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1. Introduction

In this paper we introduce and analyze a class of adaptive multilevel trust-region methods
for the efficient solution of optimization problems governed by time—dependent nonlinear
partial differential equations (PDEs) with control constraints. The resulting method can
be considered as an inexact trust-region method applied to the reduced problem, where
the state is eliminated by using the discretized state equation on the current grid. One can
alternatively also intepret the method as a generalized composite step SQP method, where
instead of the quasi-normal step of a classical composite step trust-region SQP method
which results from solving the linearized PDE sufficiently well, a (nonlinear) solver is
applied to the current discretization of the PDE. The algorithm is based on ideas of the
adaptive multilevel inexact SQP-method from [26,27]. It is inspired by and particularly
shaped for optimization problems governed by parabolic PDEs, since solving a linearized
parabolic PDE or the nonlinear parabolic PDE itself numerically with linear implicit
methods in time, as e.g. Rosenbrock schemes, on a given spatial discretization has about
the same computational costs. The adaptive multilevel trust-region method is designed
to combine efficient optimization techniques and fast PDE solvers with error estimators
in a rigorous way. Therefore, it offers the possibility to use different solvers for the state
PDE and the adjoint PDE. The occuring inexactness in the reduced gradient on a fixed
discretization level is controlled and modern adaptive discretization techniques for PDEs
based on a posteriori error estimators are integrated in this framework. The algorithm
starts with a coarse discretization of the underlying optimization problem and provides
during the optimization process implementable criteria for an adaptive refinement strat-
egy of the current discretization based on error estimators. This offers the possibility to
perform most of the optimization iterations and PDE solves on coarse meshes. Moreover,
the optimization problem is always well represented and the infinite-dimensional problem
is approached during the optimization in an efficient way.

We consider PDE-constrained optimization problems of the form

yerahlleUf(y, u) s. t. C(y,u) =0, u€ Uy, (1)

where U is the control space, Usq C U a closed and convex subset representing the set
of admissible controls, Y is the state space, f : Y x U — R is the objective function.
The state equation C' : Y x U — A,C(y,u) = 0 comprises a (system of) partial differ-
ential equation(s) with appropriate initial and/or boundary conditions in a variational
formulation with V' as the set of test functions. V™ denotes the dual space of V and,
thus, we have A = V*. We assume that U are Hilbert spaces and that Y and V are
reflexive Banach spaces. Moreover, we will require that f and C are continuously Fréchet
differentiable on a subset of Y x U.

As an example we will consider in section 5 a semilinear parabolic boundary control
problem of the form

min f(y,u) s.t. y+Ly+d(y) =0, on (0,T) x Q,
yn +b(y) =u, on (0,T) x 99,
y(0,:) =yo on £,
a<u<b on(0,T)x0Q,

(2)

where 2 C R"™ is a bounded Lipschitz domain, T > 0, y, denotes the outer normal
derivative, u : (0,7) x 92 — R is the control and yo : @ — R are given initial data. b
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and d are monotone increasing C-functions. L denotes for each time t a second order
elliptic operator

Ly = Z(aij (t7 x)yﬂci )xj + Z b; (t7 x)ym + Co(t, J?)y,
¥ i=1
i.e., there exists a constant 8 > 0 such that

Z aij(t, ©)&& > 0||€))° for a.a. (t,2) € (0,T) x Q and all £ € R™,

ij=1

see for example [10, 15,20, 23].
The proposed adaptive multilevel trust-region algorithm for (1) generates a hierarchy
of finite-dimensional approximations
min f@"u™ st CM@M UMy =0, W e UL, (3)
yhevy,,uheuy,
which result from conformal discretizations of (1) on adaptively refined meshes. Our
assumptions on the discretization will be made precise in Section 2.

Multilevel optimization techniques for optimal control problems governed by (nonlin-
ear) PDEs are an active research area. There is a variety of literature for optimization
problems governed by elliptic PDEs as outlined in [26,27]. However, only a few pub-
lications are concerned with multilevel adaptive solution techniques for optimal control
problems governed by (nonlinear) parabolic PDEs. [3,21] derive error estimates for adap-
tive mesh refinements and show possibilities for derivative evaluations of the reduced cost
functional. The algorithms from [3,21] for adaptive mesh refinement solve the optimiza-
tion problem on the current grid and then refine the mesh.

In [12,13,18] multilevel trust-region methods are proposed that focus on the efficient
use of a hierarchy of discretizations to solve an optimization problem on the finest grid,
but the coupling with adaptive mesh refinement is not considered.

In [17] truncated Newton methods with inexact function and gradient evaluations have
been studied, but the combination with error estimators was not considered. A general
algorithmic framework for dealing with approximate function and gradient evaluations in
steepest descent algorithms for optimal control problems has been proposed in [22]. In
this approach the accuracy control mechanism requires an error estimator for the function
and gradient value depending on a scalar mesh parameter and is quite different from the
method proposed in this work.

The rigorous coupling of error estimators with efficient optimization methods in a
multilevel optimization framework for parabolic PDE constrained optimization problems
(with control constraints) was to the best of our knowledge not considered so far.

In this paper we develop an implementable adaptive refinement strategy based on
error estimators and combine it with an efficient inexact trust-region method. The pos-
sibility to use different solvers for the PDE and the adjoint PDE is given. The resulting
adaptive multilevel trust-region method generates a hierarchy of adaptive discretizations
(3), controls the inexactness of the reduced gradient on the current discretization and
refines the grid — if necessary — adaptively in an appropriate way based on error esti-
mators, e.g. [1,2,8,9,21,24], to ensure convergence to a solution of the original problem
(1). We will prove global convergence under standard assumptions to a first-order op-
timal point of the infinite-dimensional problem (1). Moreover, we illustrate how the
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adaptive refinement strategy of the algorithm can be implemented by using a posteriori
error estimators for the state and the adjoint equation.

The presented method has several advantages. The multilevel approach carries out
most optimization iterations on coarse meshes. The accuracy of the optimization result is
controlled and the mesh adaptation is tailored to the needs of the optimization method.
This offers the possibility to obtain optimization results of high accuracy by an effort of
a few simulation runs on the finest grid.

This paper is organized as follows. In section 2 we formulate our general assump-
tions that take the nature of nonlinear PDE constraints into account and can easily be
verified e.g. for semilinear parabolic problems as well as the Navier-Stokes equations.
We derive optimality conditions and formulate our assumptions on the discretization.
In section 3 we develop step by step the adaptive multilevel trust-region method. The
convergence analysis is carried out in section 4. In section 5 the assumptions are verified
for a semilinear parabolic boundary control problem and numerical results are presented.

Notations. For a Gateaux- or Fréchet-differentiable operator C : Y x U — V*, we
denote by Cy(y,u) € L(Y, V™) and Cu(y,u) € L(U, V™) the partial derivative with respect
to y and u, respectively. If f:Y x U — R is Gateaux- or Fréchet-differentiable and U is
a Hilbert space then we denote by the gradient V, f(y,u) € U the Riesz representation
of fu(y,u) € U".

2. Optimality conditions and discretization

We make the following assumptions, which can conveniently be verified, e.g., for semilin-
ear parabolic problems or the unsteady Navier-Stokes equations in 2D and takes care of
the fact that for nonlinear problems often additional regularity of the state is necessary to
obtain differentiability properties of the control to state mapping u € Unq — y = S(u) €
Y.

Assumption 2.1. U is a Hilbert space, Y,V are reflerive Banach spaces, Uga C U 1is
closed and convex. Moreover, there exists a Banach space YT — Y and a convex closed
subset D := Dy x Dy C Yt x U with Usq C Dy such that the following holds.

Al f:Y xU — R is continuously Fréchet differentiable and the derivative is Hélder
continuous on bounded subsets of YT x U.

