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Optimal control of geometric partial differential equations
Michael Hintermüller, Tobias Keil
Abstract
Optimal control problems for geometric (evolutionary) partial differential inclusions are considered. The focus is on problems which, in addition to the nonlinearity due to geometric evolution,
contain optimization theoretic challenges because of non-smoothness. The latter might stem from
energies containing non-smooth constituents such as obstacle-type potentials or terms modeling, e.g., pinning phenomena in microfluidics. Several techniques to remedy the resulting constraint degeneracy when deriving stationarity conditions are presented. A particular focus is on
Yosida-type mollifications approximating the original degenerate problem by a sequence of nondegenerate nonconvex optimal control problems. This technique is also the starting point for the
development of numerical solution schemes. In this context, also dual-weighted residual based
error estimates are addressed to facilitate an adaptive mesh refinement. Concerning the underlying state model, sharp and diffuse interface formulations are discussed. While the former always
allows for accurately tracing interfacial motion, the latter model may be dictated by the underlying
physical phenomenon, where near the interface mixed phases may exist, but it may also be used
as an approximate model for (sharp) interface motion. In view of the latter, (sharp interface) limits
of diffuse interface models are addressed. For the sake of presentation, this exposition confines
itself to phase field type diffuse interface models and, moreover, develops the optimal control of
either of the two interface models along model applications. More precisely, electro-wetting on
dielectric is used in the sharp interface context, and the control of multiphase fluids involving spinodal decomposition highlights the phase field technique. Mathematically, the former leads to a
Hele-Shaw flow with geometric boundary conditions involving a complementarity system due to
contact line pinning, and the latter gives rise to a Cahn-Hilliard Navier-Stokes model including a
non-smooth obstacle type potential leading to a variational inequality constraint.

Contents
1 Introduction
2 The sharp interface approach
2.1 Finite horizon model predictive control
2.1.1 Existence of solutions . . . .
2.1.2 Stationarity conditions . . . .
2.2 Numerical solution methods . . . . .
2.2.1 Numerical solution algorithm .
2.2.2 Numerical examples . . . . .

2

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

5
7
7
9
10
11
12

3 The phase field approach
3.1 Phase field models . . . . . . . . . . . . . . . . . . . .
3.1.1 The free energy density and spinodal decomposition
3.1.2 The sharp interface limit and geometric flows . . . .
3.1.3 Incorporating hydrodynamic or surface effects . . .
3.2 Existence of solutions . . . . . . . . . . . . . . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

14
14
18
19
20
22

DOI 10.20347/WIAS.PREPRINT.2612

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

Berlin 2019

M. Hintermüller, T. Keil

2

3.2.1 Discretization in time . . . . . . . . .
3.2.2 Regularity of solutions . . . . . . . .
3.3 Optimal control of a phase field model . . . .
3.3.1 Stationarity conditions . . . . . . . .
3.4 Numerical solution methods . . . . . . . . .
3.4.1 Adaptive mesh refinement techniques
3.4.2 Numerical solution algorithms . . . .
3.4.3 Numerical examples . . . . . . . . .

1

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

23
25
26
27
35
35
36
37

Introduction

The interaction between partial differential equations and geometric analysis gives rise to a variety
of challenging problems. In various application fields such as, e.g., materials science, biology,
image processing or astrophysics, there are specific phenomena modeled by partial differential
equations, where the behavior or the underlying domain is governed by some geometric quantities
of interest. At the same time, the theory of partial differential equations has shown to be a powerful
analytical tool for studying geometric and even topological properties, in particular, in situations,
where the geometry is variable.
In many cases geometric partial differential equations describe the behavior of two or more
coexisting immiscible phases (of underlying substances). This particularly requires a precise identification of the associated contact area, where the phases meet. This contact region is also called
the phase boundary, boundary surface or interface. In general, the phase boundary is unknown
and needs to be determined as a part of the solution of the system. Thus, the problem falls into
the class of free boundary problems, cf. e.g. [31,56,141]. If the system depends on time, it is also
refereed to as moving boundary problem.
The motion of the phase boundary can be dictated ’implicitly’ by a (system of) partial differential equation(s) on the bulk domains associated with the different phases (see e.g. [123]) and/or
by requirements on or properties of the surface itself. The latter includes the important case of socalled surface partial differential equations, where additional partial differential equations have to
be satisfied on the boundary surface. Since these partial differential equations have to be treated
on an unknown domain, the analytical and numerical solution of these problems is quite challenging and has received a significant amount of research recently. On the other hand, if the evolution
of the phase boundary depends on its geometry, we call the corresponding equation, which characterizes the geometric flow, a geometric evolution equation or surface evolution equation, cf.
e.g. [64].
Traditionally, but not restrictively, these problems arise in material science, where the different
phases correspond to different materials or different physical states of the same material. A typical
example is the evolution of a solid-liquid configuration like melting or solidification processes,
where we consider a domain Ω ⊂ Rn , with boundary ∂ Ω, filled with a material that is either in a
solid state (on Ωs ) or a liquid state (on Ωl ). Starting from a given initial configuration Ωs0 , Ωl0 with
the temperature profile u0 : Ω → R, one is interested in the evolution of the configuration over a
time interval (0, T ).
In this example, depending on the temperature u(x,t) at a point x ∈ Ω and time t ∈ (0, T ),
the material might change its state (e.g. if the temperature drops below the freezing point), which
causes a shift of the separation surface Γ between the solid phase and the liquid phase. Within
the phases the temperature obeys some type of diffusion equation, e.g., the heat equation

ut − ∆u = f , on Ω \ Γ(t),

(1)

where f : Ω × (0, T ) → R represents a possible external heat source. However, the diffusion
equation does not hold at the interface Γ. Instead, an additional condition determines the speed of
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the solid-liquid interface based on the temperature evaluated at both sides of the phase boundary,
which is typically derived from a conservation law, such as, e.g., the conservation of energy. The
so-called Stefan condition

V − [∇u]ls · ν = 0, on Γ(t)

(2)

relates the normal velocity V of the interface Γ to the jump of the temperature gradient ∇u from
the solid towards the liquid phase denoted by [∇u]ls and the unit normal ν of the interface pointing
into the liquid phase. In combination with the initial data and suitable boundary conditions for the
temperature, e.g.,

u = g, on ∂ Ω × (0, T ),

(3)

with g : ∂ Ω × (0, T ) → R, problem (1)-(3) is called the Stefan problem, which is a classical model
for phase transition processes, cf. e.g. [41, 123].
In practical applications it might be desirable to control the temperature profile of the configuration, for instance, by prescribing a specific temperature at the boundary, in order to achieve a
desired distribution of the solid and liquid phases. In this context, g (boundary control) and/or f
(distributed control) can be interpreted as controls of the system.
In the presence of undercooling or superheating effects, the model needs to be supplemented
by the so-called Gibbs-Thomson law

u +V = Hγ , on Γ(t),

(4)

which is derived from a thermodynamical equilibrium condition and acknowledges the effects of
the surface tension of Γ. The latter may cause the temperature at the interface Γ to differ from the
melting/freezing temperature. In (4), Hγ is an anisotropic mean curvature, which is a modification
of the standard mean curvature - defined as the sum of the principal curvatures of γ - depending
on the surface energy density γ , cf., e.g., [8].
In summary, the motion of the phase boundary Γ depends on its current geometry (i.e. its
mean curvature) as well as the current temperature profile u, which relates to the solution of a
partial differential equation on the complement of Γ. Note that the motion of Γ is uniquely determined by the normal velocity V . The strong correlation of the partial differential equation and the
surface evolution equation complicates the analytical and numerical treatment of these types of
problems. In general, classical solutions, where Γ and u (on each phase) are smooth, do not exist. However, various different methods have emerged to secure the existence of weak solutions,
which can be shown to coincide with smooth hypersurfaces up to a precisely determined singular set. This is achieved by relying on variational methods, suitable time-discretization schemes,
and/or the theory of minimal surfaces, where weak solutions are constructed as the boundary
of sets with finite perimeters and measures supported on a countable union of Lipschitz graphs,
see, e.g., [74].
Numerical solution algorithms are confronted with the demanding task to efficiently generate suitable meshes, which accurately track the motion of the interface Γ over time and capture
possible topological changes, as the system is usually very sensitive with respect to the interface.
In the context of optimal control, these aspects become even more relevant, since we typically
rely on some sensitivity and differentiability results for the associated control-to-state operator to
characterize optimal solutions, e.g., by necessary first-order optimality conditions, and/or compute
their finite-dimensional approximations. Since different controls usually lead to different evolutions
of the interface, this motivates the task to derive qualitative statements on the change of the
interface with respect to varying controls by, e.g., using topological derivatives.
In general, the choice of analytical and numerical tools depends primarily on the underlying
representation of the interface. Here we mainly distinguish two different approaches: the sharp
interface approach and the phase field (or diffuse interface) approach.
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The sharp interface approach relies on a precise characterization of the hypersurface Γ as an
object of lower dimension. The most common way is to describe the evolution of Γ with the help
of a parametrization over a reference manifold Γ̂.
For a vector field u : Γ̂ → Rn and a mapping X(τ; u)(·) : Γ̂ → Rn we characterize the interface
at the time τ ≥ 0 by

Γ(τ) = X(τ; u)(Γ̂),

(5)

where the equation is evaluated for each x ∈ Γ̂. Possible choices for the base manifold Γ̂ can be
the given surface Γ0 of the initial configuration or a suitable topological object, e.g. a sphere, of
the corresponding dimension. Moreover, u often times relates to a velocity field for the interface
motion like

u = V ν,

(6)

X(τ; u)(Γ0 ) = Γ0 + τ u(Γ0 ),

(7)

such that X is given by

where ‘+’ is understood in the sense that for x ∈ Γ0 , X(τ; u)(x) = x + τ u(x).
Employing equation (5), we can relate geometrical quantities such as the mean curvature to
the derivatives of the parametrization. As a consequence, the corresponding geometric evolution
equations (e.g. (4)) can be transformed into nonlinear parabolic systems of partial differential
equations for X.
A special case of this approach is met when Γ̂ denotes a subset of a hyperplane and the
parametrization can be expressed by means of a smooth height function χ : Γ̂ × [0, T ) → R over
Γ̂. Then, we can represent the surface as a graph of the height function as follows


Γ(τ) = (x, χ (x,t)) |x ∈ Γ̂ ,

(8)

and reformulate the surface evolution equation (4) as a nonlinear parabolic partial differential
equation for χ .
In contrast to the general parametrization approach, where Γ(τ) does not necessarily correspond to the boundary of an open set and involve a more precise characterization of the associated bulk phases (e.g. Ωs and Ωl ), the height function χ naturally divides the infinite cylinder
Γ̂ × R into the regions above and below the interface Γ(τ). As a consequence, the general
approach can handle topological changes such as self-intersection of the interface Γ without
producing singularities, whereas the graph representation strongly restricts the topology of the
interface, which rules out many important applications.
Another method, the so-called level-set method, describes the interface implicitly as a zero
level set of a higher dimensional function γ : Rn+1 × [0, T ) → R, i.e.


