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Abstract. We investigate an a posteriori error analysis of adaptive finite element approxima-
tions of linear-quadratic boundary optimal control problems under bilateral box constraints, which
act on a Neumann boundary control. We use a symmetric interior Galerkin method as discretization
technique. An efficient and reliable residual-type error estimator is introduced by invoking data os-
cillations. We then derive local upper and lower a posteriori error estimates for the boundary control
problem. Adaptive mesh refinement indicated by a posteriori error estimates is applied. Numerical
results are presented to illustrate the performance of the adaptive finite element approximation.
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1. Introduction. Many real-life applications such as the shape optimization of
technological devices [45], the identification of parameters in environmental processes,
and flow control problems [15, 18, 47] lead to optimization problems governed by par-
tial differential equations (PDEs). The complexity of such problems requires special
care in order to obtain efficient numerical approximations for the optimization prob-
lem. One particular method is the adaptive finite element method, which consists of
successive loops of the following sequence:

(L.1) SOLVE — ESTIMATE — MARK — REFINE.

The SOLVE step stands for the numerical solution of the optimization problem in a
finite dimensional space defined on the given mesh. The ESTIMATE step is the key
point of the adaptive finite element method. In this step, local error indicators are
computed in terms of the discrete solutions without knowledge of the exact solutions.
They are essential in designing algorithms for mesh adaptation, which equidistribute
the computational effort and optimize the computation. Based on the information of
the indicators, the MARK step selects a subset of elements subject to refinement.
The refinement is then executed in the final step REFINE of the adaptive loop.
Although the adaptive finite element method, it contributed to the pioneer work
of Babuska and Rheinboldt [4], has become a popular approach for the efficient so-
lution of boundary and initial value problems for the PDEs, it has only quite re-
cently become popular for constrained optimal control problems, initiated by Liu
and Yan [43] and Becker, Kapp, and Rannacher [6]. In [43], the authors proposed a
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residual-type a posteriori error estimator for optimal control problems, while in [6]
a dual-weighted goal-oriented adaptivity was proposed. We would like to refer to
[26, 29, 30, 32, 39, 51, 52, 54, 55] for residual-type estimators, [8, 23, 25, 50] for the
dual-weighted goal-oriented approach, and the references therein for more details of
recent advances. Further, in order to guarantee the success of the a posteriori error
estimator theoretically, some attempts have been made in [7, 20, 21, 37] to prove the
convergence of the adaptive finite element method for optimal control problems.

Adaptive mesh refinement is particularly attractive for the solution of optimal
control problems, which exhibit layers or singularities in certain regions of the mesh.
In this case, adaptivity allows local mesh refinement around the layers as needed,
thereby achieving a desired residual bound with as few degrees of freedom as possible.
The vast majority of the literature about the a posteriori error analysis of optimal
control problems is for distributed optimal control problems; see, e.g., [6, 25, 26, 29,
32, 39, 51, 52, 54, 50, 55]. However, there exists limited work on the numerical solution
of boundary optimal control problems. The residual-type error estimators are studied
in [19, 30, 36, 42, 44], whereas the hierarchical-type estimators are studied in [36].
They all use continuous finite element discretizations, except for [36]. In [36], Kohls,
Rosch, and Siebert use discontinuous finite elements to discretize the control. The
results in [38] show that discontinuous Galerkin methods enjoy a better convergence
behavior for optimal control problems exhibiting boundary layers. Optimal conver-
gence orders are obtained if the error is computed away from boundary or interior
layers. In addition, when discontinuous finite elements are used for the dicretiza-
tion of the control on the Neumann boundary, the computation of the projection
operator is more efficient due to the elementwise computation as described in [36, sec-
tion 4.1]. Discontinuous Galerkin methods have several advantages over other types
of finite element methods. For example, the state and test spaces are very easy to
construct; they can naturally handle inhomogeneous boundary conditions and curved
boundaries; and they have flexibility in handling nonmatching grids and in design-
ing hp-adaptive grid refinement. Though these methods have been known since the
1970s, much attention has been paid only in the past few years due to the availability
of cheap computing resources. We would like to refer to [3, 24, 31, 35, 33, 48] for
details about discontinuous Galerkin methods. Discontinuous Galerkin methods have
been studied in [38, 52, 53, 54, 55| for distributed optimal control problems. To the
best of our knowledge, there exists no work for boundary optimal control problems
with discontinuous Galerkin discretization.

In this paper, we derive reliable and efficient a posteriori error estimators for
boundary optimal control problems governed by elliptic equations, discretized by the
symmetric interior penalty Galerkin (SIPG) method. We choose the SIPG as a dis-
continuous Galerkin method due to its symmetric property. This implies that dis-
cretization and optimization commute; see, e.g., [53]. The a posteriori error analysis
of the boundary control problem includes the error in state, adjoint, control, and co-
control and also takes data oscillations into account, in order to consider the data of
the problem (coefficients of the equations, right-hand side, boundary conditions) in
the most general setting as possible. We note that data oscillations are also taken into
consideration in [2, 46] for single state equations, and in [30, 32] for optimal control
problems.

The remainder of the paper is organized as follows: In the next section, we in-
troduce the Neumann boundary optimal control problem governed by a second order
elliptic PDE with bilateral constraints on the control. The optimality conditions are
given in terms of the state, the adjoint, the control, and the cocontrol corresponding
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to the Lagrangian multiplier for the control. Section 3 describes the SIPG discretiza-
tion of the boundary optimal control problem. A posteriori error estimators are given
in section 4. We use a residual-type error estimator for the global discretization errors
in all variables which consists of edge and element residuals. The data oscillations are
also used in the error analysis. We further derive local upper and lower a posteriori
error estimates for the boundary control problem. In section 5 we present some nu-
merical results to illustrate the performance of our adaptive mesh refinement strategy.
Finally, the paper ends with some conclusions.

2. The boundary control problem. We assume (2 to be an open, bounded
polygonal domain in R? with boundary I' = Tp ULy, I'p NTx = 0. We adopt
standard notation from Lebesgue and Sobolev space theory (see, e.g., [1]) and refer to
(ks and |- ks, || - lk.s, B €N, S C Q, as the H*(S)-inner product and associated
seminorm and norm, respectively. In addition, ¢ or C' denotes a general positive
constant.

We consider here the following boundary control problem governed by a linear-
quadratic elliptic equation with constrained controls on the part of the Neumann
boundary

(2.1) miléiégidze % ||y — dez,Q + % ||u — udHEIN + /FN Ny ds
subject to

(2.2a) —Ay+ay=f in Q,

(2.2b) y=g” on I'p,

(2.2¢) g—z =u+ gV on I'y

with control constraints on a closed convex set U% given by
(2.3) U :={veLl’Ty): u" <v(z)<u’ ae €Ty},

where u®, u® € L>®('y) with u® < u® for almost all x+ € I'y. The function ug,
called desired control, is a guideline for the control; see, e.g., [14, 26]. Note that this
formulation also allows for the special and most common case, uq = 0, i.e., there is
no a priori information on the optimal control. Further, an extra coefficient r% is
added to the standard cost functional to ensure the boundary conditions of any given
adjoint function (2.7). We would like to refer to [12, 28, 36] and references therein for
similar cost functionals.

We make the following assumptions on the functions and parameters in the opti-
mal control problem (2.1)—(2.3) to show its well-posedness:

(24&) fayd €L2(Q)? gD GHl/z(FD)7 ud7gN7TN GLQ(FN)? WGR-‘M QGLOO(Q)7
and there is a constant ay > 0 satisfying
(2.4b) alx) > ay >0 a.e. in Q.

Let us first consider the weak formulation of the state equation (2.2). If we define
the spaces of state and test functions by

Y={yeH'(Q): ylr, =4¢"}, V={veHY(Q): v|r, =0},
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and the bilinear form by
a(y,v) = / (Vy - Vv + ayv) dz,
Q

then the weak form of the state equation (2.2) for a fixed u reads as follows: Find
y € Y such that

(2.5) a(y,v) = (f,v)o0 + (u+g", U)O7FN Yo e V.

