1.01
& 1.0534E-02  0.99  4.5355E-05 1.90  4.3967E-03  0.99  1.5131E-02  1.01
a5 5.2129E-03  1.01  1.1351E-05 2.00  2.1861E-03  1.01  7.1589E-03  1.08

Example 3. For the third example, we consider a reaction-dominated diffusion
problem. In this case, the solution typically has exponential boundary layers on
all sides of Q2 or internal layers in 2. We take the analytical solutions for problems
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FIGURE 3. The approximate control uy, (left) and the approximate
state yp, (right) for Example 2.

FIGURE 4. The approximate flux state o, for Example 2.

(65)-(67) as follows:
y(x)

(z) =

2(z) =

exp(—((z1 — 0.5)2 + (22 — 0.5)%) /e),

_€Vy7

Q

2exp(—((z1 — 0.5)% + (22 — 0.5)%) /¢),
(

w(zx) = (0,0),

u(r) = max(0, min(0.5, z + ¢~ 'divw)),

where € = 1072 and ¢ = 1. The source function f and the desired states 34 and o4
can also be determined using the above functions.

In this example, we consider the lowest-order RT elements for the approximation
of the flux state o, and piecewise linear discontinuous elements for that of the
control u. Some corresponding numerical errors and convergence orders for the
control u, the primal state y and the flux state o are presented in Table 3. It
can be observed that an nearly (’)(h%)-order convergence for the control is derived,
which is consistent with Theorem 4.8 for the case r = 1. The approximate profiles
of the control u, the primal state y and the flux state o are displayed in Figures
5-6, respectively. All these results also confirms the theoretical analysis.

6. Concluding remarks

In this paper, we derive a priori error estimates for the splitting least-squares
mixed finite element discretization of optimal control problem governed by elliptic
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TABLE 3. o: the lowest-order RT elements; u: piecewise linear
discontinuous elements.

h Eq Order Ez Order E; Order Es Order
% 1.8586E-02 — 2.2373E-02 — 8.7984E-01 — 1.9923E-01 —
% 6.5260E-03 1.51 5.0760E-03 2.14 4.4054E-01 1.00 8.8062E-02 1.18
ﬁ 2.2771E-03 1.52 1.2568E-03 2.01 2.2071E-01 1.00 4.4178E-02 1.00
% 7.8744E-04 1.53 3.1259E-04 2.01 1.1062E-01 1.00 2.2144E-02 1.00

FIGURE 5. The approximate control uy, (left) and the approximate
state yp, (right) for Example 3.

FI1GURE 6. The approximate flux state oj for Example 3.

equations, where pointwise inequality constraints on the control variable are con-
sidered. This splitting mixed method leads to uncoupled positive definite systems
for the primal state variable and its flux, also for the adjoint state and flux state
variables. Finally, numerical experiments are addressed to verify the theoretical

analysis.
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