Γ(τ) = x ∈ Rn+1 |γ(x, τ) = 0 ,

(9)

see, e.g., [129]. In this setting, (4) translates to a nonlinear, degenerate and singular partial
differential equation and the different phases (Ωs and Ωl ) can be associated with the regions


x ∈ Rn+1 |γ(x, τ) > 0 and x ∈ Rn+1 |γ(x, τ) < 0 in a natural way. In contrast to the graph
representation, the level-set method can also model topological changes such as a split up of
phases, which are usually related to local extrema of the level-set function γ .
The phase field approach differs from the previous methods in the sense that the interface is
replaced by a interfacial band of arbitrarily small width. Similar to the level-set method, we rely on
an auxiliary function ϕ : Rn+1 × [0, T ) → R and identify the interface with the following region


Γ(τ) = x ∈ Rn+1 |ψ1 < ϕ(x, τ) < ψ2 .
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Accordingly, the bulk phases are represented by the sets


x ∈ Rn+1 |ϕ(x, τ) = ψ1

and


x ∈ Rn+1 |ϕ(x, τ) = ψ2 .

However, instead of (4), the evolution of the phase boundaries is modeled with the help of a
homogeneous energy function, which has local minima at ψ1 and ψ2 .
In this article, we discuss the advantages and disadvantages of both approaches, the sharp
interface approach and the phase field approach, with respect to the optimal control of geometric partial differential equations at the hands of two examples. In Section 2, we study different
approaches to the optimal control of sharp interface models, and elaborate on the existence of
solutions and stationarity conditions in the context of electrowetting on dielectric. Moreover, we
investigate corresponding numerical solution methods with respect to four different control objectives in Subsection 2.2. Section 3 is concerned with the optimal control of phase field models. We
start with a short outline of the historical and physical background of these models and discuss
the relation to sharp interface models. Then, we describe the analytical approaches to proof the
existence and regularity of feasible and optimal points, followed by an investigation of stationarity concepts for the optimal control problems. Finally, Subsection 3.4 comments on numerical
challenges and solvers, and provides some illustrating numerical examples.

2

The sharp interface approach

In this section, we discuss sharp interface models and the associated optimal control problems.
These problems emerge in various situations, e.g., if one aims to eliminate the distortions connected to a thermal treatment of a workpiece during the manufacturing chain [134], control the
solid-state dewetting of thin films on a flat substrate, [149], minimize the effects of the ramified
growth of the electrode surface due to morphological instabilities during electrodeposition [111], or
control melting and/or solidification processes such as lava evolution, casting and energy storage,
see e.g. [103]
As mentioned above, sharp interface models usually describe the interface as a suitable manifold Γ. Typically, Γ corresponds to the boundary of an open set Ω, which constitutes the domain
of a partial differential equation. In the presence of additional effects on the surface, the model is
supplemented with (partial differential) equations which hold on the interface Γ.
In the following we exemplify the control of geometric evolution in the sharp interface context
by means of an example application. The associated problem is interesting as it not only represents an optimal control problem for a geometric PDE (with control on the interface), but it also
contains an additional non-smooth component in the interface condition. The latter gives rise to
an optimization theoretic degeneracy which spoils the straight forward application of well-known
optimization theory of Karush-Kuhn-Tucker (KKT) type as all available constraint qualifications
for multiplier existence notorioulsy fail. Rather one is required to develop an approach which is
capable of handling the degeneracy while still yielding sharp stationarity characterizations which
may then serve as the starting point for the design of (numerical) solution algorithms. In case
the reader whishes to understand the control of a geometric PDE without this degeneracy, then
the nonsmooth term and the associated analytical treatment in our example application may be
ignored. As a result, KKT theory becomes directly applicable for characterizing first-order optimality. The corresponding mathematical realization will, however, be left to the reader, but can be
inferred from our more complex context.
Indeed, an important application which includes surface effects is the manipulation of fluids in
digital microfluidic devices, e.g. via electrowetting on dielectric (EWOD), which is used, e.g., in labon-a-chip devices [66,126], mass spectrometry [146], and electrofluidic displays [72]. Hereby, one
influences the contact angle of a single droplet between two narrowly separated parallel plates
where one of the plates contains an embedded grid of electrodes by applying voltages to the
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electrodes on the grid, compare [37, 130]. Besides the partial differential equations, which ensure
the conservation of momentum and the conservation of mass within the droplet, a proper EWOD
model has to include a so-called “pressure boundary condition", cf. [144], which describes the
impact that boundary effects such as curvature of the droplet, the electrowetting force, or contact
line pinning have on the pressure inside the droplet. Without these effects, the model fails to
accurately capture the behavior of the droplet. In particular, numerical simulations of the droplets
disregarding the pinning effect predict motions that are up to ten times faster than observed in the
laboratory, cf. [144] and the references therein.
In [143, 144], the authors proposed the following time-discrete spatially-continuous sharp interface model for electrowetting on dielectric

ui+1 − ui

+ β ui+1 + ∇pi+1 = 0 in Ωi ,

(11a)

div ui+1 = 0 in Ωi ,

(11b)

pi+1 ν i − κ i+1 ν i − E i ν i − λ i+1 ν i − Dvisc (ui+1 · ν i )νν i = 0 on Γi ,


λ i+1 − Ppin ∂ || · ||L1 (Γi ) (ui+1 · ν i ) 3 0 on Γi .

(11c)

α

δti+1

(11d)

Here, the time interval (0, T ) is partitioned into intervals of length δti > 0. Moreover ui and
pi denote the fluid velocity and the pressure, and the constants α  β are non-dimensional
material and geometry constants associated with the underlying device and Dvisc , Ppin > 0 are
contact-line friction coefficients.
The flow within the droplet domain Ωi at time t i is based on the classical conservation laws
(11a) and (11b). In addition, the pressure at the boundary Γi := ∂ Ωi of the droplet is affected
by the curvature κ i , the electrowetting forcing term E i , the pinning variable λ i , and viscosity
via (11c) and (11d). More precisely, the inclusion (11d) results from differentiating (in the sense
of convex analysis) the non-smooth term k · kL1 (Γi ) and, physically, it relates to the fact that a
certain resistance threshold must be overcome in order for the droplet to move. Otherwise, the
molecular adhesion at the solid-liquid-air interface of the droplet and contact angle hysteresis hold
the droplet in place, which leads to the aforementioned deceleration of the motion of the droplet,
cf. [122, 144]. The approximate curvature term κ i+1 is defined by

κ i+1 · ν i (·) := −∆Γi id(·) − δti+1 ∆Γi ui+1 (·),

(12)

where id represents the identity mapping and ∆Γi denotes the Laplace-Beltrami operator on Γi ;
see, e.g., [47] for a definition.
The system (11) is coupled with the subsequent interface evolution equation of type (7)

Γi+1 := Xi+1 (δti+1 )(Γi ) := Γi + δti+1 ui+1 (Γi ),

(13)

which involves the velocity ui+1 (defined on Γi ) at time ti+1 . Ideally, one would like to prescribe
the motion of the droplet by adjusting the electrowetting forcing terms E i , i = 1, .., K , over the
entire time interval (0, T ) accordingly.
Unfortunately, the optimal control of sharp interface models such as given by the system
(11)-(13) becomes very challenging, due to the dependencies of the operators, the underlying spaces, and the solutions on the interfaces. Without further restrictive assumptions or additional constraints, one might not even be able to prove the existence of an optimal control
E := (E 1 , . . . , E K ). Furthermore, from a numerical standpoint, this comprehensive constraint
system would imply substantial computational effort, assuming the problem is even tractable.
There are various approaches to handle these difficulties. If the free boundary allows for a
graph representation, e.g., of the form (8), the optimal control problem can be simplified by appropriately reformulating it, see, e.g., [10, 11, 45, 94, 95]. Another way is to treat the free boundary
implicitly, compare [13, 125]. A shape optimization perspective to (geometric) complementarity
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problems has been investigated in [86, 87, 89]. Recently, a parameter identification problem in
the study of cell motility with both sharp and diffuse interface formulations was considered in [42]
and droplet footprint control via surface tension in [102]. We also mention [110], in which shape
sensitivity analysis and control for time-dependent shapes with PDE-constraints is considered.

2.1

Finite horizon model predictive control

Complementing the aforementioned techniques, in this subsection we present a more tractable
approach inspired by finite horizon model predictive control [60] to deal with the analytical and
numerical challenges. To the best of our knowledge, this is the only method for the (suboptimal)
control of a geometric partial differential equation (PDE) coupled with an equilibrium or complementarity condition (such as the pinning constraint (11d)), which has been investigated in the
literature up to this point.
In order to describe the basic idea behind model predictive control in the current setting, we
denote the control space at time ti by E i and the remaining variables z = (u, p, λ ) lie in the space
i ⊂ E i is the constraint set for
Z i . Moreover, J i represents a compatible objective function, Ead
the controls and Ωi is the given droplet domain at time ti with sufficiently smooth boundary Γi . In
addition, the current velocity field ui and the time step size δti+1 are known.
Then, we compute the optimal control E i at the given time step by (approximately) solving the
minimization problem
i
min J i (E, z) over (E, z) × Ead
× Z i : (E, z) satisfies (11), (12)

(P)

by a descent method. After successfully computing an approximate solution of (P), the boundary
Γi is evolved according to the new velocity field via (13) and we proceed to the next time step.
The optimal control problem (P) is a challenging problem in its own right. In particular, the
presence of the subdifferential inclusion (11d) means that we are still tasked with solving a so
called mathematical program with equilibrium constraints (MPEC) in function space; see [84] for
more on this problem class in a non-geometric context. In the following, we briefly outline the
theory and numerics for one time step before passing to the evolution in time.
We point out that a more detailed discussion of mathematical programs with equilibrium constraints and the associated difficulties in the context of the optimal control of phase field models
can be found in the subsequent Section 3.