A2 There exists a unique solution operator u € Dy + S(u) € Dy C Y for C(y,u) =
0 that is bounded on bounded sets in (Duy,|-||v). Moreover, uw € (Dy,|-||v) —
S(u) €Y is continuous.

A3 C : YT x U — V* is continuously Fréchet differentiable. Moreover, also C :
(Dy, |I-lly) X U — V* is continuously Fréchet differentiable. The partial derivative
Cy(z) € L(YT,V*) admits for all x € D an extension Cy(x) € L(Y,V*) that has
a bounded inverse Cy(z)™' € L(V*,Y). Moreover, (y,u) € (Dy,|||ly) x U
Cx(y,u) € L(Y x U, V*) is Hélder continuous on bounded subsets of Y x U.

By applying the generalization [11, Thm. 3.1] of the implicit function theorem we
obtain the differentiability of the control-to-state map and of the reduced objective fun-
tional.
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Proposition 2.2. Let Assumption 2.1 hold. Then the mapping u € (Du, ||-||lv) — S(u) €
Y is continuously Fréchet differentiable with derivative

S'(u) = —Cy(S(u), u) ™ Cu(S(u),u) (4)

that is Hélder continuous on bounded subsets of (Du, ||-||u). Moreover, also the reduced
objective functional

~

u€ (Du, [-lv) = f(u) :== F(S(u), u)

s continuously Fréchet differentiable with derivative
F(w) = f,(S(u),u)S" (u) + fu(S(u),u) € U” ()
that is Holder continuous on bounded subsets of (Du, ||-||v). Finally, the solution operator
(y,w) € Dy, [I-ly) x (Do, [Ilv) = Sy, (y,u) = Cy(y,u)” " fy(y,u) €V
of the adjoint equation ly(y,u,\) = 0 is continuous.

Proof. The Fréchet differentiability of u € (Dy,||-||v) — S(u) € Y and (4) follow from
[11, Thm. 3.1] by setting Y1 = Y2 :=Y, Z = Zy := V" and by using (Duy, ||-||v) instead
of U. The continuity of S’(u) and boundedness on bounded subsets follows from (4) by
A1-A3. The continuity of S, (u) is also a consequence of A1-A3. Hence, S is Lipschitz
continuous on bounded subsets and from A1-A3 and (4) it follows that S’ is Hélder
continuous on bounded subsets.

The continuous Fréchet differentiability of u € (Dy, ||-||v) — A(u) = f(S(u),u) is now
a consequence of Al and the chain rule. f’(u) € U™ follows by (4), A1 and A3. Moreover,
the Holder continuity on bounded subsets is a consequence of the Holder continuity of
S’ O

We introduce the Lagrangian function

l : Y X U X V — R7 l(y7u7 )\) = f(yau) + <)‘70(y7 u)>V7V* N (6)
By using Proposition 2.2, differentiating f(u) = f(S(u),u) = (S(u),u,\) with respect
to w and choosing A € V' as the unique solution of the adjoint equation

ly(S(u),u,A) =0, ie., Cy(S(u),u) "\ =—Ff,(S(u),u),

which has a unique solution by A2 and A3, we still obtain the classical adjoint represen-
tation
F(w) = 1(S(u),u,\), where lI,(S(u),u,\) = 0. (7)

We conclude that under Assumption 2.1 the problem (1) can equivelantly be written
as the reduced problem

mei[r]l Flu) == f(S(u),u) sunject to u € U (8)
Moreover, the reduced objective function u € (Dy, ||-||v) — f(S(u),u) is continuously
Fréchet differentiability and its derivative can be computed by the adjoint formula (7).
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2.1. Optimality conditions. Let (7,%) € Y x Uuq be a locally optimal solution of
problem (1). Then § = S(@) € Dy C Y1 by A2 and 4 is a local solution of the reduced

problem (8). Hence, Proposition 2.2 yields with the Riesz representation V f(@) € U of

-~

f' (@) € U*) that for the local solution @ of (8) the optimality condition

~

4 € Ugd, (Vf(ﬂ),u — ’E)U >0 Vu€ U

holds. Since U,q C U is closed and convex, it is well known that this variational inequality
is equivalent to

PUa,d (fL - Vf(ﬂ)) = 07

where Py, : U — Usq — 4 denotes the projection onto the closed and convex set Uaq i.e.

Pu,o(u) € Uaa,  Po,y(u) = axgmin v —ully Vuel,
w ad

see, e.g., [15,23]. Using (7) we conclude that under Assumption 2.1 in a local solution
(g,a) of (1) the following first-order necessary optimality conditions hold: There exists
an adjoint state A € V' such that

C(y,u) =0 (state equation),
Iy(g,%,A) =0 (adjoint equation), 9)
Py, (@ — V., l(g,4,)\) =0 (stationarity),

where V,[(7,@,\) € U denotes the Riesz representation of the control gradient 1, (7, @, \)
of the Lagrangian, cf. [15,23]. We will call || Py, (u— Vul(y,u, \))||v criticality measure.

2.2. Discretized problem. To allow for a wide variatey of possible PDE solvers
within the proposed optimization method, we assume the following framework.

We assume that there is a suitable solver for the state equation C(y,u) = 0 available,
which generates for simplicity a conformal discretization. More precisely, for a given mesh
Tr corresponding to a state space Y, C Y and U, C U it generates for given u® € Uy
a unique solution y" € Y}, of a discretized state equation C”(y",u") = 0 leading to a
discrete solution operator S™ : u* € Uy, — y" € Y3. By b’ < h we indicate that the mesh
Trs is a refinement of 75, in the sense that Y" C Y" and U" c U". Moreover, we denote
by hi N\, 0 that 7p, is a sequence of refined meshes, such that 1) the maximal diameter of
mesh cells tends to zero, 2) dy (y, Ya, ) +dv(u, Un, ) — 0 for all (y,u) € Y x U, 3) specific
requirements of the solver are satisfied, e.g. ratio between time step and spacial mesh
size and regularity properties of the meshes. Here, dy and dy denote the distance with
respect to |||LY and ||-||v, respectively. Finally, let U, C Uy, be an approximation of Usg
with dy (u, U, %) — 0 for all u € Uyq as hi, \ 0. A possible choice is U?; = UyaNUy. This
leads for a mesh 7}, to the corresponding discretized problem (3). The reduced objective
function for (3) is given by f*(u") = f(S"(u"),u") and the equivalent reduced problem
by

ulhneig} Pty = fs" W)Wy st we Ul (10)

We do not necessarily require that the exact gradient th(uh

) € Uy, is computed by
using the discrete adjoint. Instead, we assume that for given (y",u") € Y;, x Uy there is
h

an appropriate conformal solver available for the adjoint PDE [, (y Jul, A) = 0 leading to
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a discrete solution operator (yh7uh) eY, x Uy = N\ = S[; (yh, uh) € Vi, where Vj, C V.
As above, we assume that hy N\, 0 implies dv (X, V4, ) = 0 for all A € V. For uh € Uy we
approximate now V f"(u") € Uy, (and thus Vf*(u") € U) by

g =Vl W N e, A= S{;(yh,uh),

where Vnl(y", u™, \") € Uy, is the Riesz representation of I, (y", v, \") € U* c U;.
‘We make the following assumptions on the discrete solution operators that are anal-
ogous to Assumption 2.1.

Assumption 2.3. Let Assumption 2.1 hold and let Tg be an initial grid. Then for
each refined mesh Tp,, h < H (see above), let Uy, C U, Y, C YT, U, c Dy, Vi, C V.
Moreover, the following holds.

D1 There exists a unique continuously differentiable solution operator u" € UyNDy —
Sh(why € Yo n Dy C Yt for C"(y", u") = 0 that is bounded on bounded sets
of (Dv,||llu,) uniformly in h < H. Moreover, u" € U, N Dy — (S")(u") €
L(Uy,Ys) is Hélder continuous on bounded subset of (Du, ||-||u,,) uniformly in h <
H.