It is well known that under the above assumptions (2.4), the boundary control
problem (2.1)—(2.3) admits a unique solution (y,u) € Y x U%; see, e.g., [17, 40, 42].
The solution (y,u) is characterized by the existence of an adjoint p € V' such that

(2.6a) a(y,v) = (f,v)0,0 + (u + gN,v)O)FN Yo eV,
(26b) a(wap) = - (y - yda¢)0,g + (TNa U)O,FN V¢ € ‘/7
(2.6¢) (w (u - ud) —p,v— u)o ry 20 Yo e U,

where the adjoint p is the solution of

(2.7a) ~Ap+ap=—(y—y?) in Q,

(2.7b) p=0 on I'p,

(2.7¢) g—p =N on I'y.
n

By invoking a Lagrange multiplier o € L?(T ) associated with the control constraints,
the optimality system (2.6) can be expressed as follows:

(2:8a)  a(y,v) = (f,0)o,0 + (u+g",0) 1 Yo €V,
(2.8b)  a(v,p)=—(y—y"¥) g+ (" 0)or, vy ev,
(28) w(w—u')—p+o=0 a.e. in Iy,
(28d) o-max{0,0+~v(u—u")}+min{0,0 —y(u* —u)} =0 ae inTy

for any v > 0. Note that the equality (2.8d) is equivalent to the following pointwise

complementarity system with o = o — 0%
(2.9a) b >0, u—ub <0, o® (u— ub) =0,
(2.9b) o >0, u® —u <0, o (u® —u)=0.

It is well known that (2.8) enjoys the Newton differentiability property [27], at
least for ¥ = w. Therefore, we can apply a generalized (semismooth) Newton iteration.
However, the infinite-dimensional generalized differentiability concept of the max- and
min-functions requires a norm gap. In case of boundary controls, it is guaranteed by
applying a smooth mapping as done in [22, Remark 4.3]. Due to the structure of the
nonsmooth part (2.8d) the Newton iteration can be expressed in terms of an active
set strategy. For any Newton iteration step, the active sets are then determined by

(2.10a) A, ={zely: 0 —vy[u* —u) <0},
(2.10b) Ay ={z €Tn: o+vyu—u’) >0},
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and the inactive set is Z = T'y\{A, U Ap}. Then, the complementarity conditions in
(2.9) can be rewritten as

(2.11a) u=u" o°=0, 0<0 a.e. on Ayg,
(2.11b) u=ub, 0%=0, o>0 a.e. on Ay,

2.11c wW<u<u, 0°=0"=0, o0=0 ae onZ.
(2.11c¢) ; :

3. SIPG method. We discretize our optimal control problem (2.1)—(2.3) using a
discontinuous Galerkin method, namely, the SIPG discretization due to the symmetry
property of its bilinear form, i.e., ap(y,v) = an(v,y); see, e.g., [3].

We assume that the domain  is polygonal such that the boundary is exactly
represented by boundaries of triangles. We denote {7}, as a family of shape-regular
simplicial triangulations of Q2. Each mesh 7} consists of closed triangles such that
Q=U KeT, K holds. We assume that the mesh is regular in the following sense: For
different triangles K;, K; € Ty, © # j, the intersection K; N K; is either empty or a
vertex or an edge, i.e., hanging nodes are not allowed. The diameter of an element K
and the length of an edge E are denoted by hx and hg, respectively.

We split the set of all edges &, into the set &) of interior edges, the set &P
of Dirichlet boundary edges, and the set 5,{)’ of Neumann boundary edges so that
En = EPUEP with EF = EP U EN. Let the edge E be a common edge for two
elements K and K°. For a piecewise continuous scalar function y, there are two
traces of y along F, denoted by y|g from inside K and y¢|g from inside K¢. The
jump and average of y across the edge E are defined by

(31) o] = vlem + v pmie, {ud = 3 (0le +oe).

where ng (resp., nke) denotes the unit outward normal to 0K (resp., 0K¢).
Similarly, for a piecewise continuous vector field Vy, the jump and average across
an edge E are given by

(Vyle + V).

N

(3.2) [Vy]l = Vyle -ng + Vy°|p -nge, {Vy} =

For a boundary edge F € K NT', we set {Vy} = Vy and [y] = yn, where n is the
outward normal unit vector on T'.

Recall that in discontinuous Galerkin methods, the state and test spaces consist of
discontinuous polynomials. That is, no continuity constraints are explicitly imposed
on the state and test functions across the element interfaces. As a consequence, weak
formulations must include jump terms across interfaces, and typically penalty terms
are added to control the jump terms. Then, we define the spaces of test functions,
the discrete states, and controls by

(3.3a) Vi=Y,={yeL*Q) : y|lkeP(K) VKEeT,},

(3.3b) Uy ={ueL*’Ty): ulpe P(E) VEe€&},

respectively. P!(K) (resp., P1(E)) is the set of linear polynomials in K (resp., on
E). Note that the space Y}, of discrete states and the space of test functions V}, are

identical due to the weak treatment of boundary conditions in discontinuous Galerkin
methods. We then introduce the following (bi)linear forms V(y, u,v) € Y, x Up,n X V3,
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according to

(34a) ap(y,v) = (Vy - Vv + ayv) dz
n(y K;/K y y

- 2 [ ATl Toh D) ds

Eecgluep
a0
£ Y P s
Eegpuep he Jp
(3.4b)  bp(u,v) = Z /uv ds,
Eegly E
(3.4c) Ih(v) = Z / fvdr+ Z /gD <ZOnE~[[1;]]{{Vv}}> ds
KeT, 7K Eeegp E E
+ Z /ng ds,
Eegl E

where the parameter oy € ]R(T is called the penalty parameter, which should be
sufficiently large to ensure the stability of the discontinuous Galerkin discretization,
independent of the mesh size h. However, it depends on the position of the edge E.
As a threshold, the value of the penalty parameter ¢ on the boundary edges E € £8
is twice the one on the interior edges E € &0 [48, section 2.7.1]. Further, large
penalty parameters decrease the jumps across element interfaces, which can affect
the numerical approximation. The discontinuous Galerkin approximation converges
to the continuous Galerkin approximation as the penalty parameter goes to infinity
(see, e.g., [11] for details).

Now, we mention some results, obtained by the (bi)linear forms (3.4). The bilinear
form ay(+,-) is consistent with the state equation (2.2) for a fixed given control u in
the following sense: If y satisfies (2.2), then

D) a v) = (f,v U N v 90 - [o] — Vv
05 4(00) = (o + ot o s + 52 (1 eme 0149 )

+ Z (ng - Vy,v)o.E Yv € Vj,.
Eegl

We then define the SIPG approximation yp, of the solution y of the state system (2.2)
for a fixed given control u;, = u such that

(3.6) an(yn,v) = lp(v) + by (up,v) Yv € Vp,.
Thus, we have the following orthogonality relation:
(3.7 an(y — yn,v) =0 Yv € Vj,.

We need the following trace and inverse inequalities, which will be used frequently
in the a posteriori error analysis (see, e.g., [10, 34]):

(3.8a) [lv
(3.8b) lv

0,05 < curllvl|1,s Yv € HY(S9),

_ 1/2
0.05 < e (hg'[0]2.5 + hsl|Voll2s) " Yo e H'(S),
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and
3.9 Vs < cinohs|vlis Vv ePL(S), 0<i<j<2,
75 S 5

where S is a bounded domain with a sufficiently smooth (or polygonal) boundary 95S.
Note that the constants ¢, in (3.8) are different for both trace inequalities. To ease
the notation, they are denoted by the same notation. We can now state the continuity
and coercivity of the bilinear form ay(+,-) in the following lemma [35, Lemma 3.1].

LEMMA 3.1. For ap(-,-) as in (3.4a), the following holds.
(i)

(3.10) lan(y, v)] < 2[lylllloll - Vy,v € Vi
(ii) There exists a positive constant ¢, such that

(3.11) an(v,v) > cqlfvl? YoeV+V,

with the following mesh-dependent energy norm

(3.12) ol := ( > (IVollg x + allolls )
KeTn
1/2
(2]

b Y (helEToE s+ LN e

Eegluep

The proof of (i) is an application of the Cauchy—Schwarz inequality, while the
proof of (ii) is obtained by applying the trace (3.8b) and inverse (3.9) inequalities.