2.1.1

Existence of solutions

We start by formulating the distributional form of (11),(12). For this purpose, we subsequently
introduce the relevant notation and function spaces. For the sake of readability, we henceforth
leave off the superscripts i. Given an (open bounded) droplet domain Ω with smooth boundary
Γ, we let V be the closure of C∞ (Ω; Rn ) with respect to the norm


 21
kvkV := ||v||2H(div ;Ω) + δti ||∇Γ v||2L2 (Γ;Rn ) .
Then we define the subspace space Vsol of solenoidal functions as follows

Vsol := {v ∈ V |Bv = 0 } .
Moreover, we let Ead be a non-empty, closed, convex subset of E := L2 (Γ), and define the
bounded linear operators A : Vsol → V∗sol , C : Vsol → L2 (Γ), F0 : E → V∗sol and the continuous
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affine mapping F : E → V∗sol by




α
+ β (u, v)L2 (Ω;Rn ) + Dvisc (u · ν , v · ν )L2 (Γ)
hAu, vi :=
δti+1
+ δti+1 (∇Γ u, ∇Γ v)L2 (Γ;Rn ) ,
hCu, µi :=(u · ν , µ)L2 (Γ) , hF0 (E), vi := −(E, v · ν )L2 (Γ) ,
α
hF(E), vi :=
(u, v)L2 (Ω;Rn ) + hF0 (E), vi − (∇Γ Xi+1 (0), ∇Γ v)L2 (Γ;Rn ) .
δti+1
Here, the definitions of h·, ·i and the test functions should be clear in context. In addition, we
introduce ϕ : Vsol → R by

ϕ(u) := Ppin (k · kL1 (Γ) ◦C)(u), u ∈ Vsol .
Using these operators and function spaces, the weak form of (11),(12) can be stated as follows,
cf. [9],

Au + ∂ ϕ(u) 3 F(E).

(14)

Hence, we can reformulate the control problem (P) as follows

c(E, u) over (E, u) ∈ E × Vsol
min J
(15)

s.t.

Au + ∂ ϕ(u) 3 F(E), E ∈ Ead .
Note that, due to (14), both the pressure variable p and the pinning variable λ become imc(E, u) rather than
plicit. Therefore, we henceforth consider the reduced objective functional J

c: E × Vsol → R is continJ (E, z). Unless otherwise noted, we assume that the objective J
uously Fréchet differentiable and the set of admissible controls Ead is nonempty, closed, convex
and bounded.

csatisfies
In order to provide a basic existence theorem for (15), we additionally assume that J
the usual assumptions needed to obtain the existence of a minimizer.
c: E × Vsol → R be bounded from below, weakly
Theorem 1 (Existence of solutions) Let J
lower-semicontinuous in E /strongly lower-semicontinuous in Vsol , and either Ead is bounded or
c is partially coercive with respect to Ead , i.e., for every sequence (Ek , uk ) ∈ E × Vsol with
J
c(Ek , uk ) → ∞.
kEk kE → ∞ it holds that J
Then there exists a minimizer (E, u) ∈ Ead × Vsol of (15).
Since A is a coercive symmetric bounded linear operator, and therefore strongly monotone,
and ∂ ϕ is a maximal monotone operator defined on the real Hilbert space Vsol , the operator
A + ∂ ϕ is surjective, see e.g., [29, Theorems 2, 2’] or [120, 121]. Moreover, one can either apply
a classical result of Minty [108], see e.g., [148, Theorem 26.A], or standard arguments from variational inequalities, see e.g., the well-known monograph [100], to demonstrate that the solution
b := (A + ∂ ϕ)−1 , with Φ
b : V∗ → Vsol , is Lipschitz continuous. Furthermore, as F is
operator Φ
sol

b ◦ F is Lipschitz continuous from E into Vsol .
a continuous affine operator, the mapping Φ := Φ
c
Therefore, the reduced objective J (E) := J (E, Φ(E)) is weakly lower-semicontinuous in E .
This allows us to rewrite the MPEC (15) in reduced form as
min J (E) over E ∈ Ead .

(16)

Then the existence of optimal points follows via a standard application of the direct method of
calculus of variations.
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Stationarity conditions

In this subsection, we present primal-dual stationarity conditions for (15). In order to cope with
the constraint degeneracy, caused by the pinning condition, a regularization procedure is applied,
exploiting techniques from PDE-constrained optimization. More precisely, the derivation is based
on several approaches found in the optimal control of elliptic variational inequalities, i.e., another
class of MPECs in function space. In particular, we mention the monograph by Barbu [13] for
regularization approaches and [84, 85] for efficient numerical methods and relevant stationarity
concepts.
For the formulation of stationarity conditions we define the “strongly active sets"A + , A − ⊂ Γ
and the “weakly active/biactive sets"B + , B − ⊂ Γ at u (with associated λ as in (11d)) by


A + := s ∈ Γ

B + := s ∈ Γ

A − := s ∈ Γ

B − := s ∈ Γ

λ (s) = Ppin , (Cu)(s) > 0 ,
λ (s) = Ppin , (Cu)(s) = 0 ,
λ (s) = −Ppin , (Cu)(s) < 0 ,
λ (s) = −Ppin , (Cu)(s) = 0 .

Then the “inactive setïs given by I := Γ \ (A + ∪ A − ∪ B + ∪ B − ).

c: E × Vsol → E ∗ × V∗ , where ∂ J
c=
Theorem 2 (Stationary Points) Assume that ∂ J
sol
c, ∂u J
c), is bounded. Let (E ∗ , u∗ ) be a (locally) optimal solution of (15). Furthermore,
(∂E J
let A∗ := A∗+ ∪ A∗− denote the strongly active set associated with (E ∗ , u∗ ).
Then there exists an adjoint state w∗ ∈ Vsol , and m∗ , Ju∗ ∈ V∗sol , and some sequences
E

V∗

sol ∗
sol
sol
u , wk * w∗ , mk * m∗ , as k → +∞,
E k * E ∗ , uk →

V

V

V∗sol

such that ∂u J (Ekl , ukl ) * Ju∗ and

A∗ w∗ + Ppin m∗ = −Ju∗ ,

(17)

lim infhmk , wk i ≥ 0,

(18)

k→+∞
lim infh∂E J (Ek , uk ) − F0∗ wk , E − Ek i
k→+∞

Z

lim

k→+∞ {s∈Γ|(Cuk )(s)=0 }

≥ 0, ∀E ∈ Ead ,

|(Cwk )(s)|2 ds = 0.

(19)
(20)

Moreover, for all ε > 0, there exists a Lebesgue measurable set A∗ε ⊂ A∗ with |A∗ε | ≤ ε such
that
0 = hm∗ , vi, ∀v ∈ Vsol : Cv = 0, a.e. on {s ∈ Γ | (Cu∗ )(s) = 0 } ∪ A∗ε .
(21)
Condition (21) is the infinite-dimensional analog of the finite-dimensional condition where the
multiplier m∗ = 0 on the inactive set. Together with (17)-(20), the entire system constitutes a
weak form of limiting ε -almost C-stationarity, see [91, 92]. In the case when there exists some
function µ ∗ such that m∗ = C∗ µ ∗ , then it would result in limiting ε -almost C-stationarity.
For a rigorous derivation of the above theorem we refer to [9].
cor
Under additional compactness assumptions on the gradient of the objective functional J
if the control space E is not finite dimensional, the system (17)-(19) can be further refined. For
instance, let H be a Hilbert space, let L : Vsol → H be a compact bounded linear operator, and
c: E × Vsol → R be given by
let J

c(E, u) := 1 kLu − ub k2 + ν kEk2 ,
J
H
E
2
2
where ν > 0 and ub ∈ H .
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Then the system (17)-(19) can be transformed into

A∗ w∗ + Ppin m∗ = L∗ (ub − Lu∗ ),
∗

(22a)

∗

hm , w i ≥ 0
hνE

∗

− F0∗ w∗ , E − E ∗ i

(22b)

≥ 0, ∀E ∈ Ead .

(22c)

This concludes our analytical investigations of the control problem (15). In the sequel, we discuss an algorithm for the numerical realization of a strategy for (suboptimally) solving the optimal
control of the EWOD model (11).

2.2

Numerical solution methods

Similar to the analysis, there are various approaches to solve optimal control problems associated with sharp interface models numerically, e.g. depending on the chosen representation of the
interface. Whether a method is preferable over others strongly depends on the actual application
and the corresponding model, e.g., the (system of) partial differential equations, the underlying
domain, etc.
Another important factor is the objective functional of interest. Here, we present four possible
choices in the context of the control problem of the previous subsection following the finite horizon
model predictive control approach.
1 Barycenter Matching:

J

i+1

1 1
(u, E) =
2 |Ωi |

Z
Ωi

2

(x + δti+1 u(x)) dx − bd

ζ
+ kEk2E
2
R2

The integral expression is applied componentwise, which yields a vector in R2 . Moreover,
bd represents the coordinates of the desired barycenter at the final time step. Hence, bd
does not change at each time step.
The objective additionally includes a penalization of the cost of the control E with parameter
ζ > 0. In the numerical experiments presented beow, the Tikhonov parameter was set to
ζ := 1e-8.
2 Barycenter Tracking: The only difference to the previous functional is that bd is replaced by
1
T
a bi+1
d , where (bd , . . . , bd ) represents a trajectory of desired barycenters.
The barycenter functionals have the advantage of not relying on information concerning
the specific shape of the interface Γ. For droplets that are slightly larger than the size of
the individual electrodes on the surface of the EWOD device, these are useful objectives. In
this case the effect of the surface tension on the droplet should somewhat inhibit topological
changes.
3 Matching the Shape of an Ideal Droplet

