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Abstract

In this paper, we study the numerical solution of optimal control problems governed by a
system of convection diffusion PDEs with nonlinear reaction terms, arising from chemical
processes. The symmetric interior penalty Galerkin (SIPG) method with upwinding for
the convection term is used for discretization. Residual-based error estimators are used
for the state, the adjoint and the control variables. An adaptive mesh refinement indicated
by a posteriori error estimates is applied. The arising saddle point system is solved using
a suitable preconditioner. Numerical examples are presented for convection dominated
problems to illustrate the effectiveness of the adaptivity.
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1 Introduction

Optimal control problems governed by scalar or coupled partial differential equations (PDEs)
have a number of applications in mathematical and physical problems. One such field in
which these problems can be posed is that of chemical processes. The underlying PDEs are
then convection dominated equations with nonlinear reactions terms [12, 13].

Let Q be a bounded open, convex domain R? with boundary I = dQ, let f;, Bi, o, ug, va,
gi be given functions, and let €; > 0, ®; > 0 be given diffusion and regularization parameters,
respectively, for i = 1,2 and z € {u,v,c}. In this paper, we consider a class of distributed
optimal control problems governed by a system of convection dominated PDEs

min J(,v,¢) = 2 = tal 2 ) + Sy vl + e el (1.1)
subject to .
—e1Au+B; - Vutoqu+yr(u)rn(v)=fi+c inQ, (1.2a)
—&Av+Ba - Vv +ouv+var (u)rn(v) = f2 in Q, (1.2b)
u=g onl, (1.2¢)
v=g) only. (1.2d)

We refer to u and v as the state variables, to ¢ as the control variable and to (1.2) as the state
system. Moreover, we have nonlinear reaction terms ;| (¢)r2(v), in which r; (u) only depends
on the first state variable u, whereas r,(v) only depends on the second state variable v. The
constants vy; are non-negative for i = 1,2.

In large chemical systems, the reaction terms Y;ry (u)rp(v) are assumed to be expressions
which are products of some function of the concentrations of the chemical component, i.e.,
u,v, and an exponential function of the temperature, called Arrhenius kinetics expression. As
an example, the rate of conversion of « and v in the reaction

u+v — products

can be expressed as
yri(u)ra(v),

where u and v are the concentrations of the reactants, Y= koef% with pre-exponential factor
ko, the activation energy E, the universal gas constant &, and 7 is the absolute reaction tem-
perature. For simplicity, we here take y as non-negative constant. We would like to emphasize
that the extension of anything derived in this paper to more than two reactants is straight-
forward. We restrict ourselves to two reactants in order to not obscure the presentation by
technicalities.

Problems of the form (1.2) are strongly coupled such that inaccuracies in one unknown
directly affect all other unknowns. Therefore, prediction of these unknowns is very important
for the safe and economical operation of biochemical and chemical engineering processes.
Typically, in (1.2) the size of the diffusion parameters €; is small compared to the size of the
velocity fields B;. Then, such a convection diffusion system is called convection-dominated.

For convection-dominated problems, especially in the presence of boundary and/or interior
layers, the standard finite element methods may result in spurious oscillations causing in turn



a severe loss of accuracy and stability. Therefore, we need special techniques to eliminate
spurious oscillations. One way to avoid spurious oscillations is the artificial viscosity pro-
posed in [30], which is used in many numerical techniques, i.e., streamline upwind Galerkin
method (SUPG) discretization in [16] for linear convection dominated problems and in [2] for
nonlinear convection dominated problems, and symmetric interior penalty Galerkin (SIPG)
discretization in [36] for scalar and/or coupled convection dominated problems with nonlinear
reaction terms. Although adding artificial viscosity reduces spurious oscillations, the accuracy
of numerical solutions is not enhanced due to the additional artificial cross-wind diffusion. An-
other approach is to use adaptive mesh refinement producing generally better accuracy with
fewer degrees of freedom.

Adaptive mesh refinement is particularly attractive for the solution of optimal control prob-
lems governed by convection dominated PDEs since both state and adjoint PDEs are convec-
tion dominated, but the convection term of the adjoint PDE is the negative of the convection
term of the state PDE. As a consequence, errors in the solution can potentially propagate in
both directions. Residual-type a posteriori error estimators for convection dominated optimal
control problems have been studied in [3, 6, 14, 21, 32], but they all use continuous finite
element discretizations. A discontinuous Galerkin (DG) discretization, i.e., SIPG, is used in
[33, 35] for distributed linear optimal control problems governed by convection dominated
problems. The numerical results obtained in [33, 35] show that the adaptive methods based
on the SIPG method refine more narrowly around regions where layers occur than the SUPG
discretization does. The reason is that the errors in boundary layers do not propagate into the
entire domain [18]. In this paper, we consider a class of distributed optimal control problems
governed by a system of convection dominated PDEs. Similar optimal control problems with-
out convection terms in the constraints have been discussed in [1, 8, 9, 24]. Our goal here is to
extend the residual based a posteriori error estimator applied to distributed linear optimal con-
trol problems governed by scalar convection dominated equation [33, 35] to optimal control
problems governed by a system of convection diffusion PDEs with nonlinear reaction terms
asin (1.2).

Our paper is organized as follows. In the next section we specify the problem data and
derive the Newton system to solve the optimal control problem. Section 3 introduces the DG
discretization, i.e., SIPG discretization for the diffusion term and an upwinding discretization
for the convection term. An effective preconditioner is also proposed to solve the saddle
point system. The reliability and efficiency estimates of our error estimator are proven in
Section 4. The proof uses the reliability and efficiency estimate of a scalar equation, the
continuous dependence of the solution of scalar state and adjoint equations on the right hand
sides of these equations, boundedness and the locally continuous Lipschitz condition of the
nonlinear terms as well as the convexity of the cost functional. Section 5 briefly describes the
standard adaptive procedure. In the final section we present numerical results that illustrate
the performance of the proposed error estimator.

2 The Nonlinear Optimal Control Problem

In this section, we first discuss some properties of the state equation (1.2), namely existence,
uniqueness and regularity of the state solution to prove the existence of the solution of the



optimal control problem (1.1)-(1.2). We use the method of ordered upper and lower solutions
introduced in [23] and applied in an optimal control context in [1, 8, 9].