In the a posteriori error analysis, we invoke data oscillations, since we do not
assume any regularity of the data. Then, the data of the problem (coefficients of the
equation, right-hand side, boundary conditions) are approximated by using the finite
element ansatz functions on the underlying triangulation. Let

d d N N a b
fha Yp, Cp S Vh7 Upy Gp 5 Th 5 Up, Uy € Uh,N

denote approximations to the right-hand side f, the desired state y¢, the reaction
term «, the desired control u¢, the Neumann boundary conditions ¢V, ", the lower
bound u®, and the upper bound u®, respectively. Similarly, the Dirichlet boundary
condition is approximated by gP € U, p = {y € L*(Tp) : y |p€ PL(E) VE € EP}.

Then, the SIPG discretization of the boundary control problem (2.1)-(2.2) is
given as follows:

. . . 1
minimize J(yp,up) := 3 Z lyn — yﬁllg,x

KeTy,
w
(3.13a) + Z §||uh —uﬁH%)E—&— Z / Ny ds
Eecgl Ecgl E
(3.13b) over (yp,up) € Yy X U;fd,
(3.13c) subject to an(yn,vn) = ln(vn) + bn(un, vn), v, € W,
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with the discrete constraint set for the boundary controls
(3.13d) Uit ={up € Upy : ufp <up < ujy b

The optimality conditions of the disretized optimization problem (3.13) involve the
existence of a discrete p;, € V}, such that

(314&) ah(yh,vh) = lh(vh) —+ bh(uh,vh) Yy, € Vh,
(3.14b) an(Pn,pn) = = (yn — Vi, ¢h)0,9 + (T;]L\[71/Jh)07FN Vi € V,
(3.14¢) (w (uh — uz) — Ph, U — uh)o ry = 0 Yoy, € U;fd.

As in the continuous setting, the discrete optimality system (3.14c¢) can be rewritten
by invoking the discrete cocontrol o}, € Up N

(3.15a) w (up —uf) — pn + o =0,
(3.15b) op —max {0, 05, + 7 (up — up,) } +min{0, 05 — y(uf, — us)} = 0.

Note that the equality (3.15b) is equivalent to the following discrete complementarity
system with op = O'z —op:

(3.16a) o >0, up, —ub <0, op(up —up) =0,
(3.16Db) op >0, up — up <0, o (ufp —up) = 0.
We then define the discrete active sets as
(3.17a) Acn = J{z € E| on(x) — y(ui(x) —un(z)) <0, VE € &},

(3.17D) Ao =|J{z € E| on(@) + y(un(z) — uh(x)) >0, VE€ &Y},

and the inactive set is Z, = EV\{Aar, U Ay, }. Further, the complementarity condi-
tions in (3.16) can be rewritten as in the continuous setting

(3.18a) up =uf, ot =0, 0,<0  onA.p,
(3.18b) up, = uZ, op =0, 0,20 on App,
(3.18¢) up < up < ub, op = UZ =0, o0,=0 onZ,.

4. The residual-type a posteriori error estimator. We here introduce a
residual-type error estimator for the optimal control problem (2.1)—(2.3), consisting of
easily computable element and edge residuals with respect to the SIPG approximation.
The errors in the state y and adjoint p are measured by the energy norm || - ||, which
is defined in (3.12), while the errors in the control u and cocontrol o are measured by
the L?-norm on the Neumann boundary I'y.

The residual-type error estimator n for the SIPG approximation of the boundary
control problem (2.1)—(2.3) is

2 2 2 1/2
(4.1) n= (ny +m, + nu) :
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where the state, the adjoint, and the control estimators are defined according to

1/2
(4.2a) 7, = ( S it Y it > Mgt Y ni,Ew> 7

KeTn Eoegp EPegp ENegN

1/2
(4.2b) 17, = ( Skt D et > ot Y nﬁ,Ew) :

KeTn E%¢gp EPegP ENeglN
1/2
(4.2(}) Nu = ( Z ni7EN> 5
ENeely
respectively. The element residuals 0y x,7p x are given by
(4.3a) Ny, k = hi||fn + Ayn — anynllo, k- K €T,
(4.3b) i = hie || = (yn = yit) + Ao — anpn |y g - K € Th.

The edge residuals 7, go, 7, go associated with the interior edges E° € £° are

(442)  mypo = hil [[Vynlllo o + ook Ilyndllo,so, B € &5,
(4.4b)  nppe = hife ITVPAlllo.o + oohpe *lpnlllo,o,  E° € &L,

and the boundary edge residuals n, g, n, gp and n, g~ , 0, gy, 1M, gy With respect to
the Dirichlet boundary edges EP € £P and Neumann boundary edges EN € £V are

(452) g0 =oohp g = unll o for EP € &y,
(4.5b) Np,ED = Uoh;;lDﬂHPhHO,ED for EV € &,
(4.5¢) Ny BN = hsz, lun + g8 —np~ - VthO’EN for EN e &Y,
(4.5d) Np EN = hl/2 Hrh —ngw - VthO BN for EN e &Y,
(4.5e) Nu,pN = hgy HHEN -V (w (u h—uh) ph)HOEN for EN e &Y.

We further invoke data oscillations in the error analysis
(4.6) 6= (6% +62+062)"°,
where

4.72) 05 = > hi(If = falls.x + lla = an)ynlld ) + Y hg'oollg” — g I5.e

KeT, Eegp
" 02 h 02 oo
+ > helg™ = alll3 e
EeeyN M
h GZ N
(4.70) 02 = > Wk (lly’ — il + e = anpnlBre) + D kil Y13 5,
KeTn EESN_’_/
! 02 h 0
(4.70) 02 = > (wlu? —ufl g+ u = ui g+ o’ — b z) -
Eegl
02

u, EN
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4.1. Reliability of the error estimator. In this section, we derive an upper
bound for the discretization errors of the state, the adjoint, the control, and the
cocontrol. The reliability means that up to data oscillations (4.6), the discretization
errors can be bounded by the residual-type error estimator n (4.1).

To prove our reliability result, we need the auxiliary solutions y[up] € Y and
plur] € V, which solve the following system

(4.8a) a(ylun),v) = (f,v)0.0 + (un + ngv)OIN VveV,
(4.8b) a(g, plun)) = = (yn = ¥ @) g0 + (12 Qo 1, Vgev.
By (2.6) and (4.8), we obtain

a(y — ylun],v) = (u — up, V)0,T s

a(g,p — plun]) = (yn — v, Do.0 + (¥ — vi. a) o + (7

- T;L\l?q)OI‘N .

Then, by using Lemma 3.1 with the trace inequality (3.8a), we obtain the following
relations

(4.9a) ly — ylun]ll < circocy M lu—unllo,ry

(4:95)  [lp = plualll < cocz (Jly = v

o0 + Hyd - yg“o,sz + Cur HTN - rII"LVHO,FN) )

where ¢y = min(a, a™1).

We now find a bound, up to the control estimator 7, and the data oscillation
6., for the discretization errors in terms of the auxiliary state y[uy] and the auxiliary
adjoint plup].