1
ζ
2
2
J i+1 (u, E) = kid(·) + δt u(·) − Xi+1
d (·)kL2 (Γi ) + kEkE
2
2
2
Hereby, Xi+1
d (·) is a closed curve in R that represents a desired droplet shape at time i.
i+1
For this purpose, one assumes that Xd have parameterizations of the form (x1 (s), x2 (s))
and (x1d (s), x2d (s)) s ∈ [0, 1], respectively, and one considers the first term in the objective
as follows:

1
2

2

∑

Z 1

j=1 0

(x j (s) + δti+1 (u ◦ (x1 , x2 ))(s) · e j − xdj (s))2 ds,

where e1 , e2 are the standard basis vectors of R2 . In the experiments highlighted below
Xi+1
d := Xd , where Xd is some ideal droplet shape.
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Here, one relies on information concerning the current and the next free boundary Γ, which
requires one to provide substantial information on the ideal trajectory of a droplet. However,
by providing the path of a droplet whose topology does not change over the time interval, it
is possible to obtain a sequences of controls that keep the original droplet’s topology intact.
4 Minimal velocity and Barycenter Matching

J

i+1

1
1 1
(u, E) = ku(·)k2L2 (Γi ) +
2
2 |Ωi |

Z
Ωi

2

(x + δti+1 u(x)) dx − bd

ζ
+ kEk2E .
2
R2

Given an ideal droplet shape Xdi+1 (·) with barycenter bd , the first term in J i+1 enforces
a minimal velocity (stationary configuration). The second term positions the droplet at a
desired location by enforcing barycenter matching. In contrast to the previous examples, in
the numerical computations depicted below ζ := 1e-10.
Besides the objective functional, one also needs to specify the control action E respecting the
physical limitations of the EWOD device and realistic opportunities for the control action. Following
[144], the control of a Glycerin droplet on a square is shown, containing a 3 x 3 EWOD device.
Thus, 9 domains Ω j , j = 1, . . . , 9 and 9 controls/control spaces E ij ∈ E ji are defined, respectively.
Empirical data provided in [144, Table II] motivate box constraints on the control E , i.e.,


Ead = E ∈ L2 (Γ) : −11.0145 ≤ E(s) ≤ 8.9462, a.e. s ∈ Γ .
2.2.1

Numerical solution algorithm

As in the theoretical analysis of the control problem, the multivalued subdifferential mapping becomes an issue when solving the problem numerically. This can be circumvented by employing
a similar smoothing approach as for the derivation of Theorem 2, cf. [9]. As a consequence, one
has to solve the following problem at each step of the algorithm

Au + B∗ p + PpinC∗ λ = F(E),
Bu = 0,
λ=

Ψ0α (Cu),

(23a)
(23b)
(23c)

where (23c) is understood for pointwise almost every s ∈ Γ as

e 0 (α −1 (Cu)(s)).
λ (s) = ψ
In the numerical experiments depicted below, α was initialized at 1e-2 and reduced to the order
e
of 1e-6. Moreover, the following (convex C2 ) form for ψ


r − 1/2,


 3
r − r4 /2,
e :=
ψ(r)
−r3 − r4 /2,



−r − 1/2,

r ≥ 1,
r ∈ (0, 1),
r ∈ (−1, 0],
r ≤ −1.

was employed, but other smoothed versions of Ψ are possible as well.
The system (23) is solved via an exact solver in combination with a regularization approach by
adding a small amount of compressibility, i.e., the perturbation ε p, to the left side of (23b). Hereby,
the problem is discretized using P2 − P1 -Taylor-Hood finite elements, see e.g., [53] For each
fixed α > 0 and ε > 0, one can solve the resulting system with the standard Newton’s method
with a backtracking line search as a globalization scheme. The stopping criteria is based on the
discrete V-norm of the Riesz representation in V of the residual of the system (23) with an absolute tolerance of 1e-10; ε was set to 1e-16. The method exhibited fast/superlinear convergence,
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e.g., averaging 3-4 iterations until convergence, throughout the experiments. The performance
was slightly worsened for cases involving large deformations of the droplet.
Note that a typical problem for the numerical solution of sharp interface models is that the
mesh may become severely distorted or thin neck regions may appear after each time step. This
can be dealt with by a so-called harmonic lifting in which the current velocity u|Γ is used as the
boundary data for a harmonic equation, which yields a vector field that smoothly updates the
mesh node positions at each time step and preserves the shape of the boundary, cf. [144].

2.2.2

Numerical examples

In this subsection, we present the results obtained by the numerical solution algorithm described
above for four examples, one for each objective functional. The parameters were T = 3s and
δt = 1e-3. We note that larger time steps typically led to larger mesh deformations and failure of
Newton’s method.
The initial droplet is a circle of diameter 0.1125 mm and is centered at the point (0.05625
,0.05625) mm. For each of the experiments, the behavior of the droplets over nine points in
time is shown in the figures below. The values of the nine separate controls are printed inside
their respective electrodes at those points in time. Recall as mentioned above, that E = 8.9462
corresponds to 0V and E = −11.0145 to 50V.

1 Barycenter matching: For this example, the desired barycenter was set to bd = (−0.105,
−0.105). The results of this experiment can be seen in Figures 3.
2 Barycenter tracking: Here, the ideal barycenters follow the semicircle starting at (0.05625,
0.05625) and following the path described by bd (t) where bd (t) := (bd,1 (t), bd,2 (t)) is
given by

bd,1 (t) = 0.09 cos(φ (t)) + 0.05625,

bd,2 (t) = 0.09 sin(φ (t)) − 0.02813

with φ (t) := (3 − t)π/6 + tπ/2, t ∈ [0, 3]; compare Figures 1 and 2. The results of this
experiment can be seen in Figure 4

3 Matching the Shape of an Ideal Droplet: In this example the ideal droplet is taken to be
Xi+1 (0)(·) − 0.1350. The initial droplet is as in the previous two examples. The results of
this experiment can be seen in Figure 5.

4 Minimal velocity and Barycenter Matching: The initial droplet is an ellipse (•) and the ideal
(desired) droplet is a circle (◦) of the same size as in Figure 1. Furthermore to increase
the impact of the controls the size of electrodes is reduced by half. The results of this
experiment can be seen in Figure 6.
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Omega t = 0s
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Figure 1: Initial configuration for
barycenter matching: Initial droplet
(top right) and desired barycenter
(bottom left).
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Figure 3: Barycenter matching: The 9 panels show the mesh modification at different times (in sec).
The control E , shown in the background, is piecewise constant on each electrode. E = 8.9462 implies that a voltage of 0V is applied to that electrode and E = −11.015 correspond to 50V . The
active/inactive sets on the boundary are denoted by Black •: strongly active, Magenta •: biactive,Grey
•: inactive. Note the biactivity at time t = 0.057s

3
3.1

The phase field approach
Phase field models

Besides being a powerful mathematical tool to analyze flows driven by geometric quantities, the
phase field approach was first developed as a physical model to describe the behavior of mixed
liquids. In the following, we exemplarily discuss phase field models along with their physical meaning with respect to binary fluids, but phase field approaches enjoy a wide array of applications.
Also, multiphase (as opposed to binary phase) problems are of relevance. The essential features, however, are already present with two phases. As the evolution of such fluids is strongly
intertwined with the geometric properties of the system, this contributes to our understanding of
geometric partial differential equations in general.
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Figure 4: Barycenter tracking: The 9 panels show the mesh modification at different times (in sec). The
control E , shown in the background, is piecewise constant on each electrode. E = 8.9462 implies that
a voltage of 0V is applied to that electrode and E = −11.015 correspond to 50V . The active/inactive
sets on the boundary are denoted by Black •: strongly active, Magenta •: biactive,Grey •: inactive.
Note the biactivity at times t = 0.018s, 0.66s, 1.05s, 1.32s, 1.98s, 2.718s, 2.97s.

Originally, the interface between two fluids was considered to be a surface with zero thickness
which possesses certain physical properties such as, e.g., a surface tension. As in the sharp interface approach, it was presumed that physical quantities are discontinuous across the interface
and the respecting physical processes were represented by boundary conditions acting on the
interface, which led to the formulation of free-boundary problems.
The first ones to attribute a finite width to the interface were J. W. Strutt and J. D. van der
Waals, who assumed that the physical quantities instead perform a gradual smooth transition on
the interface between the two phases. This lead to gradient theories for the interface based on
thermodynamic principles such as van der Waals equation of state.
Expanding on these investigations J. W. Cahn and J. E. Hilliard presented their well-known
phase-field model for binary fluids undergoing spinodal decomposition under isothermal and isochoric conditions in 1958; see [32].
In this context, spinodal decomposition denotes the process, where two components, which
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Figure 5: Matching an Ideal Droplet: The 9 panels show the mesh modification at different times (in
sec). The control E , shown in the background, is piecewise constant on each electrode. E = 8.9462
implies that a voltage of 0V is applied to that electrode and E = −11.015 correspond to 50V . The
active/inactive sets on the boundary are denoted by Black •: strongly active, Magenta •: biactive,Grey
•: inactive. Note the biactivity at times t = 0.072s.
were mixed to form a single substance, rapidly decompose into two coexisting phases. In contrast
to nucleation, in which sufficiently large nuclei of one phase appear randomly and grow, spinodal
decomposition does not involve a free energy barrier and therefore the whole solution appears to
nucleate at once, and periodic or semi-periodic structures can be observed.
The model is based on a generalized mass diffusion equation in terms of the local diffusion
mass flux F and an order parameter ϕ , which represents the composition of the two phases

∂t ϕ = ∇ · F,

(24)

where the mass flux F satisfies the boundary condition

F ·~n|∂ Ω = 0.