D2 The discrete solution operator (y",u") € (YoNDy)x (Un,NDy) Sl’; (y",u") eV
of the adjoint PDE l,(y",u", \) = 0 is continuous.

D3 For any sequence hy, 0 of mesh refinements of the initial mesh ho = H and any
bounded sequence (yp,up) € (Ya, N Dy) N (Un, N Dy) and v} € Uy, the discrete
approrimations converge, i.e.,

lim [|S™* (uit) — S(ui)|ly — 0,

k— o0

Jim (5" (u) = 8" (ui) | L(wyy = O,

Jim 157 (g i) = St Wk, ui) v = 0,
— o0

Jim [P, (o) = Pu,,0i)llo =0, Upk CUSS*™ C Uua Yk
— 00 ad

D4 For the state solver S™ and the adjoint solver Slhy reliable a posteriori estimators

771},”C and 77;”“ are available, i.e. there exist constants cy,cx > 0 such that for all
he \ 0 and (yp,ul) as in D3 it holds

O™ (i), ui)llv+ < eymy* (S™* (i) — 0,

Iy Cyk s iy S (g, i)+ < exmy™ (S22 (g, uk), it ui) = 0,

or alternatively

D/J Instead of the a posteriori estimators for the residuals there are reliable a posteriori
. h’k hk . . .. .
estimators ny* and n,* available for the error in state and adjoint, more precisely,

18" (i) = S(ui)lly < eymy*(S™* (uk)) = 0,
1S5 (it i) — S, (s wid) lv < exn™ (S (v, uk), gk, uit) = 0.

For our numerical results we will work with an a posteriori error estimator proposed
in [8], but any reliable a posteriori error estimator could be used, see for example [1,2,9,24].
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Proposition 2.4. Under Assumptions 2.1 and 2.3 the discrete reduced objective function
],‘\h : U N Dy — R is continuously differentiable and the derivative is Hélder continuous
on bounded subsets of (Dy, ||-||v,,) uniformly in h < H.

Proof. By Assumptions 2.1 and D1 this follows analogously as at the end of the proof of
Proposition 2.2. O

3. An adaptive multilevel trust-region algorithm

3.1. Main components of the adaptive multilevel trust-region algorithm.
In this section we derive and motivate the adaptive multilevel trust-region method.

3.1.1. Basic concept. Consider the reduced problem (8). Let ux € Uyq be a current
iterate. A trust-region type method for (8) computes a step s, by (approximately) solving
the trust-region problem

N 1, =
Isrélll}qk(s) = (Vf(ur),s)v + Q(S,Hksﬁj,m s. t. up+ 5 € Usa, |sllu < Ag, (11)

where Ay > 0 is a trust-region radius and H, € L(U,U™) is an approximation of the
reduced Hessian f”(ug) (if it exists). The step is now evaluated by using the decrease

ratio

aredy (sk)

PR =
pred,, (sk)

with actual reduction and predicetd reduction

~ ~

aredy(sk) := f(ux) — f(ur + sx), pred,(sx) := qx(0) — qr(sk)-

If pi is large enough, the step is accepted, i.e., upt+1 := ug + Sk, Ax+1 > Ag and otherwise
rejected, i.e., ugt1 := Uk, Ar+1 < Ag. See below for the precise update mechanism.
By using (7), we have

~ ~ 1 =
ar(s) = (Gx, s)v + 5(37Hk3>U,U*7

where
Gk = Vaul(yr,ur, M), yr = S(uk), e = Si, (yr, ur)-

Let now 7y, be an initial mesh that is adaptively refined during the optimization and
let hy with hy < hg—1 < --- < ho be the current grid and uZ € Uy, the current control.
We approximate now the trust-region problem (11) by using the solvers S"* and Sz}ik
for the state equation and the adjoint equation on the current mesh. This leads to the

approximation of (11)

. N 1, =
min 62(5) = (9275)1] + §<S,Hks>U,U* s.t. ul+se Uf;ﬂ Isllv < Ak, (12)
s€Up,,

where
T = Vo Lk ui, A8 € Uny, ye = S™ (ug), A = 8™ (yr, up). (13)

=9,
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The basic idea is now to apply a trust-region method on the current mesh hx until
error control criteria based on error estimators indicate that the mesh should be refined
in order to approach the solution of (8) efficiently. Then the mesh is refined accordingly
and the trust region method is continued on the new mesh.

To this end, the following errors have to be controlled.

e The error f(uZ) — (u}) in the reduced objective function can be reduced by
choosing an adaptively refined mesh hy41 < hy for the state solver S"++1,

¢ The error Vf(uﬁ) — g7 in the reduced gradient at the current control u} as well
as the inexactness VJ/H”“ (ul) — gi of the discrete reduced gradient resulting from
using independent state and adjoint solvers can be controlled by adaptive mesh

refinement for the state solver S"*+1 and the adjoint solver Slhyk“.

® The error in the admissible sets U,q and U:j can be reduced by mesh refinement
hr+1 < hy of the control space Uhk+1.

3.1.2. Sufficient decrease condition for the trust-region step. Let hx be the
current mesh. We compute now an approximate solution s? of the trust-region problem
(12) that satisfies the generalized Cauchy decrease condition

ui + si € Unk,  Iskllu < Ax,
predZ(sZ) = 62(0) - ‘/I\I}QL(SZ) (14)

> [Py (0 = )l min (o kB e
! a

where k1, k2, k3 are positive constants independent of k£ and the grid.
If Usa = U then we have ||PUh0,lC (ulf —gM)|lv = ||grllv and (14) is just the classical

Cauchy decrease condition ensuring that s provides a fraction of the decrease that is
possible along the direction of steepest descent inside the trust-region. We refer to [27,
§5.3] for several possibilities to compute suitable steps.

If control constraints are considered, the decrease condition is generalized to the pro-
jected negative gradient path direction. Possibilities to compute such steps are discussed
in [26]. A simple procedere to guarantee the generalized Cauchy decrease condition is to
compute the projected negative gradient direction with Armijo or Goldstein type line-
search. If the Hessians are bounded, which will be guaranteed by Assumption 4.1, then
one can show that in this way (14) can be ensured, cf. [26].

To invoke second order methods, in the case of simple pointwise bound constraints it
is possible to compute a projected inexact Newton step ( [4,16]) and to check if the gen-
eralized Cauchy decrease condition (14) is satisfied as described in the fallback projected
inexact Newton algorithm in [26, Alg. 5.10]. By [26, Rem. 5.11] the step s} computed
by Algorithm [26, Alg. 5.10] satisfies the generalized Cauchy decrease condition (14).

3.1.3. Acceptance of steps. Asin the standard trust-region method sketched above
the decision about the acceptance of the step and the update of the trust-region radius
Ay is based on the ratio
h aredﬁ(sﬁ)
k= Ty
pred;;(s})
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of the actual reduction
ared}(s¢) := F™* (uil) — F"* (ui + s), (15)
and the predicted reduction based on the quadratic model on the current mesh
pred;(sk) = gk (0) — @k (sk)- (16)

Note that ¢ is an approximation of the reduced cost functional J/‘%k, but the gradient 7
is in general inexact. This issue will be considered in 3.1.4.
The step s¥ is accepted if
%’Z Z m,
otherwise s} is rejected and the trust-region is reduced.
We choose the trust-region radius as follows:
For fixed 0 < ap S a1 <1< a2, 0<n <m2 <1, and Amin > 0 set

[0 Ak, a1 Ag] ,if pht < m
Agt1 € [max{Amin, a1 A}, max{Amin, Ar Y], if pf € [n1,72) (17)
[maX{AmiD7 Ak}7 maX{Amiﬂv aQAk}] , if PZ > n2.

3.1.4. Accuracy control of the inexact reduced gradient. To control the
inexactness of the reduced gradient §i we use the following condition, which is a weakened
variant of the condition proposed in [14], see also [25-27].