The state PDEs (1.2) require a different choice of the state space than linear PDEs due to
the nonlinear terms. We need a higher regularity of u# and v to make the nonlinearities well
defined [8].

Let us start with the weak formulation of the state system (1.2). The state space, the control
space and the space of the test functions are

Y=H' (Q)NL*Q), C=L*Q) and W =H}(Q),

respectively. Then, it is well known that the weak formulation of the state PDEs (1.2) is such
that Vw e W,

al(u,w)Jr/Qy]rl(u)rz(v)wderb(c,w) =1 (w),

az(v,w) —|—/Qyzr1 (u)ry(v)wdx = bL(w),
where

ai(z,w) :/Q(EiVZ~Vw+[3,~Vzw+OLiZW) dx, b(c,w)= f/gcw dx,

Li(w) z/ﬁwdx, for i =1,2.
Q

We make the following assumptions for the functions and parameters on the optimal control
problem (1.1)-(1.2) fori=1,2:

A1 f; € L2(Q) > 0,uq,va € L*(Q),g: € HY*(I3),Bi € (W'=(Q))*.
A2 a; € L*(Q) > 0,y; > 0,g > 0,0,,®,,®, > 0.
A3 There exist constants ¥; > 0 such that

Oc,»(x)—%Vﬁi(x) S>>0 xeQ @1

A4 There also exist constants ;' > 0 such that

[ = V-Bi+ il =) < KiK. (2.2)

The conditions (A1-A3) ensure the well-posedness of the linear part of the optimal control
problem [11, 18]. The condition (A4) is required to prove the efficiency of the error estimator
[27, 29]. Although our error estimators can be formulated for x; = 0, we require k; > 0 to
prove reliability and efficiency of our estimator. Of course, if k; > 0, we can always find x}
such that (A4) holds and the condition (A4) is more critical if k; = 0, which is allowed in
[27, 29]. In this case, the condition (A4) holds only for the case o; = V - ;. Hence, we also
require V - B; > 0 to satisfy the condition (A3).

To ensure non-negativity of the concentrations u,v, the source functions f; and reaction
coefficients o;,7y; are assumed to be non-negative. Due to the nonlinear terms in (1.2), we also
make the following assumptions on the nonlinear terms r; for i = 1,2:



A5 The nonlinear terms r; satisfy the following assumptions [28, Sec. 4.3.2]:
the boundedness condition of order k =0, 1

\DEri(z)| < Cyy  Cu >0, Yz € [-M, M, (2.3)
and the continuous Lipschitz condition of order k = 0, 1, for s € [1, ]

||D’Zfr,-(z1) *D]z(ri(zz)”l}'(g) <LM)||z1 —22lls0), Yz € L7(Q). (2.4)

To show the existence and uniqueness of the system (1.2), we refer to the procedures in [1, 8]
for optimal control of a reaction-diffusion system. The main idea follows such that we first find
the upper and lower solutions which yield pointwise bounds for the desired solution. Then,
we use these bounds as initial iterates to construct two monotonically convergent (nested)
sequences. Hence, their common limit is the unique solution of the state system (1.2). In the
following theorem, we can state the existence and uniqueness of the state system (1.2) for each
control variable c.

Theorem 2.1 Under the assumptions (AI-AS5), the system (1.2) admits a unique solution
(u,v) €Y XY foreach c € C = L*(Q).

Now, we can give the existence of a solution (i, v, ¢) for the optimal control problem (1.1)-
(1.2) in the following theorem.

Theorem 2.2 There exists at least one global optimizer (i1, v, ) of the optimal control problem
(1.1)-(1.2) provided that the assumptions (AI1-A5) hold.

Proof. Let us only briefly sketch the proofs done in [Thm. 2.4, Thm. 7.4] [1, 8]. First, the
existence of a bounded sequence of state/control pairs whose objective value converges to the
overall infimum is established. Then, a subsequence of this sequence is weakly convergent due
to the boundedness of this sequence. By compact embedding results, strong convergence of
the state components in a weaker norm is obtained. Hence, a feasibility of the limit point can
be deduced and finally, a continuity argument is used to obtain convergence of the objective
function. (]

By taking the Fréchet derivative of the Lagrangian functional of the optimal control problem
(1.1)-(1.2) as done in [1, 8, 24], we obtain the following optimality system consisting of the
coupled adjoint system

—€18p—B1-Vp -+ (01 =V -Br)p+11pri (w)ra(v)
+'yzqu1 (u)ra(v) = —o,(u—uy) in Q, (2.52)

—e2Aq— B2 - Vg+ (02 — V- B2)g +11pr1 (w)ry (v)
—&—'yzqu(u)r;(v) =—-,(v—vy) inQ, (2.5b)
p=0 onl, (2.5¢)
qg=0 on Ty, (2.5d)



the gradient equation

w.c—p=0 in Q, (2.6)
and the coupled state system
—e1Au+B; - Vut+oqu+yr(u)rn(v)=fi+c inQ, (2.7a)
—&Av+Bo- Vvt apv+1or (u)rz(v) =fH in Q, (2.7b)
u=g onl, 2.7¢)
V=g onl>. (2.7d)

The optimality system (2.5-2.7) can be written in terms of (bi)-linears forms such that

ar(w,p) + (11 pr (W)r2(v), w)
+ (72‘1”/1 (w)ra(v),w) + o, (u,w) = @, (ug,w) Ywew, (2.8a)

ax(w.9) + (11pri(Wra(v). w)
+ (Y2gr1 (u)r,z(v),w) +o,(v,w)=,(vg,w) YweW, (2.8b)
b(w,p) +o:(c,w) =0 VYweC, (2.8¢)
ar(u,w) + (1r1 (W (v),w) +b(c,w) =1 (w) YweWw, (2.8d)
ax(v,w) + (ar1 (W) (v),w) = L(w) YweW. (2.8e)

The optimality system (2.5-2.7) can be described as a set of nonlinear equations with the
notation ®(x) = 0. The Newton’s method can be used to solve this problem via the relation

@ (x)sx = —P(xx). Then, an infinite dimensional system is described such that
A BT
{ B 0 ] s=-—o 2.9)
with
A A O _
A=| Ay An 0 |,B= [ Bi B I} and s = [Ap,Aq, Ac,Au,Av]”
0 0 ol By By 0

where I denotes the identity operator and
A]] =r
A=Ay =

YiP+729) + 0y,
Yip+Y29),
YiP+729) + 0y,

|
~

—_ = =

)
)
Axp =ri(u)ry(v)
(
(

Bii = —&1A+ By V+ oy +y17, ()ra(v),
By = 782A+ﬁ2~v+0€2 +72r1(u)r’2(1/).