(25)

Following Fick’s law, the mass flux is proportional to the gradient of the chemical potential µ , i.e.,

F = m(ϕ)∇µ,
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Optimal (*) and Desired (o) Forward Solver at t = 0.015s

Optimal (*) and Desired (o) Forward Solver at t = 0.027s
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Figure 6: Minimal velocity and Barycenter Matching: The 9 panels show the optimal shape (•) and
the desired shape (◦) at different times (in sec). The active/inactive sets on the boundary are denoted
by Black •: strongly active, Magenta •: biactive,Grey •: inactive.
where m(ϕ) ≥ 0 depicts the non-negative mobility depending on the concentration. Hereby, the
(degenerate) case m(ϕ) = 0 corresponds to a pure transport of the components without diffusion. Following the Ginzburg-Landau theory the chemical potential is defined as the variational
derivative of the free energy E given by

Z

E(ϕ) =

σε
σ
|∇ϕ|2 + Ψ(ϕ)dx.
ε
Ω 2

(27)

The first term of the right-hand side represents the surface tension of the interface, whereas Ψ(ϕ)
originates from the Helmholtz free energy density per molecule of the homogeneous system with
composition ϕ . The parameters σ and ε are related to the interfacial energy, and the thickness
of the interfacial region, respectively. The specific form of E (and Ψ) is crucial for the relation of
the phase field models and geometric flows, as we will see below.
As a result, the Cahn-Hilliard system reads as follows

∂t ϕ − div(m(ϕ)∇µ) = 0,
σε
σ
− ∆ϕ + ∂ Ψ(ϕ) − µ = 0,
2
ε

(28)
(29)

which corresponds to the H −1 -gradient flow of the Ginzburg-Landau energy in (27), cf. [55].

DOI 10.20347/WIAS.PREPRINT.2612

Berlin 2019

M. Hintermüller, T. Keil

18

Another classical phase field model is the Allen-Cahn equation


 σε
σ
∂t ϕ + m(ϕ) − ∆ϕ + ∂ Ψ(ϕ)) = 0,
2
ε

(30)

which relates to the L2 -gradient flow of the Ginzburg-Landau energy. It is often applied in materials
science for solid-liquid phase changes such as, e.g., crystal growth. The main difference between
these phase separation models is that the order parameter ϕ is not conserved for the Allen-Cahn
equation, whereas for the Cahn-Hilliard equation it is.
In the past decades, the Cahn–Hilliard equation has been shown to be a qualitatively meaningful model for various diffusive processes, such as, e.g., growth and dispersal in population or
phase transitions in binary alloys or polymer solutions [38, 118, 131, 136].
Although, the free-boundary description has been successful for a variety of applications,
the diffuse interface approach has two main advantages. Namely, if the width of the interface is
comparable to the length scale of the phenomena being examined, e.g., the motion of a contact
line along a solid surface which requires a precise modeling of the fluid motion in the vicinity of
the contact line, the representation of the interface as a boundary of zero thickness may not be
adequate. Secondly, the diffuse interface approach naturally incorporates topological changes of
the interface such as the break-up of liquid droplets or the coalescence of interfaces, which lead
to serious difficulties, both, analytically and numerically, if the interface is described by a moving
possibly self-intersecting boundary.

3.1.1

The free energy density and spinodal decomposition

An important part of the phase field model is the potential Ψ. According to Ginzburg and Landau
the free energy can be obtained by integrating a homogeneous free energy density over a given
volume fraction. Then the first term of the Ginzburg-Landau energy (27) emerges from the inclusion of spatial inhomogeneities, which is important to guarantee the conservation of the order
parameter, whereas the second part is directly related to the free energy density, cf., e.g., [114].
We point out that this is a phenomenological modelling approach and can not be derived from
a more microscopic description of the system. As a consequence, the choice of the free energy
density can not be uniquely specified.
However, regardless of the specific choice, the free energy density usually possesses two
local minima near −1 and 1, which support the formation of the bulk phases associated with the
sets {x ∈ Ω|ϕ(x) = −1} and {x ∈ Ω|ϕ(x) = 1}, respectively. In their original work, Cahn and
Hilliard considered a logarithmic barrier function

κ
Ψln (ϕ) = (ln(ϕ)ϕ + ln(1 − ϕ)(1 − ϕ)) − ϕ 2 .
2

(31)

Another important choice is the double-well potential given by

ΨW (ϕ) =

κ 2
ϕ (1 − ϕ 2 ),
2

(32)

which is considered, e.g., in [25,119]. A discussion on the inclusion of higher than quadratic order
terms and other variants can be found in [132].
However, in [115, 116], Oono and Puri model the phase separation process utilizing cell dynamical systems, which are space-time discrete dynamical systems with a variable defined on
each lattice point and updated in discrete time steps. The state of the lattice at a given time step
is usually a function of the state at previous time steps

ϕ(t + 1, n) = ψ(ϕ(t, n)) + D(g(ϕ(t, n)) − ϕ(t, n)),

(33)

where ϕ(t, n) is the value of the order parameter in the cell n at time t , ψ describes the local dynamics of each cell (without any constraints) and D is a positive constant proportional to
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the phenomenological diffusion constant. Furthermore, g corresponds to the isotropized discrete
Laplacian and can be defined by

g(ϕ(t, n)) =

1
(ϕ in the nearest-neighbor cells)
6∑
1
+ ∑(ϕ in the next-nearest-neighbor cells).
12

(34)

The resulting cell dynamical system can be related to the Cahn-Hilliard system (28)-(29) by utilizing a specific discretization of the partial differential equations.
In this context, the first term of (27) reflects the relationship between different molecules or
cells, which, e.g., causes the surface tension. In contrast, the second term models the properties
of an isolated cell which is driven by a relaxational mechanism associated to a local free-energy
functional.
Comparing different choices for the free energy, Oono and Puri found that short-time simulations based on (31) and (32) lead to solutions associated to the so-called “soft-wall” regime, in
which the thickness of the boundary is appreciable relative to the representative pattern size. In
order to obtain “hard-wall” behavior, i.e. sharp domain walls, whose thickness is negligible compared to the pattern size, simulations over a longer time period are necessary. In contrast, for the
double-obstacle potential

κ
Ψ(ϕ) = i[−1,1] (ϕ) − ϕ 2 ,
2

(35)

where i[−1,1] represents the indicator function of the interval [−1, 1], the “hard-wall” scenario was
observed already after very short time spans. This can be related to the fact that for binary alloys
without any vacancies, the order parameter should be always contained in the physically relevant
interval [−1, 1], which requires vertical potential walls. Furthermore, since the disordered phase
is unstable the functional should be concave on [−1, 1]. Thus, in many cases, including, e.g.,
deep quenches of binary alloys or polymeric membrane formation under rapid wall hardening,
the double-obstacle potential appears to be the best choice for modelling the phase separation
process.
We point out that, due to the non-differentiability of the indicator function, the double-obstacle
potential leads to the presence of a variational inequality of fourth order in (29), which highly
complicates the analytical and numerical treatment of these systems, especially in the context of
optimal control.
Nevertheless, we point out that the potentials (31),(32),(35) share the important characteristics
of a single hyperbolic unstable fixed point, corresponding to the disordered state before quenching, and two hyperbolic stable fixed points, corresponding to the ordered states after quenching,
symmetrically placed on each of its sides. As a consequence, a large part of the cells, which are
not situated near the phase boundaries, have order parameter values close to those of the hyperbolic stable fixed points and the behavior of the cells near the phase boundaries is governed
by the cells in the bulk phase. Thus, the global behavior is determined by the hyperbolicity of the
sinks, which ensures the structural stability of the model. More precisely, most solutions to the
associated Cahn-Hilliard equations that start with initial data near a fixed constant in the spinodal region, i.e., the interval where Ψ00 < 0, exhibit fine-grained decomposition. This is called the
principle of spinodal decomposition.

3.1.2

The sharp interface limit and geometric flows

As discussed above, the solutions of the Cahn-Hilliard system or the Allen-Cahn equation will
form large connected areas of each phase over time. These bulk regions are separated by a
small interfacial band in which the order parameter performs a smooth transition from one value
(−1 or 1) to the other. Hereby, the regularizing effect of the penalization of the gradient ∇ϕ , i.e.
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the first term in (27), ensures that the order parameter does not make too rapid changes such as
jumps.
As a consequence, the phase field models can be used, e.g., to approximate the solution of a
surface evolution equation by identifying the surface with the small interfacial layer. In fact, Modica
has shown that the interfacial region, i.e. the set

{x ∈ Ω| − 1 < ϕ(x) < 1}
vanishes almost everywhere, if the interface width ε tends to zero; compare [109]. As a part of
that, he additionally proved that the Ginzburg Landau energy in (27) Γ-converges in L1 (Ω) to a
multiple of the perimeter functional given by

 R1 p
R
2Ψ(y)dy Ω |∇χ{ϕ=1} (x)|dx
−1
Elim (ϕ) :=
∞

if ϕ ∈ BV (Ω, {−1, 1})
,
if ϕ ∈ BV (Ω, {−1, 1})

(36)

if ε goes to zero. For convenience, we briefly recall the definition of Γ-convergence at this point,
cf., e.g., [43].
Definition 1 Let X be a reflexive Banach space. A family of functionals fα : X → [−∞, ∞] is said
to Γ-converge to f : X → [−∞, ∞] for α → 0 if and only if the following statements are satisfied.
1 For every convergent sequence {xα }α>0 ⊂ X and the associated limit point x, it holds that

f (x) ≤ lim inf fα (xα ).

(37)

α→0

2 For every x ∈ X there exists a sequence {xα }α>0 ⊂ X which converges to x such that

f (x) ≥ lim sup fα (xα ).

(38)

α→0

Furthermore, it has been shown that mean curvature flow is approximated by the Allen-Cahn
equation (30) if ε is driven to zero, see, e.g., [28, 44, 54, 124] for a rigorous interface asymptotic analysis for double-well potentials and [36] for the corresponding convergence result for the
double-obstacle potential. More precisely, the Hausdorff distance between the zero-level set of the
phase field solution associated to the Allen-Cahn equation and the corresponding surface solution of the mean curvature flow is bounded by ε , cf., e.g., [19,34] (double-well potential) and [112]
(double-obstacle potential). Moreover, the zero-level set of the phase field solution converges to
the viscosity solution of the level-set formulation of the mean curvature flow, see e.g. [54] for the
double-well potential and [113] for the double-obstacle potential.
In case of the Cahn-Hilliard system the resulting sharp interface model is the so-called MullinsSekerka problem

∆µ = 0
2V =

−[∇µ]+
− ·ν

2µ = CH

on Ω \ Γt ,

(39)

on Γt ,

(40)

on Γt ,

(41)

+
−
where [∇µ]+
− represents the jump of a µ across the interface from Ω to Ω . In this case,
similar convergence results can be derived. For more information on the subject, we refer the
reader to [7, 35, 118, 133] and the references therein.