If the step s} was rejected then the gradient accuracy condition

(V™ (k) st)u — (@ st)u| < & min[[ 2y (uk = G0)llv, Adllskllo (18)

is checked, where & > 0 is a fixed constant. Note that the directional derivative
(th’f (ul), s} can also be computed approximately by a difference quotient using the
state solver. If (18) is satisfied, the accuracy of Gt is sufficient and no mesh refinement
is required.

If (18) fails, then the discretization is refined and the iteration is recomputed until
either the stopping criterion of the algorithm is satisfied or the trial step is accepted or
the gradient accuracy condition (18) is satisfied. The latter can be achieved by sufficient
refinement as shown in the convergence analysis.

Remark 3.1. If G} is the exact discrete reduced gradient, i.e., Gy = V]ﬂ”“ (u}) then (18)
is always satisfied, since the left hand side vanishes.

3.1.5. Refinement criteria. So far only the gradient accuracy condition (18) may

require a mesh refinement. As we will see, the trust-region method together with the ac-

curacy condition (18) ensures that the criticality measure satisfies liminfx o0 || P 1y (ul —
ad

M) lv = 0 under weak additional assumptions.

To ensure that for the generated iterates (y,};, uZ, )\2) the residual of the optimality
system (9) for the infinite dimensional optimization problem (1) is driven to zero, we have
to refine the meshes accordingly during the optimization.

The main idea for refinement is to control the residuals in the infinite dimensional
optimality system (9) with the discrete criticality measure ||PUh§ (uf — g)|lu. As long

as the criticality measure is large enough compared to the residuals ||C (yr, u})||v+ of the
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state equation and Hly(y,’j,uﬁ7 )\Z)Hy* of the adjoint equation, the current discretization
can be considered as sufficiently accurate to compute productive steps. On the other
hand, if the norm of the discrete criticality measure on the current grid is small com-
pared to the residuals of state and adjoint equation then one has to ensure by refinement
of the discretizations that the infinite dimensional problem and, in particular, the infi-
nite dimensional reduced gradient and its projection are well represented in the current
discretization such that reasonable steps can be computed. Observe that the inexact re-
duced gradient §}' depends on the (inexact) state yf = S™* (u}) and the (inexact) adjoint
Ay = SZ, k(yl up). Therefore, the residual norms of the infinite dimensional state- and
adjoint equation must be controlled. Since these residual norms cannot be computed
directly, we will use reliable error estimators instead.
Hence, we would like to ensure the following inequalities

ICh,ul)llv- < KIPn (k= G
Iy G e X - < KalP (k= 5o (19)
1Pu,ault =3 = Py (i = G0)lo - < Kull P, (= Gl

with fixed constants K, Kz, K, > 0, where

. h
yl? :Shk(“Z)a )\Z :Slyk(y1?7u/}€b)'

The third inequality in (19) results from the difference of the (infinite dimensional) pro-
jection onto U,q and the discrete projection onto U(Z’l‘. Note that it implies

1Py, (uk = 3¢l < (Ko + DI Py (uk =3l (20)

Since a direct computation of the residual norms of the state and adjoint PDE is too
expensive to compute, we use the reliable error estimators in Assumption 2.3, D4. Then
instead of (19) we check the condition

W < e P gl (1)
WOk ) < e P k-Gl (21b)
1Pu,a(uk = G = Py (k=G0 < &Py (al =gl (210)

with fixed (arbitrary) constants é,, éx, ¢, > 0. By D4 this implies (19) with Ky = c,é,,
K>\ = C>\5>\ and Ku = 5u.

Remark 3.2. In the important case U = L*((0, T)xQ) andUga ={u €U : a <u < b}
with a,b € L*((0,T) x Q) the left hand side of (21c) can usually be estimated directly
as long as a,b are not too complicated.

If according to D4’ a posteriori estimators for the error in state and adjoint are
available then one can use the fact that by Al and A3 the mapping C : (Dy, ||-|ly) xU —
V* is Lipschitz continuous on bounded subsets of Y x U and I,(y,u,-) € L(V,Y™) is
bounded on bounded subsets of Y x U. If Dy in Assumptions 2.1 and 2.3 are bounded
in U then by A2 and D1 we can choose Dy C Y+ bounded and have S(u?) € Dy and

She (u?) € Dy for all u? e U;j C Dy. Now let Ly and Ly be the corresponding local
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Lischitz constants of C and l,(y,u,-) on Dy X Dy. Under assumption D4’ we obtain

with @y = (yy, up)

IC@R)llv+ = IC (i uk) — (S (ug), ui)llv= < Lyllyk — S(uwi)lv,
12y (s Xl = Iy (2, AR) = Ly (ks Sty (28)) v+ < LallAR = Si, (@)l

If we use now (21) with the a posteriori error estimators in D4’ then (22) yields that
again (19) holds with constants K, = Lyc,é,, Kx = Lxcaéx, and K, = é,.

3.1.6. Sufficient mesh refinement. After the computation of a successful step on
the current grid we need (at least after some iteration K) that the decrease produced for
fh’“ on the current grid ensures also decrease for the exact objective function fhk To
this end, we impose the following condition for sufficient refinement

axedf(s}) > (1+8) ((Fuk + ) — ™ (uf + 1)
~(Flul) = Fed)) vz K,

with 0 < § < 1. If criterion (23) is not satisfied the Y-grid is refined properly and the
step is recomputed until (23) holds.

To implement condition (23) assume that the algorithm generates a sequence hy \ 0.
If ul, ul! + s} C Dy remain bounded, D3 and A1l yield

(23)

a(ut) = Fluf) = ™ (ui) == 0 (21)
auf; + si) = Fluit + sk) — ™ (uil + s1) = 0.

Assume now that we have a realible estimator 8"+ (uﬁ, sﬁ) > 0, which can be contructed

from the error estimator 772’c in D4 or D4’, such that
alup + sp) — a(up) < KB (up,sh) =0 for k — oo (25)

with some fixed possibly unkown K > 0.
Then to ensure (23) it suffices to verify the following sufficient refinement condition

aredy; (si) > £6™ (ug, si) (26)
for fixed w € (0,1) and ¢ > 0. In fact, having (26), assumption (24) yields with (25)
(1+8)(cuup + sp) — a(up)) < (1+0)KB"™ (up, sp) < EB™ (up,sp)” Vk>K

with K large enough and consequently (23).
An alternative criterion to (23) is the sufficient refinement condition

S A" (), ) — (8™ (), ki) < 00 (27)
k=0

that originates from the jumps in the differences of the cost functional due to refinement
of the meshes which shall be summable.

Our convergence proof is given for criterion (26) which implies (23) after finitely
many iterations if the algorithm refines infinitely many times. A convergence proof using
condition (27) instead of (23) or (26) in the algorithm is very similar. Only a few details
in the proof of Theorem 4.5 need to be adapted.
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3.2. Statement of the adaptive multilevel trust-region algorithm. We now
state the complete algorithm.

Algorithm 3.3. Adaptive multilevel trust-region algorithm

S0

Initialization: Choose etop > 0,0 < ap < a1 <1< ag,0<m <n2 <1, Anin >0,
& >0, 6 > 0, éy,¢x,E, > 0, an initial mesh Tr,, ul € U;L(‘i’ and Ao > 0 with
Ao > Amin. Set k:=0.

For k=0,1,2,...

S1

S2

53
54

S5

S6

S7
S8

S9

Compute yl = S"* (uZ) as solution of the discretized state equation and the error
estimator ny* (yd) for the state as in D or D§' (if not already done).
Compute the discretized adjoint state A} = S;L’“ (yl,ul) and the error estimator

n;”“ ARy ul) for the adjoint as in D4 or D4 . Determine the inexact reduced
gradient gy by (13) and the criticality measure ||PUh§ (up —g)|lv-

If the refinement condition (21) holds then goto S5.