3 Discontinuous Galerkin Discretization

The DG discretization of (2.9) is based on the SIPG discretization for the diffusion and an
upwind discretization for the convection. The same discretization is used, e.g., in [15, 27] for
a single linear convection diffusion equation and in [18, 33, 34, 35] for linear optimal control
problems.

Let {7}, be a family of shape regular meshes such that Q= UKeffhf, K;NK; =0 for
Ki,Kj € Ty, i # j. The diameter of an element K and the length of an edge E are denoted by
hk and hg, respectively.

We split the set of all edges £, into the set f{: of interior edges, and the set fg of boundary
edges so that £, = f}? U f,? . Let n denote the unit outward normal to Q2. We define the inflow

boundary
I ={x€dQ: B-n(x) <0},

and the outflow boundary I't = dQ \ I'~. The boundary edges are decomposed into edges

E, = {E € Zﬁ : EC F_} that correspond to the inflow boundary and edges E," = Z,? \E,

that correspond to the outflow boundary.
The inflow and outflow boundaries of an element K € 7, are defined by

0K ={x€0dK: B-ng(x) <0}, oK' =0K\0K ,

where ng is the unit normal vector on the boundary 0K of an element K.

Let the edge E be a common edge for two elements K and K¢. For a piecewise continuous
scalar function u, there are two traces of u along E, denoted by u|g from inside K and u°|g
from inside K*. Then, the jump and average of y across the edge E are defined by:

[] = ulsng +u|pnge,  {ul} = %(M|E ). 3.1)

Similarly, for a piecewise continuous vector field Vu, the jump and average across an edge
E are given by

1
[[VM]] = VM|E Nk +Vue|E -Nge, {{Vu}} = E(VM|E +Vue|E). (32)

For a boundary edge E € KNI, we set {Vu}} = Vu and [[u]] = un where n is the outward
normal unit vector on I'.

3.1 Discretization of State System

We here describe the discretization of the state system (1.2) for a fixed distributed control c.
Let P! (K) be the set of all polynomials on K € 7, of degree at most 1. Then, we define the
discrete state and control spaces to be
Wy=Y,={yeLl*Q): ylxkcP(K) VKeT}, (3.3)
Cr={cel*Q): c|xcP'(K) VK€ T}, (3.3b)



respectively. The space Y}, of discrete states and the space of test functions W, are identical
due to the weak treatment of boundary conditions for DG methods.

The DG method proposed here is based on the upwind discretization for the convection
term and on the SIPG discretization for the diffusion term. This leads to the formulation

aj (u,w) +v Z /rl (up)ra(vi)wy dx + by (c,w) = I} (w), (3.4)
KEQZK
a(v,w)+7 Z /r1 (up)r2(vi)wy dx = I3 (w), (3.5)
KeTy

where the (bi)-linear terms are defined as for i = 1,2 and Yw € W, as

a(z,w) = Z/ein-dex
KeTy g

- ¥ [tevy-wlas— Y [ {evwy s

EEE},E EG'EhE
ot

Z / wlds+ ) /B, Vw4 ayzw dx
Eth KeT i

+ Z / Bi-n(zf —z)wds— Z / B;-nzw ds, (3.6a)
KeThyg=\r KeThax-"rr-

bile,w) = =) / cw dx, (3.6b)
KeTy i
o = ¥ [fwaxs z / gl ds— ¥ [ aifeivw) ds

KeTk EcEE

- Z / Bi-ngiwds (3.6¢)
KeT ok nr-

with the nonnegative real parameter ¢ being called the penalty parameter. We choose G to be
sufficiently large, independently of the mesh size / and the diffusion coefficient € to ensure the
stability of the DG discretization as described in [25, Sec. 2.7.1] with a lower bound depending
only on the polynomial degree.

Now, we describe the discretized optimal control problem by

. W,
min J (un, vi,cp) = Y (7””11 uhHK+ HVh Vh||K+ || h”K) (3.7a)
KeT,
subject to
ap(unswy) + (Y171 (up)ra(vi), wi) + by (cn, win) = Iy (W) Yw € Wy, (3.7b)
aj (v, wn) + (i (un)ra (vi),wi) = Ly (wi)  Yw € W, (3.7¢)



with (up, v, cp) € (Yn,Y,,Cp). Then, the optimality system of the discretized optimal control
problem (3.7) is

ay(wis pi) + (Y1 pry ) r2 (V1) wi)
+ (Yzthll (up)ra2(vi), wn) + @y (g, wy) = co,,(uh,wh) Ywy, € Wy, (3.8a)

a3 (wn, i) + (Y pwry ()2 (Vi) W)
+ (Vaqnry ()2 (va), W) + @y (v i) = @, (v, wi) Y, € Wi, (3.8b)
br(Wh, pn) + @c(cn,wn) =0 Ywy, € Gy, (3.8¢)
ajp(un,wr) + (Yir1 (up)ra(vir), w) + by (e, wi) = L (wy,) Ywy, € Wy, (3.8d)
ag(viywi) + (var (un)r2 (Vi) s wi) = L (wp) Ywy, € W (3.8¢)

Note that we can neglect the errors introduced by the discretization of coefficients y; and Y,
since they are taken as constant coefficients. Hence, we take y; = y}l and Y, = Yzh throughout
this paper.