LEMMA 4.1. Let (y,p,u) and (yn,pn,ur) be the solutions of (2.6) and (3.14),
respectively, and let the cocontrol o and the discrete cocontrol oy, be defined in (2.8)
and (3.15), respectively. Assume that Ut C U, (w(up — uf) — pu)lpeey € HY(E)

and that there is a vy, € U such that [42]
(4.10)  [|(w (un = ) = pason =)o p g

<C Y hellng -V (@ (un—ui) =)l o= wnllo.e.
Eegly

Then, there exist positive constants C;, 1 < i < 5, depending on the reqularization
parameter w, the coercivity constant c,, and §, such that

(4.11) [lu = unllory+llo = anllory + 1y = yrll + [Ilp — pall
< Cinu + Coby + Cs0), + Callplun] — pall + Cslly[un] — yall-

Proof. In view of the definition of || - ||| in (3.12), the inequalities (4.9) and the
trace inequality (3.8a), we have

(4.12a) [ly — ynll < circocy Hlu = unllory + lylun] = ynll,
(412b)llp = pull < cocz” (Ily = wnllo + [[y* = villy o+ cor [ =7l )

+[Iplun] — pall
< ewrcheyllu—unllory + cgeg tllylun] = ynll + cocs* lv* = villo o

+eocg eor |1 =13 + llplun] = pll-
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By the equalities (2.8¢c) and (3.15a), the inequalities (4.12), and an application of the
trace inequality (3.8a), we find

< wHuh - u”O Iy Tw ||ud - u(iiLHo T + ”p - ph”O,FN
= (w+ctr Cq CO) ||uh_u||0 I'n —|—OJHU UZHO,FN
+ CtrColllp[Uh] = pall + crey |||y[Uh] — ynll
(4.13) +c e || — H + 2 2 H’I“N —TNH .
trC 0|Y Yn 0,9 trCa Co hllo,r N
By the optimality inequalities (2.60) and (3.14c), we obtain

wllu = upl|§ ry = (Wu,u—up)o,ry — (Win, u—up)ory

IN

(wud +p,u— uh)07FN — (Wup, U — Up)o,Ty

— (w (un = uft) = prow—up) o1+ (P = Prou = up)ory
+w (uf = uju—un) o

< (w (uh - Ug) — Ph, Vh — U)OIN + (P —Ph,u—un)ory
(4.14) +w (ud —ulu— uh)O,FN .

For the first term on the right-hand side of (4.14), in view of the assumption in (4.10),
and an application of Young’s inequality, we obtain

(w (un = uh) = Phson =)y
2 2 Cw
(415) <=C " b3 |ng -V (w (un —uf) —n)|lg.p+ — e gy -
Eegl
Next, we split the second term on the right-hand side of (4.14) into two parts:
(4.16)  (u—wun,p—pr)ory = (u—un,p—plun])ory + (u — un, plun] — pr)ory -

My M

Then the equations (2.8) and (4.8) yield
My = a(y - y[uh] p) —aly - y[uh] plun))

= (y* =iy —ylunl) g — .y = ylun)oo + (r =13y —ylun)) 1.
(y _yhvy yuh )0, (yn —y [ h]7y—y[uh])0,sz
+ (lun] — v,y — yluoo + (N =y = ylunl)g

<0

< (" =iy —ylunl) o + (vn — ylunl.y — ylur)o.e
(417 + ("N =)y - y[uh])O,FN .

In view of the definition of || - ||| in (3.12), Young’s inequality, the trace inequality
(3.8a), and the inequality (4.9a), we obtain
weze2egt 2¢;2c2.c}
(v = vy = ylunl) g o < == lly = ylwllf e + == |ly" - yh||0 a
wete2es? 9 2¢72¢2 A
S et L
w 2c2c2 ¢
(418) < gHu_uh”g,FN +GTM Hyd_ngo’Qv
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(o v}y < Ry g, + 2 2
s
(4.19) < gllu — unllf,ry + 2aCunty I = o e
Y O PR 9 L R O AL A 1
L e L T
(4.20) <l + 2By, g

For the second term on the right of (4.16), we obtain the following estimate by the
trace inequality (3.8a) and the definition of || - || in (3.12):

w 2
My < 2lu— unllgry + o lIplun] — rllg Ty

(121) < = sy + 2% ] - .
Combining (4.17)—(4.21), we obtain
(w=unp = prory < 5 llu—unldr,
20 GOl g2 2 o e
(1.22) 4 2y 7 4+ 2D ] —

The last term on the right-hand side of (4.14) can be estimated by invoking Young’s
inequality again, such that

w 2 2
(423)  w(u® —uf,u— Un)or, < §||u —upllgry + o o (u? =) HO,FN :
Then, using (4.15), (4.22), and (4.23), we end up with

||U_UhH(2),FN
16 d dy |2 22 4]|.d a2
< e oot~ e, el

_ 2 _ 2
+ ez 2 clllylunl = wnll® + ez 2k | = o)

(424)  + cllplun] — pull* +C D b gV (w (un — ufl) —ph)Hi,E)-
EeglN

Finally, combining (4.12), (4.13), and (4.24), the desired result is obtained. d

It follows from Lemma 4.1 that we need to find bounds on ||p[us] — pn|| and
lly[wr] — yrl|]- Now, we derive an upper bound for the errors between auxiliary solu-
tions and discrete solutions in terms of the error estimators and data oscillations.
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LEMMA 4.2. If (y[un], plur]) and (yn,pn) are the solutions of (4.8) and (3.14),
respectively, then

(4.25a) lIplun] = pall* < € (0} +63) ,
(4.25D) lylun] = ynll* < C (0} +63) -

Proof. Let e, = pluy] — pn, and 9 = e, — vy, with v), € V}, the piecewise constant
on Tp. By using the coercivity result (3.11), and an orthogonality relation between
plun) — ph, 1.e., ap(vp, ep) = 0, we obtain

Ca|”€p”|2 < ap(ep, ep) — ap(vh, ep) = an(v, ep)

= (yg - yhvw)o,g - ( Z (V¢7VPh)O,K + a(%?h)o,x)

KeTy,

S [({{vw}, IpiDbo.s + {Apu b [Dos — 22 (1o, nph}])o,E}

Eegluep
(4.26) + > ().
EecelN
Integrating by parts, we see that
> (Vn, Vi)ox

KeTn

= 3 Apox+ Y [k [¥Do.s + (IVpaL {0} o,

KeTn Ecégy
(4.27) + > (g Vpn,v)oe+ > (g Vpr,v)os.
Eegp Eegly
Now, using (4.27) in (4.26) with the addition and subtraction of the given data, we
obtain

allepl® < 37 [(u = vn + Aon = anpn, 1) e + ((@n = @)pns ¥y ]

KeTn
+ > <IIE -Vip — ;;1/}»1%) + > () —np- Von¥)o g
Ecep Eee]y
429+ 3 (@b bos - 201 Do - (9ol f0bos)
Ecgy

For all ¢ € V;, N HY(Q) with (|r, = 0, the orthogonality relation gives us
0= ah(epaph - <) = Z [(vepa V(ph - <))0,K + a(6p7ph - g)O,Ki|

KeTh
- > {Ver =% lepDo = Y (e Vion —().ep)om
Eeg? Eegp
- > {ve} Iplos — D (np- Ve, ph)on
Eegp Eegp
(4.29) + Z %(ﬂep]],[[m]])o,fsf Z %(pmph)o,ﬂ
Ee&p Eegp

By using the definition of ¢ = e, — v, where vy, is piecewise constant on 73, and
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applying (4.29) in (4.28), we obtain
callenll” < 37 [(uf = un + Apn = anpn, 1) e + ((@n = @)pn, )y i

KeTh

- [UO ([pr], [¥D)o.2 + (IVPR], {1#}})0,13}
Ee&p

Z w,ph 0,5+ Z —1ng - Vpn,¥)or

EESD Eegl

+ Z [ Ve,, V C))QK + O‘(epvph - ()O,K}
KeTh

= {0 = OFleploe — Y (e Vipn — ). ep)ok
Ee&p Eegp

(4.30) =2 (ol Do = 32 3 (onpados

Eeso peep  F

We now obtain bounds for the terms on the right-hand side of (4.30). The terms
containing 1) are bounded by

(431) (h S~y + A —ahph||3,K+ [
KeTy,
t o Y nsllVadle + o = > oohi IpallR.s
Eegp EGSO
1
+>\* Z Uoh Z hillry —ng - Vph||0E
4 Eegp As EeglN
a0 Y IS+ A2 D R IO E s + A Y oohB IS &
KeTh Ecg EBegp
+M Y oohg 1Bl +As Y hi'4l5E
Ecep Begly

for any A; > 0,i =1,2,3,4,5. To estimate the terms containing 1 in (4.31), we choose
v, as the best piecewise constant approximation of e,. Then, using an approximation
result of [5]