If the refinement condition (21a) fails then refine the Y -grid adaptively. If (21Db)
or (21c) is violated then refine the V- or U-grid, respectively. Goto S1.

I () + N sl + 1Py (= Gl < evor holds in S5 or during the
ad

refinement in S4 then stop and return (y,’j, ul) as approzimate solution for problem

(1).

Compute s as inexact solution of (12) satisfying (14) and compute pred}(sh) in

(16).

Compute a discrete state yp ., = S™ (ul + sp) and ared}(s}) as in (15).

If p = ared}(s}) /pred?(s)) > m, then provisionally accept si, update the trust-

region radius according to (17) and goto S9.

If the gradient accuracy condition (18) is violated then refine the Y- and V-grid

properly leading to a new mesh hx and go back to S1 with uZ.

Otherwise reject the step sk and reduce the trust-region radius according to (7).

Set (ypiq,upyq) = (yr,ul), k:=k+1 and goto S6.

If (26) is satisfied (or (23)) then accept sy, set (Ypi1,upr) = (Yro1,up + sh),

k:=k+ 1 and goto S2. Otherwise reject sy, refine the Y -grid properly leading to

a new mesh hy, and go back to S1 with ul.

4. Convergence analysis

We make the following assumption.

Assumption 4.1. The iterates ul!, u} + s¥ remain in o bounded closed convex set Dy C
U with Uyq C Dy and Assumptions 2.1 and 2.3 hold. By A2 and D1 we can choose
Dy C Y7 bounded and S(u}), S(uff + sh), S" (ul), S"* (ull + st) € Dy holds for all k.
Finally, there exists My > 0 with

|HillL2w,u-y < Mua VEk.

Throughout this section we assume that Assumption 4.1 holds.
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4.1. Well definedness of refinement conditions. First we will show that the
gradient accuracy condition (18) can always be satisfied by sufficient refinement.

Lemma 4.2. Let Assumption 4.1 hold. If || Py, (uj — Vf(uﬁ))HU > 0 then a new itera-
tion k := k + 1 is generated after finitely many grid refinements.

Proof. As long as the algorithm stays in iteration k, the control u} remains unchanged.

By Assumption 2.3, D3 and D4 or D4’ the refinement (hg,;); N\, 0 within iteration k
ensures together with the continuity properties in Assumption 2.1 that the left hand side
of (21) tends to zero for 7 — oco. Moreover, by D3 we have with y,}jJ = §"%.3 (u}) and

ho._ Pk R h
/\k,j -—Szy (Z/kmuk)

i n
gkk’J (UZ) = lu(yz,ja uZa AZ,j) — ZU(S(UZ)7 uZa Sly (S(UZ«)’ UZ)) = vf(ug) (28)
Hence, the right hand side of (21) satisfies

P -~
||PUh,§; (uk = 8.7 (W)l = |Pu,, (uk = VF(ui))llv =€ >0 (29)

ad

and thus (21) holds after finitely many refinements and S5 ist reached.
We show that after finitely many refinements also the gradient accuracy condition
(18) in S8 is satisfied if it is checked. In fact, by D3 we have

(F"3) (k) = fo(yk g ui) (S™53) (ul) + Fulyk > ukt)
= Fu(S(ui), uk) S (uk) + fu(S(ui), uit) = F'(ui).
Hence, together with (28) we see that (18) eventually holds, since by (29) the right hand
side of (18) is eventually > & /2min{||Pu,, (ur — V f(up))|lv, Ax}lsk ;o > const. sy ;|lu.
Finally, also the sufficient refinement criterion (26) in step S9 is satisfied after finitely

many refinements. In fact, u! and Ay, remain unchanged and thus (29) yields after finitely
many refinements ||P_ n, (ur — gr)llv > €/2. Since S9 is only reached if aredj(sy ;) >
ad

mpredy (sy ), the decrease condition (14) yields

aredﬁ(sﬁﬁj) > mpredZ(sz’j) > %mms min{m%s, k3AR} >¢€ > 0.
Since " (uf, sy ;) — 0 as j — 0 by (25), the sufficient refinement criterion (26) is
satisfied after finitely many iterations. O

4.2. Acceptance of steps. We start by estimating the difference of actual and pre-
dicted reduction.

Lemma 4.3. Let Assumption 4.1 hold and let 0 < v < 1 be such that fhk is y-Holder
continuously differentiable, which is ensured Proposition 2.4. Then there exists Creq > 0
such that for any inezact reduced gradient §¢ satisfying the gradient accuracy condition
(18) and any step sy computed by the Algorithm 3.3 the inequality

|lared]: (sy) — predy (sp)] < Crea(ALTY 4+ A7)

holds.



Adaptive Multilevel Trust-Region Methods for Optimization with Unsteady PDEs 15

Proof. By the definition of actual and predicted reduction we have by using the y-Holder
continuous differentiability of fhk on bounded sets, see Proposition 2.4, and the mean
value theorem with a 7 € [0, 1]
Jaredn (st) — predy (si)| <|(VF™ (ui +7si) = V™ (u), k)|
+ IV (i) = Gl sk)ul + 3 sk, Hisk) v,
SLoATT + A7 + I My AL

Here, L, denotes the uniform local Holder constant of Vjﬁ”“ and we have used (18), the
boundedness of Hj, and ||s?||v < Ag. O

We next show that after finitely many trial iterations with possible refinements and
reductions of the trust-region radius there will be a successful step. In particular, there
is a lower bound for the trust-region radius if the criticality measure is bounded from
below.

Lemma 4.4. Let Assumption 4.1 hold. Let € > 0, then there exists a constant A’ > 0
depending on € such that if ||PUhk (uf — gM|lv > € and the gradient accuracy condition
ad

(18) holds then
aredy, (si') > mpred) (sy)

for A, < A, In particular the step st will be eventually accepted in S8 and Apy1 > Ay.
Proof. By Lemma 4.3 we have
|aredy (si) — predy (si)| < Crea(ALTY + A7).
On the other hand the decrease condition (14) yields
prod(5) =2 ma Py (ut = )l min {mall P (= ) s
> kie min {kae, K3Ak}.

Hence, there exists A’ = A’(g) > 0 such that

) o laredi(sh) — pred(sh)|

hoh
7aredk(sk >m—1 V0 < A < A
h h(.h
"y pred; (sf)

pred” (s

This proves the first assertion.

Now consider step S8. The next iteration k41 is only reached if the step is accepted or
if possibly after mesh refinement the gradient accuracy condition (18) is satisfied. Hence,
the decrease ratio is tested with (18) holding before a step is rejected and the trust region
radius is reduced. After finitely many unsuccessful iterations we have Ay < A’ and the
step is accepted. O
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4.3. Global convergence result. We show now global convergence to a stationary
point of the infinite dimensional problem (1) if £;,; = 0 or finite termination if £, > 0,
respectively. We start with the following result.

Theorem 4.5. Let Assumption 4.1 hold. If eror > 0 then Algorithm 3.3 terminates
finitely. If etor = 0 then Algorithm 3.3 terminates finitely or the sequence of iterates
generated by Algorithm 3.3 satisfies

tim inf |17, 0, (= Gl + (9 + (N, ) = 0. (30)

Proof. Consider first the case €40, > 0. Suppose that Algorithm 3.3 runs infinitely. Since
1P, n, (ulf — Gl + 0y (W) + O,y ult) > €401 in S5 and (21) holds by S3, S4, there
ad
exists € > 0 such that
1o (0 =G 2 &

By Lemma 4.4 there exists A’ > 0 such that for all accepted steps we obtain by the
update rule for the trust-region radius

Ak > apN =: A,

and there is an infinite sequence of accepted steps. For all eccepted steps we get by the
generalized Cauchy decrease condition (14)

ared} (sp) > mrie min{kae, k3AL} > >0 (31)

for constants k1, ka2, k3 > 0.