3.2 DG Discretization of the Newton System

The DG discretization of the right-hand side ®(x;) of the Newton system in (2.9) is written as

Zpk-i-’YlFl\u vk—i—’Yszu/v + o, Mu; — l
Alqe+mF 1 +"1F ), +w,Mv, — 1,
ProttVy G5
D) = oMey—Mpy : (3.9)

Ayuy + YlFuk.vk —Mcy—1,
Ayvy +Y2Fuk,vk -1

where

= [ prwra(u)er d. = [ st dx,

/ F
Doty Vi ity Vi

! !
Fpk.,uk,v;(:Azpkrl(uk)rz(vk)wi d)C7 Fqk,uk’vfk:/qurl(uk)rz(vk)(pi dx,

Fuywe = | (ur)r2 (Vi) @; dx.
Q

Ay and A, correspond to the bilinear forms a} (u,w) and a2 (v,w), whereas I, and [, correspond
the linear forms I} (w) and /?(w). Further, [, = [o @uqw dx, l; = [o®,vgw dx and mass
matrix Mij = f(Pi(pj dx.

o

The discretized form of the &' (xx) (2.9) is given by

, T
® (x;) = { ‘:; I:) } =4 (3.10)



with

YIMPM v +Y2Mqu WV +Mao, Yl]‘/Ip W +YZM!1 oy 0
A= 'Y]Mp iy +'YZM i ’YlMp u —I—'Yqu s +Mw, 0 ,
0 0 o.M
B— Ay +,YlMu',v ’YlMu,v/ —-M
YzMu/ W Ay + YzMu,vl 0 7
where
M:/j.v:/rl(”k)VZ(Vk)‘Pi‘Pj dx, M, Z/rl(uk)rz(vk)(Pi<Pj dx,
— , /
ol _/Pkrl ui)r2 (Vi) Qi dx, o'y = /qkrl ue)r2 (Vi) @i, dx,
S /Pk”l Uk rz(Vk)(Pz(P] dx, Mquv// = /Qk’"l Uk Vz(Vk)(P 0, dx,
M;]u,’v, = [ prry (ug)ry(vi) 9;9; dx, Mq V= /qkrl w)r> (Vi) i, dox.
Q

In this paper, we use the SIPG method due to its symmetric property. It guarantees that
the discretization of the optimality system is the same as the optimality system of the SIPG
discretized optimal control problem, i.e., the “optimize-then-discretize” and the “discretize-
then-optimize” commute. This commutative property does not hold for several other popular
DG methods (see, e.g., [17, 34]).

3.3 Fast solution of the Newton system and alternatives

We now briefly want to discuss the efficient solution of the linear system (3.10), which is a
linear system in saddle point form (see [5, 7] for introductions to this field). As the linear
system A4 is typically of large dimension, the use of direct solvers is often not feasible. Hence,
iterative solvers have to be employed. Here, we focus on methods of Krylov subspace type
that build up a low-dimensional subspace, to then find a good approximation to the solution
within this subspace. The approximation quality typically depends on the system parameters
such as the mesh-size and regularization parameters. In order to achieve robust performance,
the linear system “Ax = b is multiplied by a preconditioner ©? such that the equivalent system
P~ 4x = P~'b can be solved. Here we assume that the matrix P~ 4 has better numerical
properties compared to the original one. For symmetric problems, and in some sense also
for nonsymmetric ones, this is achieved by guaranteeing that P~ 4 has a small number of
distinct eigenvalues or clusters of eigenvalues. To achieve this, the matrix 2 has to resemble
A in some sense while still being easy to invert. For this we follow [20] where it is shown that
efficient approximations of the (1,1)-block A and the Schur complement BA~!'B” result in
good convergence behaviour. For the derivation of the preconditioners we follow [24], where
preconditioners for time-dependent reaction-diffusion problems were introduced. We first



discuss the approximation of the matrix A. Note that depending on the parameters 7;, Y, and
the values of state, control, and adjoint, this block may become indefinite, which means that
the reduced Hessian of the overall problem is not symmetric positive definite. One remedy is
to apply a Gauss-Newton technique [10, 22], where we ignore second derivatives with respect
to the Lagrange multipliers leading to a (1,1)-block of the form

Mo, 0 0
Agy = 0 Mo, 0
0 0 o.M

Note that we denote the original block of the Newton matrix by Ag. It is easy to see that
the matrix Agy can trivially be inverted in the case of diagonal mass matrices, which is sat-
isfied for our DG scheme. Otherwise, the Chebyshev semi-iteration is a suitable candidate
to approximate the individual sub-blocks [31]. The situation is more complicated when the
Newton method is applied as we then need a more involved approximation

As 0 0
Ag=Ag=| WM, +0pM o M, o +pM, Mo, 0 ;
0 0 o.M

where we assume that the blocks w.M and 'ylM v, +nM il + M, can easily be inverted

as the matrices are diagonal. The matrix Ag represents the Schur complement of the upper left
block, i.e.,

As =nM, +Y2M ! +M0)u B (YIMP,M/,VI + YzM(LM'W’)

p v
-1
(’Y]Mp wy! +Y2Mq,u,v” —|—MC0V> (YlMp,u/,v/ +Y2Mq,ul,vl) R

where we assume that all matrices involved are diagonal and hence trivially invertible. We now
have to efficiently approximate the Schur complement, which in general is a more difficult
task. Following [24], we derive a preconditioner that approximates all terms of the Schur
complement

1
S=BA 'BT =KL 'KT + m—M,
C

where we use the notation that

o | AutuMy M, am—| MO
’YzMM/.V A, +72Mu7vl ’ 0o 0|’

= YMpu V—|—’Y2M " —|—M(l)u 'Y]Mpu/ \/+Y2Mqul ¥
'Y]Mp i ¥ —|—'Y2M o YlMp,u,v" +Y2Mq,u,v” + Mo,

A technique that has proven to provide good convergence uses an approximation of the fol-
lowing form

S = (K+ )L (K +96)T,

10



where L approximates the upper 2 x 2-block of Ag /Gn- The goal is for
AL A 1
ML M ~ — M,
¢
which is achieved when

LAg 0
0

N 1 N
%:l\/mT-M Oland%:
0 0

o5

Note that this approximation can be used for both the Newton and Gauss-Newton approach.
In the Gauss-Newton approach the matrix Ag is simply given by M®, . Note that we now need
to approximate the inverse of (K + 9?/&2), which we can efficiently do using a fixed number
of steps of a preconditionAed Uzawa method with a block-diagonal preconditioner where the
diagonal blocks of (K + M; ») need to be approximated. We currently use a proof-of-concept
implementation that uses a factorisation of these block but appropriately chosen multigrid
schemes are of course possible.