”7/}”071( < ChKHv(iP”O,K, K e 7717
with the trace inequality (3.8b), we obtain

(4.322) Y hlvlis e <e D IVeplld ks
KeTh KeThy
Db s e H NG L) <c Do > bt (b 1918k + eI V9IE k)
Eeg) Ee&) K; E€OK
(4.32b) <e Y IVells ks
KeTh
D X D W = (Ora [ LA O A Y
Eec&p EcEP K; ECOK
(4.32¢)
KeTy,
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Note that here we use h,;lh x < 1, which holds by the shape regularity of the mesh.
The terms containing py, — ¢ on the right-hand side of (4.30) are also bounded by

1
(433) Ao D [IVeplldic+5- D IVn = Olisse +A7 > alley

KeTy, KeT, KeTh

1
b Do len=Clisk + Y heldVen = OMes+ Y hs'lleallie

KeTy Eec&o Eego

+ Y helng - Vou - Olge+ Y hg'les

Eecgb Eecgpb

2
0,K

2
0,E-

The terms containing V(ps — ¢) in (4.33) are bounded by 3 et V(on — OII§ &
by using the trace and inverse inequalities. Further, the latter is bounded by
Y Eeso h]fle[[ph]]H%E +> peep hjgl||ph||(2)’E7 in view of the estimate in [35, Thm. 2.1].
Likewise, the term Y, |lpn — ClI§ x is also bounded by Y- pcco hull[pnlllf & +

ZEesD hE”Ph”g,E
Finally, combining the bounds in (4.31) and (4.33) with |Vepllo.x < ||ep]| and

allepllo,x < |lepl] provided that A;,i = 1,...,7 are sufficiently small, the desired result
(4.25a) is obtained.
The proof of (4.25b) is carried out in a similar way. d

Combining Lemmas 4.1 and 4.2, we obtain the following reliability estimate.

THEOREM 4.3. Let (y,p,u) and (yn,pn,up) be the solutions of (2.6) and (3.14),
respectively, and let the cocontrol o and the discrete cocontrol oy, be defined in (2.8)
and (3.15), respectively. Assume that all the conditions in Lemma 4.1 hold. Then,

(4.34) lu—up

o.ry T llo = onllors + 1y = wnll + llp — pull < C(n+96).

Remark 4.4. We note that our reliability estimate Theorem 4.3 is proven un-
der the assumptions Uﬁd C U and, hence, the inequality (4.10), as done in [42,
Lemma 3.1]. If U gd C U% is not true, we need to find bounds for some extra terms;
see, e.g., [42, Remark 3.2].

4.2. Efficiency of the error estimator. Here we provide a lower bound, up to
data oscillations, for the discretization errors in terms of the error estimator as given in
(4.1). We will show that the local error estimators can be bounded from above by the
local constituents of the error, associated data oscillations, and the active part of the
control. We use bubble functions as done in [35, 49]. The element bubble functions,
denoted by bg, are defined by using the barycentric coordinates A;, j = 1,2,3, of the
triangle K,

(4.35) b = 27TA1A2)3.
On the other hand, the edge bubble functions, denoted by bg, are defined by
(4.36) be|lk = 4\ Ae, be|ke = 4TS,

where A1, A2 (or Af, AS) are the barycentric functions of the triangle K (or K¢) on the
edge £ € K N K°. Further, the bubble functions satisfy the following equalities:

(4.37)
Ioxclloo, e = maxbic = 1, b € Hy(K) and |[|bploc, 5 = maxbp = 1, by € H(wn),
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where wg is the union of the two elements that share E as a common edge. We
recall from [49] that there exist constants, depending on the shape regularity of the
triangulation 7, and polynomial degree, such that

(4.38a) [0lI5.x < e1(v,vbg)o.k, K €Ty,
(4.38b) lvbkllo,x < callvllo,x, K e T,
(4.38¢) lvbr |1k < eshit |vllo.xes KeT,
(4.38d) wl§ 2 < calw, wbg)o,k, Ecé&,
(4.38¢) lwbello.e < esllwllo,k, Ecé&,
(4.38f) wbellow,s < cshi*wlo.e, wp=KUK®, E=KnK®,
(4.38g) lwhg|1wey < crhy | wllo.x, wp=KUK®, E=KNK®,

for any element K € 7Ty, edge E € &, and polynomials v and w defined on the
elements and the patch wg, respectively.

In the following, for a set of elements S, we denote by || - [|g the local energy
norm

lolls = { DY (IVollg « + ellvls «)
KeS

1/2

90

b Y (el + PR

EcE)UEP; E€COK,KCS

LEMMA 4.5. Let (y,p,u) and (yp,pn,un) be the solutions of (2.6) and (3.14),
respectively, and let the error estimators ny k, Np, ik and the data oscillations 0y i, 0p Kk
be given by (4.3) and (4.7), respectively. Then, we have

(4.392) My <C (Illy —unll% + 9§7K) )
2
(4:39b) M < C (Il = pullic + 62+ hiclly = vl ) -

Proof. We define the residual R = fn + Ayp — apyn, and set W = h%RbK, where
bk is the bubble function defined in (4.35). By the inequality (4.38a),

WEARI i < er(RW o = 1 ((f + Ay — ann W, ie + (i = £, Wox ) -

Since the exact solution satisfies (f + Ay — ay)|x = 0, we obtain, using integration
by parts and addition and substraction of the exact data, that

PENRIE < e (V0= 9n), YW o + (= f; W oo + (@ = an)yn, W) i) -

Here, we also used that W|sx = 0. By the inequalities (4.38b), (4.38¢c), and an
application of Young’s inequality, we obtain

hicI RIS x < C (IV(y = yn)ll i + P Lf — fulld. i + PNl (@ — an)ynllg k) +CO| RIIG

which is the desired result (4.39a) for sufficiently small §. The inequality (4.39b) can
be proven analogously. 0
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LEMMA 4.6. Let (y,p,u) and (yn,pn,un) be the solutions of (2.6) and (3.14),
respectively, and let the error estimators 0y i, Np, i and the data oscillations 0, i, 0 k
be given by (4.3) and (4.7), respectively. In addition, let wg = K U K€ be the union
of any two elements, i.e., K, K¢ with E = K N K*®. Then, we have

hel|[Vyr] ||(2)E

(4.40a) < C<|||y i+ Y mk Tt Y 973,K>a

K=K K¢ K=K,K¢
hell[Verllls e

2
(4.40D) < C<|||P ol F 1Y = nlB s + D, Mot Y 9127,1()'

K=K,K° K=K,Ke°

Proof. We set W = [Vy]bg, where by is the bubble edge function on wg defined
in (4.36). By using the inequality (4.38d) and the fact that [Vy] = 0 on the interior
edges, we obtain

helllVynllls e < cshe(IVynl, W), 5 = cahe(IV(yn = )1, W), 5
After integration by parts over each of the two elements of wp = K U K¢, we have
(IVn =L W) p = (Alyn = 9). W)y, + (Vg —9), VW), -
Using the differential equation —Ay + ay = f and approximating the data, we obtain

hE”[[vyh]]H(QJE
< C4hE((fh + Ayn — aryn, W)O,WE +(f = [ W)ows + ((h — @)y, W)vaE)

+ C4hE<(a(yh - y)7 W)O,wE + (V(yh - y)7 VW)&wE)'

Then, the inequalities (4.38f) and (4.38g) yield

he(TVYL] ||(2)E

1/2 1/2
SCh}g/zll[[Vyh]]llo,EOIy—yhlle+< > ?75,;<> +< > 9§,K> )

K=K ,Ke K=K,Ke°

which gives the desired result (4.40a) after an application of Young’s inequality and
the shape regularity of the mesh, i.e., hg < yhg with v > 1. The proof of (4.40b) is
carried out in a similar way. O

LEMMA 4.7. Let (y,p,u) and (yp,pn,un) be the solutions of (2.6) and (3.14),
respectively, and let n, g~ , 1, gy and the data oscillations 0y i, 0, g~ ,0p 1 be given
by (4.5) and (4.7), respectively, for any EN € 0K, K € T;,. Then, we have

2
(4412) 02 pn < C (ly—wnllic + 02 s + 025 + 02 o + = wllf )

2
(4410) 2 g < C (Il = pulle + Iy = 9l + 72 s + 0210 + 62 )

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 07/17/17 to 193.175.53.21. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

1118 PETER BENNER AND HAMDULLAH YUCEL

Proof. We set W = (ng-Vy,—up —g,lz\[)bE7 where b is the bubble edge function.
By using the inequality (4.38d) and the fact that ng - Vy = u+ ¢" on the Neumann
boundary edges, we obtain

2

ni,EN = hg |jun + gn —np- vyh”o,E
< cshp (ng - Vy, —up — g}]vaW)(),E

— cahp ((nE V(yn — ), Wo g + (u—un, Wo,s + (¥ — g, W)O’E) .