We will distinguish the two different cases where either only finitely many mesh
refinements are performed by the algorithm or the algorithm produces infinitely many
mesh refinements.

Let us first consider the case where only finitely many mesh refinements are carried
out by the algorithm. Then there exists K € N such that the mesh is not refined for
all iterations with k larger than K. Consequently, condition (26) does not necessarily
imply (23). Therefore, we give a separate proof for this case that is similar to the finite
dimensional convergence theory.

By Assumption 4.1, uZ remains in a bounded set Dy and consequently y,}; = Ghk (uZ)
and also S(u}) remain in a bounded subset Dy C Y*. Hence, the sequence f™* (uft) =
Flyl,ul) as well as f(u’g) = f(S(ul),ul) is bounded below. Summation of the actual
reduction in the successful steps gives

i aredf!(s) = D (F"™ (uft) = [ (uks1))
k=0

M2

k=0

= Z aredﬁ(sﬁ) + Z (J?hK (UZ) - J?hK (UZ+1))
k<K E>K

= ared}kl(s}kl) + fhK (u}kl) — lim fhK (uZ) < 0.

k—o0

e
A
=

Hence, the summability yields aredy (s)) — 0 as k — oo bus this contradicts (31).
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Let us now consider the case where the algorithm produces infinitely many refine-
ments. Then condition (26) implies condition (23) for all ¥ > K with some K > 0. We
then consider the exact actual reduction

~ ~ h

ared(sg) = f(ug) — fluk + i) = F(S(ui),uk) = F(S(ur + sk), ug + sx),

where S denotes the solution operator of the PDE constraint. Condition (23) then yields

>

aredy(sp) = T 5aredZ(sZ) + 1 Jlr 5aredZ(sZ)
é ~ N
> psaredi(sl) + (7 () = Flwh)) = (F* (i) = Flutn))
é
=1F 5aredZ(sZ) + ared}(sp) — ared(s})

for all £ > K, with some § > 0. Hence, using this inequality, we obtain

é
1+6

0
1+96

ared(sp) > ared} (sp) > mpred! (sf) > 5ne (32)

1+

for all £ > K. Now, by assumption, f(uﬁ) is bounded below. Summation of the infinite
dimensional actual reduction in the successful steps gives

i ared(sﬁ) = f(u(’}) - kli_)m J?(UZ) < oo.
k=0

Hence, the summability yields ared(s?) — 0 as k — oo which contradicts (32).

Now let €:y = 0 and assume that (30) does not hold. Then there exists £;, > 0
small enough such that the algorithm would also not terminate for the stopping tolerance
€}o; > 0. But this contradicts the finite termination for €40 > 0. O

By using the reliability of the error estimators, we obtain the following convergence
result.

Corollary 4.6. Let Assumption 4.1 hold. If etor = 0 then Algorithm 3.3 terminates
finitely with a stationary point of problem (1) or the sequence of iterates gemerated by
Algorithm 3.3 satisfies

timm inf [ O (it i) ||y + [l (s i, MO |y + [ Poaaurt = Vul(yi, uit, N)|,) = 0. (33)

Proof. The steps S3 and S4 ensure that (21) holds and we have shown in 3.1.5 that
Assumption 2.3, D4 or D4’ ensure (19).

Hence, if the algorithm runs infinitely then (30) implies by (19) the assertion (33).
If the algorithm terminates finitely then ||P », (ulf —g)|lv = 0 and (19) shows with
ad

UM C Uga (see D3) that (y, ul) satisfies (9). O
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5. Numerical results

In this section we present some numerical results for the adaptive multilevel trust-region
method. The algorithm has been implemented in MATLAB. We use the method of lines
with conformal finite element discretization in space by quadratic finite elements and the
3-stage Rosenbrock method ROS3P from [19] in time. Moreover, our MATLAB imple-
mentation uses adaptive refinement in time and uniform refinement in space. We present
results for a semilinear parabolic boundary control problem with control constraints of
the form (2).

Further results can be found in [25]. Moreover, we have coupled the presented algo-
rithm with the highly efficient PDAE solver KARDOS, which uses adaptive refinements
in space and time, and have applied it to a realistic glass cooling problem as well as a
thermistor problem, see [5—7]

5.1. An a posteriori error estimator for parabolic PDEs. In our numerical
examples we used the error estimator from [8]. We briefly sketch the main ideas of this
error estimator. The derivation, proofs and numerical tests can be found in [§].

The error estimator is designed for parabolic initial boundary value problems as the
state PDE in (2). The PDE is discretized with the method of lines using for example
finite elements in space with a spatial mesh of characteristic mesh size h and an existing
time integrator for the resulting system of ordinary diferential equations (ODEs). Let
yn(t) be the unique solution vector of the resulting system of ODEs representing the
spatial degrees of freedom. Moreover, let vy (t;) denote its approximations in the time
grid point ¢; on a certain timegrid obtained by applying a numerical integration method
of order p < 3 and denote by vy (t) an interpolatory polynomial by using Lagrange or
Hermite interpolation. The global time error is then defined by en(t) = v (t) —yn(t). Let
Ry, : y(t, ) — Rpy(t) be the restriction operator which maps y(t) to its spatial degrees of
freedom. Then the spatial discretization error is defined by 7 (t) = yn(t) — Rry(t), where
y denotes the solution of the PDE. The overall discretization error Ej(t) = v (¢) — Rpy(t)
is then given as the sum of global time and spatial error, Fy(t) = en(t) + nn(t).

Debrabant and Lang approximate these residuals by solving a linear spatial error
transport equation and a linear time error transport equation. They involve the spatial
truncation error, which is in [8] estimated by Richardson extrapolation, and the resid-
ual time error, respectively. The obtained approximations of the global error Ej, (t) =
€n(t)+17n(t) can be controlled by spatial and temporal adaptivity. [8] conclude that based
on tolerance proportionality, reducing the local error tolerances by a factor will reduce
the global error by the same factor. Hence, given a prescribed tolerance for the global
error, the local tolerances can be chosen appropriately. If the global error is not below a
prescribed tolerance, the state computation is redone with adjusted tolerances and refined
spatial resolution, cf. [8].

In the context of our adaptive multilevel trust-region algorithm global error estima-
tors for the difference between the solution yp of the discretized PDE and the infinite
dimensional solution y of the original PDE are required. With the global estimates of the
space and time error from [8], we obtain the error estimate

T
lon = Baglaco o = | 1EOlfin oy (34)
0
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Numerical tests show that the approach yields accurate estimates of global space and
time error [8].

5.2. Local refinement and its implementation. The error estimator of Debra-
bant and Lang [8] provides an estimate of the global space and time error. Moreover,
since the error estimator is computed while solving the discretized PDE, the timestep
size can be adjusted adaptively such that the local time residual estimation is a suitable
portion of a predefined tolerance for the global time error. Thus, a time refinement re-
sults in a change of the predefined tolerance for the local time residual, a solve of the
discretized PDE including the residual estimation and the possible insertion of additional
timepoints.

Thus, since the error estimator provides a global time and space error estimation, we
implement the refinement criteria (21) by first checking the refinement condition just for
the global time error, here given exemplarily for the state equation

Myt (9) < eyt 1P (uk = g8)lv, (35)

where 1, denotes the error estimator for the time error and ¢, > 0 is the (appropriately
chosen) constant for the time refinement in the state. For the adjoint state the equation
looks the same with X instead of y. After having checked the refinement condition for the
state in time, the refinement condition (21) with the estimation of the global space-time
error is tested.