The above mentioned preconditioner is embedded into a Krylov subspace solver. These
solvers approximate the solution within the Krylov subspace

spam{ro,fP*l!éIro7 (_‘P*'ﬂ)zrow..},

where 7 is the initial residual. In our case we employed GMRES [26], which minimizes the
norm of the residual over the current Krylov subspace.

4 A Posteriori Error Estimator

Our a posteriori error estimator builds upon the work by Schétzau and Zhu [27] for the SIPG
method and by Verfiirth [29] for continuous finite element methods. Similar error estimators
are also used in the optimal control context [33, 35]. Here, we extend this concept to optimal
control problems governed by a system of convection diffusion PDEs with nonlinear reaction
terms.

We measure the error of control ¢ in the L? norm, while we measure the error of the state

variables (u,v) and the adjoint variables (p,q) in the norm ||| - ||| and the semi-norm |- |4 [27],
which are defined by
2 2 2 ot 2
Il = ¥ (el +<lelage) + F ol ey @1
KeT,, Eer, "'E
hg
23 = Bzl + ) (ke + ;)Il[[Z]]Iliz(E), (4.2)
EcE,
where
Jq-Vwdx
_ Q 2002
lgl« = sup  ——— for g € L7(Q)~. (4.3)

werj@noy I

11



The terms |Bz|? and hge™!||[[2] Hiz () of the semi-norm |- |4 will be used to bound the con-

vective derivative, similar to [27, 29]. The other term «hg||[z] ||]2~2 (&) is related to the linear

reaction term.

Let
i dod oi e i c w2
ThoUns Vi, Oy Yy € Wiy B, €W,

denote approximations to the right hand sides f;, the desired states uy4,v,4, the linear reaction
terms ¢, the nonlinear reaction coefficients v;, and the convection terms ;, respectively, for
i=1,2.

1

11
We define weights by pg,; = min{hge,; *,K; *} and pg; = min{hge
1 1

11
2K *hfori=1,2.

i
When k; =0, pg; = hge; > and pg; = hge; * are taken.

For each element K € 7, the error indicators of the state N, n% and the adjoint Nk, n% are
given by

M) = [ )2+ ()2 + (M52, 2 {wmpigh,
where for K € 7, the interior residual terms are defined by
i = Pr.1lfis + cn+€18uy — By, - Vit — oy = Yyr1 () r2(vi) | 2 )

Nk = Px2llf + €28 — B - Vi — oGvn —Yrt (un)r2(vi) [ 12k
N, = Pt || — Ouun — 1) + €18y + Bl Viou — (0 — V- B pi

—Yhpur () r2(vi) — Vg () r2(vn) | 12 k)
g = przll — (v — Vi) + €280, +BF - Van — (0 — V- B)an
—Yhpnrt (un)ra (vi) = Yegnr () rs () | 2
the edge residuals for z =u, p and s = v, q are

1

~1
M =5 ¥ & prallenVanll ),
EcokK\I'
s 1 -3
(TIEK)Z = 5 Z 82 : pE,ZH [[SZVSh]] ||i2(E)’

EcoK\I'

and the terms measuring the jumps for (z,i) € {(«,1),(»,2),(p,1),(g,2)} are

(G =3 L (et )l el

O¢; h
+ Y (G ket ) Tl

Finally, our a posteriori error indicators of the optimal control problem (1.1)-(1.2) are given
by

1/2
n=( X mi?) zefunpah (4.4
KeTy,
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The data approximation errors are

6 = ( Y (9%)2)1/2 z€{u,v.p,q}, 4.5)
Ked,
where
(6%) = pk.1 (Hfl — Sill220) + 1 (B1 = Br) - V|22 ) + Il (ot — ai)uh\\iz(,q),
(6%)* = P%,z (Hfz — il 220 (B2 = B) - Vvl 72 ) + Il (02 — ai)vhlliz(,()),
(85)2 = Pk (10 (u —100) 122 g + [1(B1 = BE) - Vol

(8%)* —Pm(\lwvv —va)llf2 )+ 11(B2 = BR) - VanllZ2

(u
‘( —V-B1) ( -V Bh Ph||L2 )
(
(02— V- B2) — (02 —V-Bh>)qh||L2(K>)-

Assume that (A1)-(A5) are satisfied. Let (u,v,¢, p,q) and (up, vy, ch, pr,qn) be the solutions
of (2.8) and (3.8), respectively. Furthermore, let the error estimators n° (4.4) and the data
approximation errors 6° (4.5) be defined for z € {u,v,p,q}. We will prove the reliability
estimate

lle = enllr2a +ZIIIZ*ZhIII+IZ ZhA<Z °46%)

(see Theorem 4.6) and the efficiency estimate

Y i< lle—cnlliza) + X lle—zulll + 1z — znla + 6%
z Z

(see Theorem 4.7).

Remark 4.1 Our a posteriori error indicators are defined for x; > 0, i =1,2. Although the
a posteriori error indicators (4.4) work in numerical examples, we need x; > 0 to prove the
constants independent of €; in the proof of our reliability and efficiency estimates. We note that
this assumption is also made for analysis of optimal control problems governed by convection
dominated equations [4, 14, 18, 32, 33, 35].

Throughout this section we use the symbols < and > to denote bounds that are valid up to
positive constants independent of the local mesh sizes, the diffusion coefficients ¢;, i = 1,2,
and the penalty parameter G, provided that 6 > 1.

The reliability and efficiency estimates of our estimator are proven provided that the state
equations (1.2) have homogeneous boundary conditions, i.e., g; = 0, i = 1,2 as proven in
[27, 33, 35].

13



4.1 Reliability of a Posteriori Error Estimator

The following reliability results (4.6-4.9) are obtained by adapting the notation in [27, Thm. 3.2].
Nonlinear terms are eliminated by using the boundedness and continuous Lipschitz conditions
given in assumption (AS).

Theorem 4.2 Let (AI1-AS) be satisfied. If u[cy] is the solution of (2.8d) with v = vy, ¢ = ¢y,
and uy, is the solution of (3.8d), then

lu[cn] — unlll + lulcn] — unla <" +6" (4.6)
If v is the solution of (2.8e) with u = uy, and vy, is the solution of (3.8e), then
(17— valll + 7 —vala <M"+86". 4.7
If p is the solution of (2.8a) with u = uy,,v = v, q = q;, and py, is the solution of (3.8a), then
15— pulll + 17— pala <" +6". 4.8)
If G is the solution of (2.8b) with u = uy,,v = vy, p = py, and gy, is the solution of (3.8b), then
14— gnlll + 13 — gnla <n?+67. 4.9)

We also need the following result on the continuous dependence of the solution to the scalar
linear state equation with homogeneous boundary conditions, and of the solution to the adjoint
equation.