Using integration by parts on the element K D F, the differential equation —Ay +
ay = f, and approximating the data, we obtain

o gy < cahg ((fh + Ayn — anyn, W)o i + (f = fr, W)o,x + ((an — a)yn, W)O,K)
+ cah ((@lyn = 1), Wo i + (V(n = ). YW )
+ c4hp ((u —up, W)o.g + (gN — g;JLV, W>0,E) .
Then, the inequalities (4.38¢)—(4.38g) yield
n2mx < O llun-+ g =g Fynllo.s (ly = all sy, 0y 1+, o +lu—unlo. ).

Finally, by applying Young’s inequality, we obtain the desired result (4.41a). The
proof of (4.41b) can be verified by using the same arguments. 0

What is now left is to bound the estimator for the discretization error in the
controls.

LEMMA 4.8. Let (y,p,u) and (yn,pn,un) be the solutions of (2.6) and (3.14),
respectively, and let m, gy and 0, be given by (4.5) and (4.7), respectively. Assume
that all the conditions in Lemma 4.1 hold. Then, we have

(4.42) 2 < C(llu=wnlldry + llp = pally + 62

+ hel|(ng - V(w(uy, —ul) —pr))xa,

0 )
0,E |>
where Ay, is the union of the active sets Aqn and App,.

Proof. We have that (w(u—u)—p)xs = 0 from (2.11). It follows from the inverse
inequality (3.9) that

0 on = hi||ng - V (@ (wn = i) = pu)fg
< O (wun = u) = pn) Xz g + e[| (0 - 7 (@ (wn = uf) = pr) xan
= | (w (un = uf) = pn —w (u—u?) +p) xz, |3
+h || (0 - V (@ (un —uf) = pn)) Xl
< O (wlhu = wnll3 5+ u’ = wilg s + llo = puli )
he || (- 9 (@ (un = ) = pn) xanlly -

This is the desired inequality. 0
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Now, we derive an upper bound consisting of the local constituents of the error,
associated data oscillations, and the active part of the control, for the local error
estimators. We state the efficiency estimate in the following theorem.

THEOREM 4.9. Let (y,p,u) and (yn, pn,un) be the solutions of (2.6) and (3.14),
respectively, and the error estimator n and data oscillation 6 be given as in (4.2) and
(4.6), respectively. Assume that all the conditions in Lemma 4.1 hold. Then, it holds

(4.43) n< C(IIU = upllo,ry + Iy = wnll + llp — pull + 6

0,E )
Eegly

+ 3 he (g V (w (un — uf) = pr)) xa,

Proof. By the definition of the energy norm defined in (3.12), and the fact that
[y] = 0 on the interior edges and y = g” on the Dirichlet boundary edges, we can
easily derive

U% 2 ‘78 D 2
(444) ) 7 Monlllo. + > . l9r” = ynllo.5
o VB p E
Ec&? EcEf

gc(W—wm?+§jhEHf“wfﬁﬁ)

Eegp

Analogously, we obtain

0'2 0'2
(4.45) > o llnl 5,5 + > ﬁ\\ph\lﬁﬂ < Cllp = pull*.

Ecégp Eecgp

Then, the combination of the results in Lemmas 4.5-4.8 with the inequalities (4.44)—
(4.45) gives the assertion (4.43). O

Remark 4.10. In Theorems 4.3 and 4.9, we show the reliability and efficiency of
our estimator 7. However, the estimator 7, contributed from the approximation error
of the control cannot lead to a localization of refinement of the inactive set in some
notable cases. In this case, this key step should be improved numerically. Therefore,
in our numerical experiments, we use

(4.46) =2 hell(ne- V(@ (un =) = pa)) Xz
Eegl

as an indicator of the control instead of 7, (4.2¢). The same problem is also observed
for the control indicators proposed in [30, 36, 42].
In computing, we further approximate the characteristic function xz, by

) — )
X h* + (up, — uZ)(uz —up)’

where p > 0 as done in [41].
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5. Numerical experiments.

5.1. The adaptive loop. An adaptive procedure for the SIPG discretization of
the optimization problem (2.1)—(2.3) consists of successive loops of the sequence given
n (1.1). The SOLVE step is the numerical solution of the optimal control problem
with respect to the given triangulation 7 using the SIPG discretization. By using
the primal dual active set algorithm as a semismooth Newton step (see, e.g., [9]), we
solve the following discrete linear system

M . KT : Yn Myt
(5.1) - wMp M M up, _ w./\/lBuflL
’ IC *MB . . Ph ]: ’
XA, XIn Oh V(X Ul + XA, u5)

where Ay = A n UAbh- XAun» XAy s a0d X4, denote the characteristic functions of
Aa.b, Aph, and Ay, respectively, defined on the Neumann boundary & N. M and Mg
are mass matrices on the domain and boundary, respectively. K and F correspond to
the bilinear form ay (yn,vy) and the linear form [ (vy) defined in (3.4), respectively.

For the ESTIMATE step, the residual error estimators n,,7,, and 7, defined
in section 4 are used. In the MARK step of the adaptive loop, the edges and
elements for the refinement are specified by using the a posteriori error estimator and
by choosing subsets Mg C T and Mg C &, such that the following bulk criterion
[16] is satisfied for a given marking parameter © with 0 < © < 1:

(5.2a) O > i)+ )< > )+ (k)2
KeTy KeMg
(52b) O ML+ M)+ MBS D )+ (k) + (k).
Eecgy, EcMEg

Bigger values for the parameter © will result in more refinement of triangles in one
loop and smaller © will result in a more optimal grid but more refinement loops. We
note that the data oscillations may be included in the bulk criterion as done for the
estimator 7 in (5.2). Finally, in the REFINE step, the marked elements are refined
by longest edge bisection, whereas the elements of the marked edges are refined by
bisection [13]. The adaptive procedure ends after a sequence of mesh refinements up
to attaining a solution with an estimated error within a prescribed tolerance.

5.2. Numerical results. We now present several numerical results in order to
examine the quality of the derived estimators in section 4 and the performance of the
adaptive loop introduced in section 5.1. We use piecewise linear polynomials for the
approximation of the state, the adjoint, the control, and the cocontrol. The penalty
parameter oy in the SIPG is chosen as og = 6 on the interior edges and 12 on the
boundary edges. The parameter 7 used in the definition of the active and inactive
sets is chosen as equal to the regularization parameter w. The effectivity index is
calculated according to

My +1p + Nu

(5.3) effectivity index = .
Iy = yall +llp = pall + [lv = unllo,ry + llo = onllory

We finally define the projection of the control such that

(5.4) Proj,a o (v) = max {u®, min {u’,v}} .
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|

I
Iy

I
Fic. 1. Example 5.2.1: L-shaped domain.