To prevent too much spatial refinements if the stationary measure becomes very small
on the current grid, we modify the spatial refinement condition (21) with an additional
space residual tolerance e, > 0 of the form

My (yk) < max{&, 12 (uk = Gi)llvsea}t (36)

and analogously for the adjoint with y replaced by A. By choosing the space residual
tolerance for example as e, = min{é,, 1/3}es, an additional refinement when the crit-
icality measure drops below the stop tolerance can be prohibited. Nevertheless, space
refinements are still possible through the gradient condition (18) such that convergence
of the criticality measure to the prescribed tolerance e¢,; can still be guaranteed.

We describe the adaptive refinement strategy. If a time refinement is triggered by
the state error estimation we do not only compute the state on an adaptively refined
timegrid but also perform an adaptive solve of the discretized adjoint PDE with the
same predefinded tolerance for the global time residual estimation in the adjoint state as
before and possibly additional timepoints due to the (slightly) different state. If a time
refinement is necessary by the adjoint error estimate it is done vice versa. After such a
refinement the timegrid is fixed. In our implementation a spatial refinement is performed
as a uniform refinement of the space grid followed by an adaptive time refinement during
the state and adjoint computation as described above. For numerical results with the
fully space-time adaptive solver KARDOS, we refer to [5—7].

Let Tola,y,Tolr,y, > 0 denote the tolerances for the control of the adaptive stepsize
choice for the state computation as described in [8] and Tola,x,Tolr x > 0 the corre-
sponding ones for the adjoint state computation. Let 7, denote the estimator for the
time error in the state computation. Let ¢, ¢ > 0 denote the refinement constant in (21a)
for the time error. We then implemented the following refinement procedere for the state
in time:
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While 1y,¢ > ¢y.¢l| Pn, (ui — G5) v, do
ad

1. Set e = (cy,¢| Pyny (uk = GO)llw)/ (1.2 my.0).
Set Tol 4,y = max(0.2, min(e, 0.9)) - Tolay.
Set Tolr,y = max(0.2, min(e,0.9)) - Tolr,y.

2. Recompute the state with Tola,,, Tolr,, and insert additional timepoints
when necessary.

3. Recompute the adjoint state with T'ola x, Tolr x and insert additional time-
points when necessary.

4. Recompute gy and 1P, n (ufp — M)l
ad

The refinement procedere for the adjoint state in time is the same as for the state with
changed roles of y and A. In our examples, the refinement procedures both in time or in
space and time usually needed only one refinement iteration.

5.3. A semilinear parabolic optimal boundary control problem. We con-
sider the following semilinear parabolic boundary control problem of the form (2).

Let Q = (0,1) x (0,1) CR*:, T =1, 37 := (0,T) x 92, a > 0, a,b € L>(Xr) and
set U = L*(Zr), H=L*((0,T) x Q), and Q = H*((0,T) x Q). With the Gelfand triple
Q— H=H"— Q" we set

Y =W(0,T)={y € L*(0,T;Q) : y € L*(0,T;Q")}, V =V1xVa=L*0,T;Q) x H.

Moreover, let yo = 1 in Q, y4 = 0.2 in Q and let yo(t,z) = 1 — 0.8, (t,z) € [0,1] x Q.
Then the problem is given by

. 2 2 « 2
min  f(y,u) = %Hy(T) - WHH(Q) + %Hy - yQ||L2((o,T)><Q) + EHUHU

yEY,uelU
s.t. yr— Ay =0 in (0,7) x Q, .
yn:ufy3|y\ on (0,7) x 90 =: X7, (37)
¥(0,-) = o in Q,
a<u<b,

where ¥y, denotes the outer normal derivative and the state equation has to be understood
in the weak sense.

Hence, Uya = {u € U : a < u < b} is a bounded, convex and closed subset of L*°(37)
and of U.

5.3.1. Verification of Assumption 2.1. We now verify Assumption 2.1 with
YT :=YNnC(0,T] x Q) and Dy := Usq. Al is obvious.

Since Ugyq is bounded in L°(Xr), the state PDE admits for all u € Usq a unique
weak solution y € Y N C([0,T] x ), see [23, Thm. 5.5] and the solution remains in a
convex bounded closed set Dy C Y. Moreover, by [23, Thm. 5.8] the solution mapping
S :u € L*(Zr) — S(u) € YT is Lipschitz continuous for s > 3. Since Dy = Uqq

2 _1
is bounded in L*(X7) and by interpolation ||ul/rs < ||u||(j||u|\1m<f, we conclude that
S: (Du,||lv) = Y™ is Holder continuous. This proves A2.
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To verify A3 we note that the weak solution of the state equation is the unique solution
of the operator equation C(y,u) = 0, where

L*(0,T;Q")

vt
c:Y ><U»—>< I

> — Vl* >< ‘/2* — V*

Cly,u) = ye + (Vy, Vi) r2omyxa) + (?J3|y| — U ) L2(2) .

y(0,-) — %o
From standard parabolic theory it is obvious that the linear part of C(y,u) is in L(Y x
U,V*). We study now the differentiability properties of the nonlinear term
B:yeY " o (4 lyl )r2my € L7(0,T5Q7) = V1.
It is obvious that B : YT — V;* is continuously Fréchet differentiable with derivative
B'(y)v = (4‘9‘3% ’)L2(2T> eV

Since Dy C Y7 is bounded, also the operator B : (Dy,|||ly) — Vi* is well defined.
Moreover, for all y € Dy the operator B’(y) admits an extension B'(y) € L(Y,Vy*). In
fact, we have Y < Vi «— L2(0,T; LP(9)) for all 1 < p < oo and thus

<B/(y)v,w)vl*,v1 = (4\Z/|3U7w)L2(zT) < 4||y||§f+||”HL2(2T)||1UHL2(2T>
< cllyll3+ vl llwlvs -

Finally, we show that also B : (Dy,||-|ly) — Wi" is continuously Fréchet differentiable
with y-Hélder continuous derivative for all 0 < v < 1.
We start by showing that B’ : (Dy, ||||y) — L(Y, V;*) is y-Hélder continuous for all

0 < v < 1. We will need the embedding ¥ — L%(O7 T;Llls (02)) for all 1/2 < s < 1.
In fact, the embedding can be proven as follows. The trace theorem and interpolation
yields for 1/2 < s < 1

1—
% (09) < el llzs @) < cll-lal-llu

.
and thus, since Y = W(0,T) < C([0, T]; H) and H*"% (9Q) — LT+ ()

Il 2

1—
L2 o oy = I < el 50 man 3200 < lllly-

L%(O,T;HS*%(BQ))
There exists a constant R > 0 such that
lylly+, ly+hlly+ <R Vyy+he Dy.
For all y,y + h € Dy Taylor expansion yields with r := fol 12(y + 7h)|y + Th|dr
((B'(y + h) = B'(y))v,w)vy vy = (rho,w)p2 (s

We have the embedding Vi < L?(0,T; H/?(99Q)) < L?(0,T; L?(8)) for all 1 < p < co.
Let now p > 2 (will be adjusted later depending on ) and let p’ be the dual index with
1/p+1/p' = 1. Then

2
(rhv,w)p2(s,y < 12R c”hUHm(o,T;Lp’(aQ))||wHV1-



22 S. Ulbrich, J. C. Ziems

Fix an arbitrary 0 < v < 1 and set ¢ = 2y + 2. Moreover, choose 1/2 < s < 1 with
2/s =g and 1 < p' <2 with 2p' < 2. Then Y < L%(0,T; L* (dQ))), 1/2 = 1/q+~/q
and thus

||h’,UHL2(07T;L:DI(8Q)) < Al ||U||Lq(o,T;L2p’(aQ)) < CRI_W”hHA{/H'UHY-

L%(O,T;LQPI(E)Q))
Thus, B' : (Dy, ||-|lv) = L(Y, Vi") is y-Hélder continuous for all 0 < v < 1.