Lemma 4.3 Let (A1-A5) be satisfied and let g € L*(Q). If z € Y solves a;(z,w) = (g,w) for
allwe W andi= 1,2, then

llzll+lzla < llgllz2q),  z € {uv}. (4.10)
If s €Y solves a;(w,s) = (g,w) forallw € V and i = 1,2, then

lslll +Isla < llgllz2(@), s € {p>q}- (4.11)

Proof. The papers [29, L. 3.1] and [27, L. 4.4] prove the existence of a constant C > 0 such
that
inf ai(z,w)

su _— Y >(C>0.
<eH} @\ O} wers) a0y I+ [ Tl

Since k > 0 we have (g,w) < [|gl;2(q) IWlli2) S lI8ll2@) IWlll- If z € ¥ solves a;(z,w) =
(g,w) for all w € W and i = 1,2, then the inf — sup condition implies

(=l + Izl lwll < @iz w) = (g:w) < llgllzz @ lIwlll

which is the desired inequality (4.10).
The inequality (4.11) can be proven analogously. ]

14



To prove our reliability result, we need the following auxiliary equations. For given ¢ €
L?*(Q) we let u[c] € H'(Q) NL*(Q) denote the solution of

ay (ulc],w) + (yir1 (u[c))ra(v),w) — (c,w) = (fi,w) YweW, (4.12a)
a(vw) + (ri(ulc)r2(v),w) = (f2,w) YweW, (4.12b)

and let p[c] € H'(Q) N L?*(Q) denote the solution of

ar(w, ple]) + (v ple]ry (ulc])r2(v), w)
+ (Yagry (uc]) 2 (v), w) + 0y (u]c], w) = @y (ug, w) Yw e W, (4.13a)
ax(w,q) + (nplelr (ulea))ry (v), w)
+ (Y2971 (u[c])rlz(v),w) +o,(v,w) =w0,(vg,w) YweW. (4.13b)

The next result is a common ingredient in error analyses for optimal control problems (see,
e.g., [19, pp. 1328,1329]) and essentially uses the convexity of the cost functional and bound-
edness and the locally continuous Lipschitz condition of the nonlinear terms in assumption
(AS).

Lemma 4.4 Assume that (A1-A5) are satisfied. If (u,v,c,p,q) and (up, vy, cp, ph,qn) are the
solutions of (2.8) and (3.8), respectively, then

e — chHiz(Q) < |lpn —P[Ch]||i2(g) + [Jufen] — uH%}(Q) +lp — plen] Hiz@)- (4.14)
Proof. Let u[cy], p[cp] solve (4.12a) and (4.13a) with ¢ = ¢;,. For any w € W we have

(W, 0cc = p) = (W, 0cch = plen]) = (W, plen] = p) + Oc(c = cn, w)

Setting w = ¢ — ¢, this leads to

(¢ —cn,0cc — p) — (¢ — cp, ey — plen))
= (c—cnplen) = p) +oclle —cull2 q)- (4.15)

From (4.12a) and (4.13a) we can deduce

(C - CmP[Ch} *P) = (CaP[Ch] - P) - (Ch,P[Ch] *17)
= a1 (u—ulen], ple)) — ar (u—ules], p)
+(y1r2(v) (r1 () — r1(ulen])), plen] — p)
= mMu—wcmL
+(vir2(v) (pry (u) = plen]r (ulen])), u — uley))
+(v2qra (v) (ry (1) = ry ([en))), u — ulen))
+(yir2(v) (1 (u) = r1 (ulen])), plen] — p).- (4.16)

15



Using equations (4.15) and (4.16), the gradient equations (2.8c) and (3.8c), we obtain
mcllc_chHiZ(Q) < C—Ch,wcC—P)—(C—Chaﬂ)cch—P[Ch])

+(r2(v) (plenlry (ulea)) = pry(u)),u—ules])

+(vaqra () (ry (ulea)) = ry (), u = ules])

+(nr2(v) (ri(ulen)) = ri(w)), plea] — p)

(C—Ch, [ ] ) ((Dcch Ph,C—Ch)

+(nxww[]<w ) = pri (), u—ules])

+(Yaqra(v) (ry (ulen]) — ry (), 1 — len))

+(vir2(v) (r1 (ulen]) — i (w)), plea] — p)- (4.17)

With the help of the assumption (AS5), the boundedness of the solutions and Young’s inequality,
we obtain

(nir2(v)(plenlr (ulea)) — pri (), u — ules))

< lIplealry (ulea)) = pri ()72 gy + llulen] = ull72 g

= [lry (uleal) (Pler] = p) + p(r (ulen]) = ry () 2 + llulen] = ull22

< Iplen] = P72 ) + luler] — 72 - (4.18)

Similarly, the last two terms of (4.17) are bounded by

!

(12gr2(v) (ry (ulen]) = 'y (w)),u—ulen)) < ulen] = ul}> . (4.19)
(vir2 () (r1 (ulen)) = r1(w)), plea] = p) < llulen) —ull72 - (4.20)

Inserting (4.18-4.20) into (4.17) and applying Young’s inequality, the desired result is ob-
tained. (]

Lemma 4.5 Let (A1-AS5) be satisfied. If (u[ch],v,plch],q) solves (2.8) and (upn,vi, pn,qn)
solves (3.8), then we have

lulen] —unlll + lulen] —upla < M +0“+[[v —vall 12 (g (4.21a)
lv=vall+v=vnla < MN"+6"+|u—ul2 ), (4.21b)
lplen] = pull + |plen] —pula < NP +07 +[lufen] —unll 2 (q)
Hv=vall2@ + g —anll2),  (421c)
llg—anlll +1g—gnla < M7+07+[lu—up 20

v =vallz@) +1IP—Prllzg).  4.21d)

Proof. Let ii € H'(Q)NL*(Q) solve (2.8d) with v = v;,¢ = ¢;,. The difference ulc] —ii €
H'(Q)NL*(Q) solves

ay(ulep) —a,w) + (yir1 (ulca))r2(v) —yari (@)r2(v),w) =0 Yw e W.
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Note that we can write

Yir(ule])r2(v) = yir (@) r2(vi) = Yir1 (@) (r2(va) — ra(v)) +v172(0) (r1 (@) — r1 (ulen])).