5.2.1. Example 1. We use an example on the L-shaped domain, which is given
by Q = (—1,1)%\([0,1] x (-1, 0]) with I = I'y; see Figure 1. The control is defined on
the whole boundary. The box constraints are given by u® = —0.5 and u® = 0.5. The
reaction term « and the regularization parameter w are taken as a = 1 and w = 1,
respectively. The remaining data of the problem are defined in polar coordinates

(r,0):
f(r,0) =0, ui(r,0)=0, ¢V(r0) = —Proja (7"2/3 sin (29>) ,

3
y(r,0) = r*/3sin (§9> ,
rN(r,0) = ( /% cos(6) sin( Z; > ‘npy,

7~ 1/3 sin(#) sin(
where r = 4 /x% +x% V($1,$2) cQand @ = { atan2(zi,z2), atan2(wq,z2)>0, with the

atan2(z1,r2)+27, atan2(xq,x2)<0

) — 27=1/3sin(h) cos(

2
3
0) + 2r=1/3 cos() cos(

win wlino
WIN ol
winy wino

function atan2(z, z3), i.e., the four-quadrant inverse tangent (arctangent) of xz; and
x9. Note that the function atan2(zq, ) is defined in MATLAB.
The analytical solutions of the state, adjoint, control, and cocontrol are given by

y(r,0) =0,
2
p(r,0) = r?/3sin (39) ,

u(r,8) = Proj,a o (7'2/3 sin <§9>> ,

- 2 : 2
o(r,0) = r*3sin (30) — Proja ,» (7’2/3 sin <39>> ,
respectively.

The adjoint exhibits a typical singularity at the reentrant corner of the domain 2;
see Figure 2. Figure 3 displays the computed control v and the computed cocontrol
o on the Neumann boundary. We observe that the inactive set is equal to

(5.5) T = [~0.78,0] x {~1} U [0,1] x {0} U{0} x [~1,0] U {1} x [0,0.78].

The initial mesh is generated by starting first by dividing €2 into uniform squares
and then dividing each square into two triangles. It should be emphasized that we
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Adjoint

1.5

Fic. 2.
o 0.14 0. 0.14
o 0.12) 04 0.12)
0.1 0.1
5 %2 0.08) 5 %3 0.08|
% o © 006 S 9 o 0.06
< Pl
o2 0.04 0z 0.04
0.02) 0.02)
-0.4 0 0.4 0
I 0 05 (R T 0 05 1 5% 0 05 [T 0 05 1
)(] X] XZ X2
(a) T1 = [-1,0] x {1} U[0,1] x {0} (b) 'z = {0} x [-1,0] U {1} x [0,1]
o 0. o 0
04 0.7 04 07
06 04|
02 02
> 05 > 05
T o S 0 o
© 0.4] L™ 0.4
-02 -0
03 03]
0.4 02 0.4 02
Y 0 05 [ T 0 05 1 T 0 05 1 % s 0 05 1
X
4

(¢) Ty = [~1,1] x {1} (d) Ty = {1} x [-1,1]

FiGc. 3. Example 5.2.1: The computed control u and the computed cocontrol o on the Neumann
boundary regions.

are working with a single mesh for all variables. Consequently, the mesh reflects
regions of substantial change in the variables. Figure 4 shows the adaptively generated
triangulations after seven refinement steps with © = 0.50 in the bulk criterion. Most
refinements occur around the reentrant corner, where the adjoint has the singularity,
and on the boundary, where the inactive set Z is defined, as we expected.

Figure 5 displays the performance of the error estimator proposed in section 4
in terms of the number of vertices for the marking parameter © = 0.5. The left
plot shows the effectivity index of the estimator, which is the ratio between the error
measured in the || - ||-norm for the state and adjoint, and the L?-norm for the control
and cocontrol and the estimator, defined in (5.3). In order to obtain a constant ratio,
a few more adaptive steps are still necessary. The middle plot displays that the error
and estimator 7 decay with a rate close to the optimal rate N~/2 where N is the
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Fic. 4. Ezample 5.2.1: Adaptively generated mesh after 7 refinement steps with © = 0.50 in
the bulk criterion.

1.8 10
£
1.6 .e-
o -
o —1
e’ 10
1.4 .
.9
-e
i-3
120 ¢ B
o 10
1 - B -n estimator
—k—error
- © -effectivity index . —C*N2
08 2 3 4 51 07 2 3 4
10 10 10 100 10 10 10
Number of vertices Number of vertices Number of vertices

Fic. 5. Ezxample 5.2.1: The left plot shows the effectivity index. The middle plot shows the
decay of the total error and estimator. The right plot shows the components of the error estimator
and data oscillation. The marking parameter is © = 0.50 in the bulk criterion.

number of vertices. Last, the right plot shows the actual sizes of the state, adjoint,
and control related components of the error estimator and data oscillation. As can be
expected, the adjoint component of the estimator is dominant due to the singularity at
the reentrant corner of Q. Since the desired control u¢ and the bounds of the control,
i.e., u® ub, are constants, the data oscillation of the control 6, is equal to zero.

We next have a closer look at the convergence of the state, adjoint, control, and
cocontrol variables. Figure 6 illustrates the errors of the state and adjoint in the || - ||
and L?-norms, and of the control and cocontrol in the L?-norm on adaptively and
uniformly refined meshes with various marking parameters © = 0.3,0.5,0.8. For all
cases, the adaptive refinements lead to better approximate solutions than the uniform
refinements. Although the smaller © requires more refinement loops, it produces more
accurate results due to the obtained optimal mesh.

5.2.2. Example 2. This example is taken from [36]. Kohls, Rosch, and Siebert
have solved this example by using a hierarchical estimator, discretized by a continuous
finite element approximation for the state and adjoint, and by a discontinuous finite
element approximation for the control. We let Q = [0,3]? with ' = I'y. However,
the boundary control is only considered on {0} x [1,2]. The reaction term « and the
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FIG. 6. Ezample 5.2.1: The global errors of the state, adjoint in || - || and L?-norms (top), and

of the control and cocontrol in L?-norm on adaptively and uniformly refined meshes with various
marking parameters © = 0.3,0.5,0.8 in the bulk criterion.

regularization parameter w are taken as & = 1 and w = 1, respectively. The remaining
setup of the problem is as follows:

f(xy,m2) = e
ul(z1,22) =0,

gN (w1, 22) =

—Proj,a

—60e1009+y%)
_606—10(ac2+9)7

0,

yd(xl’l'Q) =

6—10(95%""373) +

T’N(’I’l,ﬂig) =0.

—10(i+03) (41 — 400(22 + 22)),

Tr1 = 37
To = 37
otherwise,

(# (n+1) ez =1) = (G = )™™)) - o) € 0} x 1,2
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State Adjoint

Fic. 7. Ezample 5.2.2: Computed solutions of the state y (left) and the adjoint (right).

The analytical solutions of the state, adjoint, control, and cocontrol are given by

2,2
y(l‘l,l’Q) — 6—10(3c1+962)7

)= £ (i) (3 1) - (B 1) ).
st =P (20 (32 -1) - (3 -1) ).
o) = 2 (s (3ra-1) - (3 -1) )

~ Proju. (fn <(2n+ 0 (§x2 - 1) _ <§x2 - 1)2"“)) ,

respectively, with Z = 10,n = 20. The components of the error estimator exhibit

local refinements in different regions of the domain due to the particular features of

the state, the adjoint, and the control. The state y needs more refinement around

the origin due to the shape of the narrow exponential peak. The adjoint p displays a

boundary layer close to x5 = 0 and x5 = 3. These features can be observed in Figure 7.
To observe the sensitivity of the adaptive algorithm with respect to the changes

of the active and inactive sets, we test the example with different box constraints:
Inactive case: We first consider the control constraints as

w*=-5 and u®=5.

Figure 8 reveals the adaptively refined mesh (left) and the computed control (right)
for the inactive case. We observe that the control is between the lower bound and
the upper bound, i.e., u® < u < u®. Therefore, the inactive set Z is equal to all of
the control boundary, i.e., Z = {0} x [1,2]. In the adaptive refinement, our error
indicator 7, (4.46) catches the inactive set well (see Figure 8 (left)), after 13 adaptive
refinement steps with © = 0.5 in the bulk criterion. Further, the resolution of the
state and the adjoint occur as expected.
Mixed case I: The control constraints are now considered as

u*=—-2 and u®=0.
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Control

F1G. 8. Ezample 5.2.2: Adaptively generated mesh (left) after 13 adaptive refinement steps with
O = 0.5, and the computed control u (right) for the inactive case.