Now the Fréchet-differentiability of B : (Dy,||-||y) — Vi* follows easily. Pointwise
Taylor expansion with integral remainder term yields with the y-Hélder continuity of B’

(By +h) — B(y) — B'(y)h, w)vy v,
1
< / IB'(y + 7h) — B'(9)llcv,vyy drliblly lwllvy < ellplly" [lwllv,
0

Using the properties of B we have shown that C' : (Dy,|-||ly) x U — V" is Fréchet-
differentiable with y-Hoélder continuous derivative for all 0 < v < 1. To conclude the
verification of A3 we note that for (y,u) € Dy x Dy the linear parabolic operator
Cy(y,u) € L(Y, V™) has a bounded inverse by standard parabolic theory, since the non-
linear term (4]y|*:,+) 2(s,y is continuous and nonnegative on L*(S1) x L*(Sr).

Finally, it can be shown that the problem (37) has at least one optimal solution,
cf. [23, Thm. 5.7].

5.3.2. Numerical results. We present now numerical results for problem (37). We
use the method of lines with quadratic finite elements in space and the 3-stage Rosenbrock
method ROS3P from [19] in time. For the discretization of the adjoint equation we use
also quadratic finite elements in space and ROS3P in time. For the mesh refinement we
apply the a posteriori time and space error estimator of [8] and adaptive time refinement
as described in 5.2 as well as uniform refinement in space.

For the approximate solution of the trust-region problem we use the projected cg-
Newton algorithm [26, Alg. 5.10] with at most 10 cg iterations, where we compute Hyv
by the discretized version of the exact evaluation of the Hessian vector product based on
the standard adjoint formula, see [15, §1.6.5].

For the particular instance of (37) we set a = —0.2, b = 0.3, and o = le — 2. In
Algorithm 3.3 with the implementation details of 5.2 we have chosen et = 5e — 5,
€z =8e—4, ¢y =0.5,¢ =10, cx,r = 0.5, ¢x = 10, ¢, = 0.25, and & = 1.5. The starting
control was uff = 0.

Table 1 depicts the iteration history. The first column shows the iteration number,
the second column the type of refinement. cm is the discrete criticality measure, 7, is
the error in the discrete criticality measure (left hand side of (21c)), ny.+ / na,c and ny,»
/ M.« denote the time and space error of state / adjoint according to 5.2 and the last
column shows the size of the (z,t)-grid.

Figure 1 shows the computed optimal state at end time T" with two different scalings of
the y-axis. One sees that the desired state ys = 0.2 is reached quite accurately. Moreover,
the adaptive time grid of the final discretization is shown. The bound constraints become
sigificantly active for the computed optimal control u}.

It can be seen that the algorithm requires several refinements for the state and the
adjoint in time and two times also in space to achieve the prescribed spatial tolerance.
Particularly, the refinement for the adjoint in time in iteration 2 shows that the current
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Table 1. Iteration history for problem 37

It. | Refine cm T Ny, t Ny,x e - (z,t)-grid
0 2.7e—1 0.0e0 1.8e—4 | 4.6e—3 | 5.3e—3 | 7.7e—2 289x% 32
1 4.4e—2 0.0e0 2.8e—4 | 9.6e—3 | 1.3e—2 | 2.1e—2 289x 32
2 1.4e—2 8.6e—4 | 1.6e—2 | 8.0e—3 | 1.4e—2 289x%32
adjoint t| 1.4e—2 | 1.9e—4 | 5.2e—4 | 7.6e—3 | 3.6e—4 | 7.5e—3 28957
3 8.4e—3 | 8.5e—4 | 2.4e—4 | 9.4e—3 | 1.6e—4 | 3.7e—3 289x57
4 3.2e—3 | 7.2e—4 | 5.3e—4 | 1.1e—2 | 8.8e—5 | 1.8e—3 289x57
5 1.2e—3 | 2.2e—4 | 3.2e—4 | 1.0e—2 | 4.6e—5 | 9.9e—4 289x57
6 1.5e—3 | 1.6e—4 | 4.9e—4 | 9.5e—3 | 7.6e—5 | 1.5e—3 289x57
7 1.5e—3 | 2.0e—4 | 4.4e—4 | 1.0e—2 | 6.7e—5 | 1.3e—3 289x57
8 4.0e—4 4.1e—4 | 1.0e—2 | 6.1le—5 | 1.2e—3 289x57
state x,t| 4.8e—3 | 1.6e—5 | 2.0e—4 | 2.9e—3 | 7.2e—5 | 1.1le—3 | 1089x113
9 2.1e—3 | 2.2e—6 | 2.0e—4 | 2.8e—3 | 6.8e—5 | 1.0e—3 | 1089x113
10 1.8e—3 | 1.2e—4 | 9.8e—5 | 2.7e—3 | 7.4e—5 | 1.1e—3 | 1089x113
11 7.8e—4 | 1.2e—5 | 9.8e—5 | 2.8e—3 | 4.9e—5 | 4.5e—4 | 1089x113
12 4.5e—4 | 3.3e—5 | 4.5e—5 | 2.8e—3 | 5.Te—5 | 7.4e—4 | 1089x113
13 1.1e—4 3.9e—5 | 2.8e—3 | 4.6e—5 | 6.3e—4 | 1089x113
state x,t| 8.0e—5 | 1.0e—5 | 1.3e—5 | 7.2e—4 | 1.8e—5 | 3.1le—4 | 4225x228
14 1.le—4 | 1.2e—5 | 9.8e—6 | 7.3e—4 | 1.9e—5 | 3.2e—4 | 4225x228
15 1.2e—4 | 9.5e—6 | 5.4e—6 | 7.6e—4 | 2.0e—5 | 3.3e—4 | 4225x228
16 1.1e—4 | 9.0e—6 | 5.4e—6 | 7.6e—4 | 2.0e—5 | 3.3e—4 | 4225x228
17 2.1e—5 5.4e—6 | 7.6e—4 | 1.9e—5 | 3.1le—4 | 4225x228
adjoint t| 2.3e—5 | 5.0e—6 | 3.0e—6 | 3.9e—4 | 9.0e—6 | 1.8e—4 | 4225x306

discretization was not suitable to compute a sufficiently accurate adjoint state, implying
that the gradient could not be resolved adequately. All residuals are driven to zero by
suitable refinement. Thus, the residuals in the optimality system are reduced efficiently
to the desired tolerance and most of the optimization iterations are carried out on coarser
grids, only the last few iterations require execution on the finest mesh.

6. Conclusions

In this paper we have presented an adaptive multilevel trust-region algorithm for opti-
mization problems governed by nonlinear PDEs with control constraints. The algorithm
starts on a coarse discretization of the problem and combines an efficient trust-region
method with an implementable adaptive refinement strategy for the current discretiza-
tion based on a posteriori error estimators. The refinements are controlled by a criticality
measure which we choose as the norm of the projected gradient step. The optimization
method can be used with any given adaptive state and adjoint solvers. In particular,
highly efficient solvers for unsteady PDEs can be coupled with the optimization frame-
work. The resulting inexactness of the reduced gradient in the discretizations is controlled
by the algorithm. The presented numerical example shows that the algorithm carries out
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Figure 1. Optimal state of problem (37) at time T in two scalings of the y-axis (top) and
adaptive time grid of the last discretization (bottom).

most optimization iterations on relatively coarse discretizations. The error estimators
for the state and the adjoint equation as well as the criticality measure are efficiently
driven to zero. Thus, the algorithm is a promising rigorous framework for a globally
convergent adaptive multilevel method for PDE constrained optimization problems with
control constraints that can be used with PDE solvers provided by the user. The approach
presented in this paper has several advantages: 1) Different solvers for the state and the
adjoint PDE can be used within this optimization framework. 2) The mesh is refined
as needed during the optimization algorithm to approach the solution of the PDE con-
strained problem with control constraints efficiently. 3) (First order) convergence of the
proposed multilevel algorithm for nonlinear, non-convex, PDE constrained optimization
problems with control constraints is proven.
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