Then, Lemma 4.3, assumption (A5) and ||u[ch] — | ;2(q) < [[[u[ca] — | yield
llelcn] —alll + |ulcn] — ala < v —vallr2(q)- (4.22)
Moreover, Theorem 4.2 implies
1@ — unl| + |G — upla <N+ 6" (4.23)

Hence, the desired inequality (4.21a) follows from (4.22) and (4.23).
Similarly, let 5 € H'(Q) N L*(Q) solve (2.8a) with u = u;,,v = vi,q = qp,c = cj,. The
difference p[c;] — p € H'(Q) N L*(Q) solves
ar(w, ples] — B) + (plenlry (ulen))ra(v) =i pry () ra (vi), w)
+ (nagry (ulen)) r2 (v) = Vaqur (un)ra(vi), w) =0 Fw € W.

By adding and subtracting suitable terms and then using Lemma 4.3, assumption (AS), the
boundedness of solutions, ||p[cn] — pl|;2(q) < lllplca] — Al and Theorem 4.2, the desired result
(4.21b) is obtained. The inequalities (4.21c-4.21d) can be proven analogously.

O

Theorem 4.6 Assume that assumptions (A1-A5) are satisfied. Let (u,v,c,p,q) and (un,vi,Ch, Phyqn)
be the solutions of (2.8) and (3.8), respectively. If the error estimators N° and ©° are defined
by (4.4) and (4.5) for z € {u,v, p,q}, then we have the a posteriori error bound

e —cnlli2() +Z|||Z*Zh||| +lz—znla < Z(ﬂz+ez)-
z z

Proof. From (4.12)-(4.13) and (2.8), we have Yw € W},

ar(u—ulcn),w) =(nir2(v) (r1 (ulen]) — r1(u),w) + (¢ — e, w), (4.24)
ar(w,p = plea]) =(nr2(v) (plealry (ulen]) = pry (), w)
+ (12gr2(v) (ry (ulen]) = ry (), w) = @ (u— ufes], w). (4.25)
By the continuity results in Lemma 4.3 and assumption (AS5) we have
[l = ulen]ll + |u = ulenlla < lle = enllz () (4.26)
llp = plenlll+ [P = plealla < llu—ulealll2(q)- (4.27)

Now, using the estimate [|w||;2(q) < [|w|]| for w € W), and applying Lemma 4.4, Lemma 4.5,
and Theorem 4.2, we obtain the desired bound. O
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4.2 Efficiency of a Posteriori Error Estimator

Theorem 4.7 Assume that assumptions (AI1-A5) are satisfied. Let (u,v,c,p,q) and (un,vi,Ch, Phyqn)
be the solutions of (2.8) and (3.8), respectively. If the error estimators N° and ©° are defined
by (4.4) and (4.5) for z € {u,v, p,q}, then we have the upper bound

Y i< e —cenlliz(q) + Y llz—zalll + |z — zala + 67
Z Z

Proof. The proof of the efficiency result is similar to Thm. 3.2 in [27]. For each variable, that
is, u,v, p,q, the bounds are found by applying the same procedure. The nonlinear terms are
bounded by the assumption (A5) and the inequality ||z —zal|;2(q) < [y —ya /[ is used. O

5 The Adaptive Loop

The adaptive procedure consists of successive execution of the several steps:
SOLVE — ESTIMATE — MARK — REFINE.

The SOLVE step is the numerical solution of the optimal control problem with respect to the
given triangulation 7}, using the DG discretization. For the ESTIMATE step, the residual
error estimator (M%)? 4+ (M%)? 4+ (M%)? + (M%)?, K € T, defined in Section 4 is used. In the
MARK step, the edges and elements for the refinement are specified by using the a posteriori
error indicator (4.4) and by choosing subsets My C ‘F, such that the following bulk criterion
is satisfied for the given marking parameter 0:

Y )P+ mp)*+ MR+ M) <o Y mE)P+ M)+ M)A+ mE)E G
KeT, KeMg

Finally, in the REFINE step, the marked elements are refined by longest edge bisection, where
the elements of the marked edges are refined by bisection.

6 Numerical Results

We present numerical results for optimal control problems governed by a system of convection-
diffusion PDEs with nonlinear reaction terms. When the analytical solutions of the state and
the adjoint variables are given, the Dirichlet boundary data g;, the source functions f; and the
desired states u4, v, are computed from (2.5-2.7) using the exact state, adjoint and control. We
use piecewise linear polynomials for discretization of the state, adjoint and control variables.
The penalty parameter in the SIPG method is chosen as ¢ = 6 on interior edges and ¢ = 12
on boundary edges. The marking parameter 0 in (5.1) varies between 0.3 and 0.6.

6.1 Example with Interior Layers

The following example is constructed by using the examples in [14, 32]. The problem data are

Q=(0,12 o,=w,=1, =01, & =g=1079,
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B = (2,3)T, B = (l,O)T, ap=0p=1, ru)=u and r{)=w
The exact state solutions

2 1 1 1
u(xl,xz)zaarctan ﬁ _§x1+x2_1 ,

((x-0.5243(-0.5)%)

-1
v(x1,x2) =4eve2 sin(xm) cos(ym)

are constructed to have a straight interior layer and an interior layer at the center, respectively,
whereas the exact adjoint solutions

p(x1,x2) =16x1 (1 —x1)x2(1 —x2)

(3t 2 (fe (o-2) = (=-2) )] ).

q(xl x2) :e\;TLz ((x70-5)2+3(y7045)2)

sin(xm) cos(ym)
are constructed to have a circular interior layer and an interior layer at the center, respectively.

State u State v

X, 00 X

State u Sttate v

Figure 1: Example 6.1: The plots in the top row show the computed states u, v and control ¢
on a uniformly refined mesh with 16641 vertices for y; = 0.1, i = 1,2. The plots in
the bottom row show the computed states u, v and control ¢ on an adaptively refined
mesh with 15826 vertices fory; =0.1,i = 1,2.
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[level,vertices]=[11,15826] [level,vertices]=[11,14322] [level,vertices]=[11,15118]

Figure 2: Example 6.1: Adaptively refined meshes fory; =0.1,1,5, i = 1,2 (from left to right).