Control Cocontrol
0.5 4
0 3
-0.5 2
-1 1
%
> -15 0
-2 -1
-2.5 -2
1 1.2 14 1.6 1.8 2 1 12 1.4 1.6 18 2
X X3

Fi1G. 9. Example 5.2.2: Adaptively generated mesh (left) after 13 adaptive refinement steps with
O = 0.5, and the computed control u (middle) and cocontrol o (right) for the mized case I.

Now, the value of the control varies between the lower bound and the upper bound:

u=u® for zp € [1,1.2] and wu=u" for zq € [1.4,2].

Therefore, the inactive set is Z = {0} x [1.2,1.4]. Figure 9 reveals that the inactive
set of the mixed case I is picked out well in the adaptive refinement.
Mized case 11: We finally consider the control constraints as

w*=0 and u’=2.

Now, the value of the control varies between the lower bound and the upper bound
as in the previous case:

u=u" for zp €[1,1.5] and u=1u’ for z, € [1.8,2].

Therefore, the inactive set is Z = {0} x [1.5,1.8]. As in the previous cases, the
inactive set of the mixed case II is picked out well in the adaptive refinement; see
Figure 10 (left).

We next have a closer look at some properties of the proposed estimator for the
inactive case. Figure 11 (left) displays the ratio between the error and the estimator,
called the effectivity index for the inactive case with the marking parameter © = 0.50.
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Fi1G. 10. Ezample 5.2.2: Adaptively generated mesh (left) after 13 adaptive refinement steps
with © = 0.5, and the computed control u (middle) and cocontrol o (right) for the mized case II.
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Fic. 11. Ezample 5.2.2: The left plot shows the effectivity index. The middle plot shows the
decay of the total error and estimator. The right plot shows the components of the error estimator
and the data oscillation. The results are obtained for the inactive case with ® = 0.50 in the bulk
criterion.

The ratio converges to a constant after a few iterations. The middle plot in Figure 11
shows the decay of the error and estimator versus the number of vertices for the
adaptive refinement. The estimator underestimates the error by an almost constant
factor. We observe that the behavior of the error and the estimator is similar to
the results obtained in [36]. The right plot in Figure 11 shows the actual size of
the state, adjoint, and control related components of the error estimator and the
data oscillations for the inactive case. The refinement process is dominated by the
contribution of the adjoint.

Figure 12 illustrates the errors of the state and adjoint in the || - || and L2-norms,
and of the control in the L?-norm on adaptively and uniformly refined meshes with
various marking parameters © = 0.3,0.5,0.8. The adaptive refinements lead to better
approximate solutions than uniform refinements.

Last, we make a comparison of the control estimators 7,, 7,, for the mixed cases
I and II. The left sides of Figures 13 and 14 show the meshes generated by 7,. As
we mentioned in Remark 4.10, the estimator 7, contributed from the approximation
error of the control does not lead to a localization of refinement of the inactive set; cf.
Figures 13 and 14. Also, the convergence of the estimator 7, is worse than the control
estimator 77,; see Figures 13 and 14 (right). Therefore, in our numerical computations,
we use 7], as a control estimator. This numerical computation is also mentioned in
[36, Remark 6.1].
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State Adjoint Control
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F1G. 12. Ezample 5.2.2: Errors of the state y (left) and adjoint p (middle) in || - || and L2-

norms, and the control u (right) in L%-norm on adaptively and uniformly refined meshes for the
inactive case with various marking parameters © = 0.3,0.5,0.8 in the bulk criterion.
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10 ‘ 2 ‘ 3 ‘ 4 5
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F1G. 13. Ezample 5.2.2: Adaptively generated mesh (left) by using n. after 13 adaptive refine-
ment steps with © = 0.5, and convergence of the error estimators ny and 7 (right) for the mized
case L.

5.2.3. Example 3. We use the example considered in [19]. Gaevskaya et al.
have solved this example by using a residual-type error estimator, discretized by a
continuous finite element approximation. In this example, we use nonconstant lower
and upper bounds for the control, which are highly oscillating constraints. The data
of the problem are

Q= (07 1)27 'y = (07 1) X {0}7 I'p = a\Fl\ﬁ Oé(l'l,mg) = 13

w=10"3, wl(xy,29) =0,

0, X1 S 0.5,
yx,20) =4 1, 0.5<xz; <0.75,
—1, 0.75 < 1,

f(mlaxQ) = 0) gD('rhx?) - 07 gN(xl7x2) = 07
N (z1,29) =0, u® =sin(87zy), u’ =2+ cos(m/2+ 8zy).

Figures 15 and 16 show the computed solutions of the state y, the adjoint p,
the control u, and the cocontrol o, respectively. The control switches from the lower

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 07/17/17 to 193.175.53.21. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

ADAPTIVE SIPG METHOD FOR BOUNDARY CONTROL 1129

AVAVFAVZAVAN A
N

—e— T h: Y

—— &,

Number of vertices

Fi1G. 14. Ezample 5.2.2: Adaptively generated mesh (left) by using n,, after 13 adaptive refine-
ment steps with © = 0.5, and convergence of the error estimators ny and 7 (right) for the mized
case 1I.

State Adjoint

F1G. 15. Ezample 5.2.3: Computed solutions of the state y (left) and of the adjoint p (right).

to the upper bound and back again to the lower bound on I'y. This is an almost
“bang-bang”-type optimal control.

The initial mesh is generated by starting by first dividing €2 into 8 x 8 uniform
squares and then dividing each square into two triangles as in the previous examples.
Adaptively generated meshes after six (left) and eight (right) refinements are displayed
in Figure 17 with © = 0.45 in the bulk criterion. More refinements occur on the
boundary, where the inactive set Z is defined and on the right side of the mesh, i.e.,
(0.5,1) x (0,1).

The components of the residual-type a posteriori error estimator and data oscil-
lations are presented in Table 1 on the mesh hierarchy with ® = 0.45 in the bulk
criterion. We observe that the dominating contributions such as the state estimator
7Ny, the adjoint estimator 7,, and the control oscillation ¢, are smaller than those
obtained in [19] for approximately the same number of vertices.
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;ontrol X107 Cocontrol

Fic. 16. Ezample 5.2.3: Computed solutions of the control u (left) and of the cocontrol o
(right). The lower and upper bounds on the control, i.e., u® and u®, are shown as “dashed (blue)”
and “dotted (red)” lines, respectively.

2

FiGc. 17. Ezample 5.2.3: Adaptively generated meshes after 6 (left) and 8 (right) refinement
steps with © = 0.45 in the bulk criterion.

TABLE 1
Ezxzample 5.2.3: Components of the error estimator and data oscillation for © = 0.45.

# vertices Ny Np T 0p O

81 4.83e-01 | 1.20e-01 | 5.30e-06 | 8.07e-02 | 1.00e+-00
167 3.70e-01 | 8.03e-02 | 2.84e-06 | 3.93e-02 | 6.35e-01
332 2.80e-01 | 5.81e-02 | 9.21e-07 | 2.37e-02 3.89e-01
582 2.49e-01 | 4.42e-02 | 5.52e-07 | 1.39e-02 | 1.37e-01
1174 1.83e-01 | 3.26e-02 | 2.60e-07 | 9.51e-03 7.30e-02
2116 1.32e-01 | 2.46e-02 | 1.23e-07 | 6.02e-03 | 3.91e-02
4055 9.57e-02 | 1.90e-02 | 5.96e-08 | 3.80e-03 1.75e-02
7234 6.92e-02 | 1.44e-02 | 2.97e-08 | 2.11e-03 9.76e-03

6. Conclusions. In this paper, we have studied a posteriori error analysis of
the SIPG method for boundary optimal control problems governed by elliptic PDEs
with bilateral control constraints. Piecewise linear polynomials are used to discretize
the unknown variables. Lower and upper error estimates are derived to show the
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efficiency and reliability of the proposed error estimator by invoking data oscillations.
The numerical results show that the adaptive refinements are superior to uniform re-
finements. Future work will include the extension of our results to Dirichlet boundary
optimal control problems and convection-diffusion problems.
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