3.1.3

Incorporating hydrodynamic or surface effects

An important advantage of the phase field approach is that the model can be easily extended to
include other effects such as hydrodynamic effects. In particular, it also allows for the inclusion of
surface effects. Hereby, the interface is indicated by the gradient ∇ϕ of the order parameter.
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A first basic model which combined the phase field model with hydrodynamical properties
was given by Pierre Claude Hohenberg and Bertrand I. Halperin in [96]. The so-called ’model
H’ for two incompressible, viscous Newtonian fluids with matched densities led to the following
Cahn-Hilliard-Navier-Stokes system

∂t ϕ + v∇ϕ − div(m(ϕ)∇µ) = 0,
σ
σε
− ∆ϕ + ∂ Ψ(ϕ) − µ = 0,
2
ε
ρ∂t (v) + ρ div(v ⊗ v) − div(2η(ϕ)ε(v)) + ∇Π + σ ε div(∇ϕ ⊗ ∇ϕ) = 0,

(42)

divv = 0.

(45)

(43)
(44)

The model describes the two-phase flow in terms of the order parameter ϕ , the chemical potential
µ and the mean velocity v. Moreover, Π denotes the pressure acting on the system and η(ϕ)
symbolizes the viscosity of the composition.
It can be verified that the model is thermodynamically consistent in the sense that it obeys a
local dissipation inequality and satisfies the second law of thermodynamics, respectively, cf. [71].
Following the publication of Hohenberg and Halperin, we have seen different approaches to
develop a similar model for the case of non-matched densities. In [104], Lowengrub and Truskinovsky introduce a mass averaged/barycentric velocity and derive a thermodynamically consistent generalization of model H for non-matched densities. Unfortunately, the proposed model
involves velocity fields with non-zero divergence. In addition, the fact that the pressure enters the
Cahn-Hilliard equation further complicates the introduction of suitable discretization schemes.
In contrast, Boyer [26] and Ding [48] considered a volume averaged velocity field which led
them to slightly different models, where the solenoidality of the velocity field is guaranteed. However, neither global nor local energy estimates could be derived for these models up to now.
In [4], Abels, Garcke and Grün came up with the following Cahn-Hilliard-Navier-Stokes system

∂t ϕ + v∇ϕ − div(m(ϕ)∇µ) = 0,

(46a)

−∆ϕ + ∂ Ψ0 (ϕ) − µ − κϕ 3 0,

(46b)

∂t (ρ(ϕ)v) + div(v ⊗ ρ(ϕ)v) − div(2η(ϕ)ε(v)) + ∇p
+div(v ⊗ J) − µ∇ϕ = 0,

(46c)

divv = 0,

(46d)

v|∂ Ω = 0,

(46e)

∂n ϕ|∂ Ω = ∂n µ|∂ Ω = 0,

(46f)

(v, ϕ)|t=0 = (vin , ϕin ),

(46g)

based on a volume averaged velocity, which is supposed to hold in the space-time cylinder Ω ×
(0, ∞). Here, the density ρ of the mixture of the fluids depends affinely on the order parameter ϕ
via

ρ(ϕ) =

ρ1 + ρ2 ρ2 − ρ1
+
ϕ,
2
2

(47)

where 0 < ρ1 ≤ ρ2 are the given densities of the two fluids under consideration. The relative flux
1
J := − ρ2 −ρ
2 m(ϕ)∇µ corresponds to the diffusion of the two phases. The initial states are given
by vin and ϕin , and κ > 0 is a positive constant.
As ensured by equation (46d), the model is based on divergence-free velocity fields and, at
the same time, allows for the verification of global energy estimates. Furthermore, it reduces to
the well-known ’model H’ for matched densities, i.e. if ρ1 = ρ2 .
In [4], three variants of this model are proposed that can also handle, e.g., non-Newtonian
fluids or additional particles that are transported across the interface but do not interact with it.
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The existence of a weak solution for the case of constant mobility is shown in [2] for the logarithmic
free energy that guarantees a-priori bounds on the range of the phase field. In [3], the existence
of weak solutions is established for general smooth free energies together with a degenerate
mobility that also guarantees these bounds. The existence of a weak solution for non-Newtonian
fluids is discussed in [1] for a polynomially bounded free energy and constant mobility. In the latter
work, also an extension of the model of [4] is proposed that allows to use nonlinear but smooth
relations between the phase field ϕ and the density field ρ(ϕ) for the case where |ϕ| is not
bounded by one, which appears due to a smooth free energy.
In [67], the existence of generalized solutions is shown for the case of a polynomially bounded
free energy. Depending on the densities of the individual fluids, indicated by the Atwood number,
these generalized solutions are weak solutions over a small time horizon. The analysis is based
on proceeding to the limit in a numerical scheme.
Another example for the inclusion of surfactants can be found in [63], where a thermodynamically consistent model for two-phase flow with different densities is proposed that can also handle
additional surface active agents, so called surfactants. These particles adhere to the interface,
following some advection-diffusion equation and some sorption laws. On the interface they lower
locally the surface tension of the interface. Thus, this model especially contains a locally varying
surface tension and a partial differential equation on a diffuse interface. This work also contains
numerical results based primarily on the results of [50] on the simulation of partial differential
equations on evolving interfaces.
Moreover, we note that phase field models can naturally be extended to situation of multi
phase flows with more then two fluid components by using a vector-valued phase field equation,
see e.g. [24, 27].

3.2

Existence of solutions

The existence of solutions to phase field models such as the Allen-Cahn equation or the CahnHilliard system is typically based on the fact that these models relate to the gradient flow of the
Ginzburg-Landau energy. It can be shown that the total energy associated with such solutions is
bounded by the energy of the initial configuration at all times, which allows us to apply a Galerkin
method and/or a fixed point type argument to secure the existence of solutions; see, e.g., [25,52].
If the phase field model is coupled to another partial differential equation, the approach has to be
modified accordingly.
In the following, we examplarily present the derivation of the existence of weak solutions to
the Cahn–Hilliard–Navier–Stokes system (46). It is based on an implicit discretization in time and
a subsequent limiting analysis with respect to the time step size tending to zero, which is a wellknown technique to verify the existence of weak solutions to the Navier–Stokes equation, see
e.g. [137].
Incorporating the hydrodynamics of the two-phase composition, the total energy E of a solution to (46) is given as the sum of the kinetic energy and the potential energy, i.e.,

|v|2
E(v, ϕ) = ρ(ϕ)
dx +
2
Ω
Z

|∇ϕ|2
dx + Ψ(ϕ).
2
Ω

Z

(48)

Similar to the decoupled Cahn-Hilliard system, it is possible to derive a (dissipative) energy law
by testing (46a),(46b), (46c) and (46d) with µ , ∂t ϕ , v and Π, respectively, which leads to

Z

∂t E(v, ϕ) + 2
Ω

η(ϕ)|ε(v)|2 dx +

Z

m(ϕ)|∇µ|2 dx ≤ 0.

(49)

Ω

Inequality (49) is related to the physical property that the total energy of a closed system is nonincreasing and - at the same time - serves as a very valuable analytical tool, e.g., to secure the
boundedness of solutions to (46).
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For the reasons mentioned above, it is desirable to maintain the energy inequality on the
time discrete level, which typically requires the preservation of the strong coupling of the Cahn–
Hilliard system and the Navier–Stokes equation as seen in Definition 2 below. However, F. GuillénGonzález and G. Tierra recently proposed a numerical splitting scheme for the Cahn–Hilliard–
Navier–Stokes system, which maintains the energy law via introducing a small correction term to
the velocity field, cf. [69].

3.2.1

Discretization in time

Before presenting the chosen discretization in time of the system (46) in its weak formulation, we
observe that, assuming integrability in time, from (46d), (46a), (46e), and (46f), it follows that the
order parameter satisfies

Z

∂t ϕdx = −

Ω

Z

Z

v∇ϕdx +

Z Ω

div(v)ϕdx −

=
Ω

div(m(ϕ)∇µ)dx

ZΩ

Z

vϕ~nΩ dx +
∂Ω

m(ϕ)∇µ~nΩ dx = 0.
∂Ω

In other words, the integral mean of ϕ remains constant

1
|Ω|

Z

ϕdx ≡: ϕa ∈ (−1, 1),

(50)

Ω

which reflects the conservation of mass within the system. Note that the inclusion (50) excludes
the uninteresting case with only one phase being present, i.e., |ϕa | = 1. This observation allows
us to assume that the integral mean of the order parameter is zero without loss of generality, as
the general case can easily be transferred to the case ϕa = 0 by considering a shifted system
2

(46), where the order parameter is replaced by its projection onto L (Ω). This involves a shift in
the variables and coefficients such as, e.g. Ψ0 (ϕ + ϕa ) and m(ϕ + ϕa ), which we again denote
by Ψ0 (ϕ) and m(ϕ) in a slight misuse of notation. Consequently, the two hyperbolic stable fixed
points of the free energy describing the pure phases are now associated with the points

ψ1 := −1 − ϕa , ψ2 := 1 − ϕa .