Uniform Adjoint g Adaptive Adjoint q

Figure 3: Example 6.1: The plots show the L, errors of the adjoint ¢ on a uniformly refined
mesh with 16641 vertices and on an adaptively refined mesh with 15118 vertices,
respectively, fory; =5,i=1,2.

The example having exact solutions of the state # and adjoint p has been used in [14] with
an edge stabilization for the control constraint and in [33] with SIPG discretization for the
unconstrained case. Also, the example having exact solutions of the state v and adjoint g has
been studied in [32] with an edge stabilization and in [35] with SIPG discretization for the
control constraint. We here construct a coupled state system with a nonlinear reaction term by
combining these two examples.
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State u State v Control ¢

10
10" 107
S
m
~
-}
107 107
- e - Adaptive ‘o - e - Adaptive °\\ - & - Adaptive
—k— Uniform —*— Uniform v —k— Uniform
10° 10" 107
10° 10° 10* 107 10° 10° 107 10° 10*
Number of vertices Number of vertices Number of vertices
0 Adjoint p o Adjoint q
10 10
1077
10"
§ 3|
i 10
~
-
107
107"
- e -Adaptive - e -Adaptive ‘o
—=—Uniform —+— Uniform
_3 -5
10 10
10 10° 10* 10° 10° 10*
Number of vertices Number of vertices

Figure 4: Example 6.1: The plots in the top row show the L, errors of the states u, v and control
c on a uniformly refined mesh with 16641 vertices for y; = 0.1, i = 1,2. The plots in
the bottom row show the L, errors of the adjoints p, ¢ on an adaptively refined mesh
with 15826 vertices for y; =0.1,i = 1,2.

Figure 1 shows that oscillations occur on the interior layers when the initial mesh is refined
uniformly with 16641 vertices for y; = 0.1. However, picking out the layers by using the error
indicators given in (4.4), the oscillations are reduced. This proves the performance of the
adaptive refinement over the uniform refinement. Figure 2 reveals adaptively refined meshes
fory; =0.1,1,5 for i = 1,2, respectively. The adaptive mesh obtained for y; = 0.1 is similar
to the numerical results obtained in [33] for the linear problems. However, extra regions are
refined when we increase values of ¥;. The reason is that the interaction of variables increases
with higher values of y;. We also observe that the unexpected oscillations occur for the adjoint
g when the values of y; are increased as shown in Figure 3.
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Residual norm

Iteration

(a) Iteration numbers for ®, = le — 1

10°

10 - N

Residual norm

10 B

107 L L é \8 L L L
Iteration

(b) Iteration numbers for ., = le — 3

Figure 5: Example 6.1: Iteration numbers for the second step of the Gauss-Newton method
and a variety of adaptively refined meshes.

The errors measured in the L, norm for the state, adjoint and control are decreasing faster
for the adaptively refined mesh than for the uniformly refined mesh as shown in Figure 4 for
v; = 0.1. We also observe that the errors of adaptive refinement decrease monotonically.

Additionally, we want to briefly illustrate the performance of the proposed preconditioner
shown in Figure 5, where we show the GMRES iteration numbers for the second step of the
Gauss-Newton method on a variety of adaptively refined meshes and two different values of
the regularization parameter ®.. The convergence of GMRES is measured in the relative norm
of the preconditioned residual and the iterations are stopped when the relative residual norm
is smaller than le — 6. It can be seen that the iteration numbers for both problems are almost
constant with respect to the mesh-size and the value of the regularization parameter.

At the moment we only have a proof-of-concept implementation as we have not yet used
multigrid techniques to approximate the preconditioning sub-blocks. Also, the presented ex-
amples are all set up in two dimensions, where typically sparse factorisations show outstanding
performance. This is no longer the case for three-dimensional examples, whereas our precon-
ditioners do utilize the two-dimensional nature of the problem.
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6.2 Example with Boundary Layers
The problem data are
Q=(0,12 o,=w,=1, 0.=10"% g =e=107"°,
Bi=(1,D7, Br=(-1,-2)7, oy=0 and op=1.
The source functions and desired state functions are defined by
fi=0, fp=1, ugy=1 and vg=1.

The Dirichlet boundary conditions, i.e., g; = 0 for i = 1,2, are homogeneous. The nonlinear
reaction term is defined by

ri(u)=u and nr(v)=

[level,vertices]=[8,3796] [level,vertices]=[6,3926] [level,vertices]=[4,3715]

Figure 6: Example 6.2: Adaptively refined meshes for y; = 0.1,1,5 for i = 1,2 (from left to
right).

Figure 7 reveals the computed solutions of the control ¢ on the uniformly refined mesh
with 4225 vertices and on an adaptively refined mesh with 3796 vertices fory; = 0.1, i = 1,2.
The numerical solution on the uniform mesh exhibits oscillations due to the boundary layers as
shown in Figure 6. By resolving the boundary layers, the oscillations are reduced as illustrated
in Figure 7. From Figure 7, it is evident that substantial computing work can be saved by using
efficient adaptive mesh refinement.

As in the previous example, the error estimator (4.4) refines extra regions when the values
of the coefficients 7y; of the nonlinear terms are increased, see Figure 6.
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Uniform Adaptive

Figure 7: Example 6.2: The computed control ¢ on a uniformly refined mesh (4225 vertices)
and on an adaptively refined mesh (3796 vertices) for y; =0.1,i =1,2.

7 Conclusions

In this paper, we have studied a posteriori error estimates of the symmetric interior penalty
Galerkin (SIPG) method for the optimal control problems governed by a system of convection-
diffusion PDEs with nonlinear reaction terms, arising from chemical process engineering.
The saddle point system resulting from the optimality conditions and discretized with piece-
wise linear polynomials is solved by using a suitable preconditioner within a Krylov subspace
method. We have proven the reliability and efficiency of our estimator. The extension of the
results here to unsteady optimal control problems with state and/or control constraints in 2D
and 3D is the topic of current investigations and will be addressed in coming work.
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