(51)

We introduce the following spaces

o
f ∈ H k (Ω; Rn ) ∩ H01 (Ω; Rn ) : div f = 0, a.e. on Ω ;


Z
k
k
k
H (Ω) := H(0) (Ω) := f ∈ H (Ω) :
f dx = 0 ;
Ω
n
o
k
k
H ∂n (Ω) := f ∈ H (Ω) : ∂n f|∂ Ω = 0 on ∂ Ω , k ≥ 2;

k
H0,σ
(Ω; Rn ) :=

n

where the boundary condition is supposed to hold true in the trace sense. The subscript σ here
is a common notation representing the solenoidality. Unless otherwise noted, h·, ·i := h·, ·i −1 1
H

1

,H

−1

represents the duality pairing between H (Ω) and its dual H (Ω).
The subsequent assumption rigorously introduces the given data such as the mobility and
viscosity coefficients m, η , the density function ρ , the convex part Ψ0 of the free energy density
Ψ and the initial data va , ϕa along with some necessary regularity requirements.
Assumption 1
1 The coefficient functions m, η ∈ C2 (R) as well as their derivatives up to
second order are bounded, i.e. there exist constants 0 < b1 ≤ b2 such that for every x ∈ R,
it holds that b1 ≤ min{m(x), η(x)} and

max{m(x), η(x), |m0 (x)|, |η 0 (x)|, |m00 (x)|, |η 00 (x)|} ≤ b2 .
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2

2 (Ω; Rn ) × H (Ω) ∩ K where
2 The initial state satisfies (va , ϕa ) ∈ H0,σ
∂n

o
n
1
K := v ∈ H (Ω) : ψ1 ≤ v ≤ ψ2 a.e. in Ω ,
with −1 − ϕa =: ψ1 < 0 < ψ2 := 1 − ϕa .
3 The density ρ depends on the order parameter ϕ via

ρ(ϕ) =

ρ1 + ρ2 ρ2 − ρ1
+
(ϕ + ϕa ).
2
2

1

(52)

R

4 The functional Ψ0 : H (Ω) → R is given by Ψ0 (ϕ) := Ω i[ψ1 ;ψ2 ] (ϕ(x))dx, where the
indicator function i[ψ1 ;ψ2 ] : R → R is defined by


 +∞ if z < ψ1 ,
0
if ψ1 ≤ z ≤ ψ2 ,
i[ψ1 ;ψ2 ] :=

+∞ if z > ψ2 .
We point out that Assumption 1 excludes the case of degenerate mobilities, i.e. where m(ϕ) =
0. More information on two-phase flows with degenerate mobilities can be found, e.g., in [3, 51]
and, more recently, in [58].
Note that since the double-obstacle potential restricts the order parameter to the physically
relevant interval [ψ1 , ψ2 ], the density remains always positive which is important for deriving
appropriate energy estimates.
With these assumptions we now present the semi-discrete Cahn–Hilliard Navier–Stokes system. At this point, we additionally introduce a distributed force on the right-hand side of the NavierStokes equation, which will later serve the purpose of a distributed control of the system. Hereby,
it is natural to consider the control force ui to be an element of L2 (Ω; Rn ), in order to permit a
point-wise interpretation almost everywhere on Ω for actual applications.
Moreover, we already include the inherent regularity properties of ϕ and µ anticipating the
results obtained in Lemma 2. In the sequel, τ > 0 denotes the time step-size and K ∈ N the total
number of time instants.
Definition 2 (Semi-discrete CHNS system) Fixing (ϕ−1 , v0 ) = (ϕa , va ) we say that a triple
K−1
K−1
(ϕ, µ, v) = ((ϕi )K−1
i=0 , (µi )i=0 , (vi )i=1 )
2

2

1 (Ω; Rn )K−1 solves the semi-discrete CHNS system with respect
in H ∂n (Ω)K × H ∂n (Ω)K × H0,σ
2
n K−1 , denoted by (ϕ, µ, v) ∈ S (u), if it holds for all
to a given control u = (ui )K−1
Ψ
i=1 ∈ L (Ω; R )
1

1 (Ω; Rn ) that
φ ∈ H (Ω) and ψ ∈ H0,σ


ϕi+1 − ϕi
, φ + hvi+1 ∇ϕi , φ i + (m(ϕi )∇µi+1 , ∇φ ) = 0,
τ
(∇ϕi+1 , ∇φ ) + h∂ Ψ0 (ϕi+1 ), φ i − hµi+1 , φ i − hκϕi , φ i 3 0,


ρ(ϕi )vi+1 − ρ(ϕi−1 )vi
− (vi+1 ⊗ ρ(ϕi−1 )vi , ∇ψ)
,ψ
τ
−1
1
H0,σ
,H0,σ


ρ2 − ρ1
+ vi+1 ⊗
m(ϕi−1 )∇µi , ∇ψ + (2η(ϕi )ε(vi+1 ), ε(ψ))
2
− hµi+1 ∇ϕi , ψiH −1 ,H 1 = hui+1 , ψiH −1 ,H 1 .
0,σ

0,σ

0,σ

0,σ

(53)
(54)

(55)

The first two equations are supposed to hold for every 0 ≤ i + 1 ≤ K − 1 and the last equation
holds for every 1 ≤ i + 1 ≤ K − 1.
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Here, the boundary conditions specified in (46d)-(46f) are incorporated in the respective function
spaces of Definition 2.
Note that the subdifferential of a convex function Ψ0 is in general a set-valued mapping, see,
e.g., [49]. Furthermore, the semi-discretization of (46) in time involves three time instants (i −
1), i, (i + 1). Equations (53) and (54), however, do not involve the velocity at the time instant (i −
1). As a consequence, (ϕ0 , µ0 ) are characterized by the (decoupled) Cahn-Hilliard system only.
Nevertheless, the coupling of the Cahn-Hilliard and the Navier-Stokes system is maintained in
the subsequent time instances, which enables us to derive a discrete equivalent of the dissipative
1
1
1
energy law (49). Here, the discrete energy functional E : H 0,σ (Ω) × H (Ω) × H (Ω) → R is
defined by

ρ(ϕi−1 ) |vi |2
dx +
2
Ω

Z

Ei := E(vi , ϕi , ϕi−1 ) :=

|∇ϕi |2
dx + Ψ(ϕi ).
2
Ω

Z

1

(56)
1

Lemma 1 (Energy estimate for a single time step) Let ϕi , ϕi−1 ∈ H (Ω) ∩ K, µi ∈ H (Ω),
1 (Ω; Rn ) be the state of the system at time step i and u
1
n ∗
vi ∈ H0,σ
i+1 ∈ (H0,σ (Ω; R )) a given
external force.
1
1
1 (Ω; Rn ) solves the system (53)–(55) for
Then, if (ϕi+1 , µi+1 , vi+1 ) ∈ H (Ω) × H (Ω) × H0,σ
one time step, the corresponding total energy is bounded by

|∇ϕi+1 − ∇ϕi |2
dx
2
Ω
Z
Z
Z
(ϕi+1 − ϕi )2
+ τ 2η(ϕi ) |ε(vi+1 )|2 dx + τ m(ϕi ) |∇µi+1 |2 dx + κ
2
Ω
Ω
Ω
≤ E(vi , ϕi , ϕi−1 ) + hui+1 , vi+1 iH −1 ,H 1 .

|vi+1 − vi |2
E(vi+1 , ϕi+1 , ϕi ) + ρ(ϕi−1 )
dx +
2
Ω
Z

Z

0,σ

0,σ

(57)

For rigorous proofs of the results of this section we refer to [83].
Note that, due to the positivity of the density and the coefficients m, η , all the terms of the
left-hand side of the inequality are always non-negative such that Lemma 1 indeed ensures that
the energy of the next time step is non-increasing if the external force ui+1 is absent.
Next, the existence of feasible points for the semi-discrete Cahn–Hilliard Navier–Stokes system for single time steps can be established based on Schaefer’s fixed point theorem, also called
the Leray-Schauder principle. The associated boundedness constraint is verified with the help
of the energy estimate (57). In addition, some arguments from monotone operator theory are
employed. As a consequence, we arrive at the following result concerning the solvability of the
semi-discrete system (53)–(55).
Theorem 3 (Existence of solutions to the CHNS system for a single time step) Let the assumptions of Lemma 1 be satisfied. Then the system (53)–(55) admits a solution (ϕi+1 , µi+1 , vi+1 ) ∈
1

1

1 (Ω; Rn ) for one time step.
H (Ω) × H (Ω) × H0,σ

3.2.2

Regularity of solutions

An important feature of phase field models is the increased regularity of the corresponding solutions. For instance, in case of the Cahn-Hilliard system, it can be easily seen that the order
parameter is twice weakly differentiable in space, which is a direct consequence of equation (29)
using regularity theory of elliptic partial differential equations. This holds true even if Ψ0 represents the non-smooth double-obstacle potential and (29) relates to a variational inequality; see,
e.g., [91, 100].
For the coupled system (53)–(55) one additionally relies on the well-established regularity for
the Navier–Stokes equation [137]. This allows one to prove the following lemma via a bootstrap
argument, if the initial data is sufficiently regular.
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Lemma 2 (Regularity of solutions) Let the assumptions of Lemma 1 be satisfied, and suppose
1

additionally that ϕi ∈ H 2 (Ω) and ui+1 ∈ L2 (Ω; Rn ). Moreover, let (ϕi+1 , µi+1 , vi+1 ) ∈ H (Ω) ×
1

1 (Ω; Rn ) be a solution to the system (53)–(55)
H (Ω) × H0,σ
2

Then it holds that ϕi+1 , µi+1 ∈ H ∂n (Ω), ϕi+1 ∈ K and vi+1 ∈ H 2 (Ω; Rn ), and there exists a
constant C = C(N, Ω, b1 , b2 , τ, κ) > 0 such that

kϕi+1 kH 2 + kµi+1 kH 2 + kvi+1 kH 2
≤ C(kϕi+1 k + kµi+1 k + kϕi k + kvi+1 kH 1 kϕi kH 2 ).

(58)

This also ensures that the system (53)–(55) is well-posed for each subsequent time step.
Thus, applying Theorem 3 and Lemma 2 repeatedly for each time step i = 0, .., K − 2 directly
verifies the existence of solutions to the semi-discrete Cahn–Hilliard–Navier–Stokes system given
in Definition 2.
Proposition 1 (Existence of feasible points) Let u ∈ L2 (Ω; Rn )K−1 be given.
2

2

Then the semi-discrete CHNS system admits a solution (ϕ, µ, v) ∈ H ∂n (Ω)K × H ∂n (Ω)K ×
2
H0,σ (Ω; Rn )K−1 .
From here onwards, the existence of solutions to the time-continuous CHNS system can
be established via a limiting process with respect the total number of time instances K → ∞
T
→ 0. For this purpose, one considers certain step functions
and the time step size τ := K
K
K (t) = f on
fstep with respect to the time t which are equal to the time discrete solutions fstep
i
each interval t ∈ [(i − 1)τ, iτ); i = 1, .., K − 1 for f ∈ {v, ϕ, µ}. Employing the energy esti2
1
n
K
mate (57) these functions can be bounded in the spaces vK
step ∈ L (0, T, H (Ω; R )), ϕstep ∈
K ∈ L2 (0, T, H 1 (Ω)). Then, the limit point of an appropriate subsequence
L∞ (0, T, H 1 (Ω)), µstep

can be shown to satisfy the system (46). For more details, we refer to, e.g., [2], where this method
has been successfully applied to a similar system where the free energy density is defined through
the logarithmic potential Ψ(ϕ) = (1 + ϕ) ln(1 + ϕ) + (1 − ϕ) ln(1 − ϕ) − κ2 ϕ 2 .
However, since the same arguments cannot be applied to the adjoint system associated with
the optimal control problem later on, we subsequently focus on the semi-discrete (in time) system.

3.3

Optimal control of a phase field model

Let us now discuss the optimal control of phase field models and the associated difficulties. The
general idea is to influence the system via a control force u in order to achieve some prescribed
goal. For this purpose, we introduce an objective functional J : X → R with
1

1

1
X := H (Ω)K × H (Ω)K × H0,σ
(Ω; Rn )K−1 × L2 (Ω; Rn )K−1 .

In many applications J corresponds to a tracking-type functional

J (ϕ, µ, v, u) :=

1
ξ
kϕK−1 − ϕd k2 + kuk2(L2 )(K−1) , ξ > 0,
2
2

(59)

where ϕd ∈ L2 (Ω) denotes the desired states and the control is penalized via the parameter ξ .
Then the optimal control problem is given by
min J (ϕ, µ, v, u) over (ϕ, µ, v, u) ∈ X
s.t. u ∈ Uad , (ϕ, µ, v) ∈ SΨ (u).

(PΨ )

Here, possible control constraints are represented by the constraint set Uad ⊂ L2 (Ω; Rn )K−1 .
Moreover, we assume that J be a Fréchet differentiable. Further requirements on Uad and J
are made explicit in connection with Theorem 4, below.
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Since the feasible set of problem (PΨ ) is non-empty due to the results from the previous section, the existence of globally optimal points can be verified via standard arguments from optimization theory. Hereby, some classical assumptions on the objective functional and the constraint set
Uad are imposed, cf. [83].
2

Theorem 4 (Existence of global solutions) Suppose that the objective functional J : H ∂n (Ω)K ×
2

1 (Ω; Rn )K−1 ×L2 (Ω; Rn )K−1 → R is convex and weakly lower-semi-continuous
H ∂n (Ω)K ×H0,σ
and Uad is non-empty, closed and convex. Assume that either Uad is bounded or J is partially

coercive, i.e. for every sequence (ϕ (k) , µ (k) , v(k) , u(k) ) k∈N which satisfies limk→∞ u(k) =
+∞ it holds true that limk→∞ J (ϕ (k) , µ (k) , v(k) , u(k) ) = +∞.
Then the optimization problem (PΨ ) admits a global solution.

The proof is based on a convergence analysis for the weak limit point of infimizing sequences for
the optimal control problem (PΨ ).
The optimal control problem associated to the Cahn-Hilliard-Navier-Stokes system with matched
densities and a non-smooth homogeneous free energy density (double-obstacle potential) has
been previously studied in [92,93]. We also mention the recent articles [59] (which treats the control of a nonlocal Cahn-Hilliard-Navier-Stokes system in two dimensions) and [135]. Apart from
these contributions the literature on the optimal control of the coupled CHNS system with nonmatched densities is - to the best of our knowledge - essentially void. Nevertheless, there are
numerous publications concerning the optimal control of the phase separation process itself, i.e.
the distinct Cahn–Hilliard system; see, e.g., [25, 39, 40, 52, 78, 91, 145, 147].
For some applications, a boundary control might be easier to realize than the distributed control. Hereby, the homogeneous boundary of the velocity field is omitted in favor of the boundary
condition

vi+1 |∂ Ω = ui+1 .

(60)

In this case, the control ui+1 is an element of the space Htr := Tr(Hσ1 (Ω; Rn )) , where Tr
denotes the zero-order trace operator, cf., e.g., [5]. Due to the embedding properties of Sobolev
1
spaces, Htr is contained in H 2 (∂ Ω; Rn ). Moreover, it is a Hilbert space and the trace operator
regarded from Hσ1 (Ω; Rn ) into Htr is a linear, bounded and surjective mapping between Hilbert
spaces. Hence, there exists a right inverse operator Btr : Htr → Hσ1 (Ω; Rn ) such that Tr ◦ Btr
equals the identity operator on Htr , cf. [12, 73].
The operator can be employed to reduce the inhomogeneous Navier–Stokes system to the
problem with homogeneous Dirichlet boundary conditions, which is used in [92], to derive the
existence of solutions to the associated Cahn-Hilliard-Navier-Stokes system. In the aforementioned article, a boundary-control equivalent of the problem (PΨ ) is studied with a tracking-type
functional for matched densities. Furthermore, the constraint set Uad is assumed to be a closed,
linear subspace of Htr and an additional compatibility condition on the given data is imposed.
Though the involved trace spaces require a careful (embedding) analysis as sketched above,
similar arguments as for the distributed control can be cited to derive an analogous stationarity
system due to the linearity of the trace operator, cf. [92].

3.3.1

Stationarity conditions

One of the major challenges of optimal control theory is the derivation of meaningful optimality
conditions. This is not only to provide a more precise characterization of globally and/or locally
optimal points, but also facilitates the development of efficient numerical solution methods to
approximate these solutions.
However, we recall that in the presence of the non-smooth double-obstacle potential the phase
field model includes a variational inequality of the form

−∆ϕi+1 + ai+1 − µi+1 − κϕi = 0,
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with ai+1 ∈ ∂ Ψ0 (ϕi+1 ), which can be reformulated as

h−∆ϕi+1 + ai+1 − µi+1 − κϕi , φ − ϕi+1 i ≥ 0, ∀φ ∈ K.

(62)

As a result the associated optimal control problem falls into the realm of mathematical programs
with equilibrium constraints (MPECs) in function space (see e.g. [83,92]), which, as already mentioned earlier in this exposition, is well-known for its constraint degeneracy even in finite dimensions; see, e.g., [105, 117].
In order to demonstrate the upcoming difficulties in the context of the optimal control problem
(PΨ ), we point out that Lemma 2 ensures that the order parameter ϕi+1 is an element of H 2 (Ω).
1

Although the subdifferential ∂ Ψ0 is in general only contained in the dual space H (Ω)∗ , this
allows us to deduce the following additional regularity for the subgradient ai+1

ai+1 = ∆ϕi+1 + µi+1 + κϕi ∈ L2 (Ω).

(63)

Consequently, the duality pairing in (62) can be equivalently defined as the inner product in
L2 (Ω). Moreover, the following sets are well-defined.
Definition 3 For a solution ϕi+1 of the variational inequality (62), we introduce the active sets

Aϕi+1 ,1 : = {x ∈ Ω : ϕi+1 (x) = ψ1 },

(64)

Aϕi+1 ,2 : = {x ∈ Ω : ϕi+1 (x) = ψ2 },

(65)

Aϕ+i+1 ,1 : = {x ∈ Ω : ϕi+1 (x) = ψ1 ∧ a−
i+1 (x) > 0},

(66)

Aϕ+i+1 ,2

> 0},

(67)

Aϕ0i+1 ,1 : = {x ∈ Ω : ϕi+1 (x) = ψ1 ∧ ai+1 (x) = 0},

(68)

Aϕ0i+1 ,2

(69)

the strongly active sets

: = {x ∈ Ω : ϕi+1 (x) =

ψ2 ∧ a+
i+1 (x)

the biactive sets

: = {x ∈ Ω : ϕi+1 (x) = ψ2 ∧ ai+1 (x) = 0},

and the inactive set

Iϕi+1 : = {x ∈ Ω : ψ1 < ϕi+1 (x) < ψ2 }

(70)

−
Hereby, a+
i+1 (x) := max(0, ai+1 (x)) and ai+1 (x) := − min(0, ai+1 (x)) are defined pointwise
−
almost everywhere on Ω such that ai+1 = a+
i+1 − ai+1 .

Note that the variational inequality (62) corresponds to the necessary and sufficient first-order
optimality condition of the convex optimization problem

1
k∇ϕi+1 k2 − (µi+1 + κϕi , ϕi+1 ).
ϕi+1 ∈K 2
min

(71)

+
In this setting, a−
i+1 and ai+1 correspond to the Lagrange multipliers associated with the inequality
constraints ϕi+1 ≥ ψ1 and ϕi+1 ≤ ψ2 , respectively. The variational inequality can be further
expressed as the subsequent complementarity system

−∆ϕi+1 + ai+1 − µi+1 − κϕi = 0,

ϕi+1 ≥ ψ1 , a−
a−
i+1 ≥ 0,
i+1 , ϕi+1 − ψ1 = 0,

ϕi+1 ≤ ψ2 , a+
a+
i+1 ≥ 0,
i+1 , ϕi+1 − ψ2 = 0.
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From the complementarity conditions (72b), (72c), we directly infer that

Aϕi+1 ,1 ∪ Aϕi+1 ,2 ∪ Iϕi+1 = Ω.

(73)

With the help of (72) the optimization problem (PΨ ) can be equivalently reformulated as the
following mathematical program with complementarity conditions (MPCC)
min J (ϕ, µ, v, u) over (ϕ, µ, v, u) ∈ X
s.t. u ∈ Uad ,



(74a)
(74b)



ϕi+1 − ϕi
, φ + hvi+1 ∇ϕi , φ i + (m(ϕi )∇µi+1 , ∇φ ) = 0,
τ
(∇ϕi+1 , ∇φ ) + hai+1 , φ i − hµi+1 , φ i − hκϕi , φ i = 0,

ϕi+1 ≥ ψ1 , a−
a−
i+1 ≥ 0,
i+1 , ϕi+1 − ψ1 = 0,

ϕi+1 ≤ ψ2 , a+
a+
i+1 ≥ 0,
i+1 , ϕi+1 − ψ2 = 0,


ρ(ϕi )vi+1 − ρ(ϕi−1 )vi
,ψ
− (vi+1 ⊗ ρ(ϕi−1 )vi , ∇ψ)
τ
−1
1
H0,σ
,H0,σ


ρ2 − ρ1
+ vi+1 ⊗
m(ϕi−1 )∇µi , ∇ψ + (2η(ϕi )ε(vi+1 ), ε(ψ))
2
− hµi+1 ∇ϕi , ψiH −1 ,H 1 − hui+1 , ψiH −1 ,H 1 = 0,
0,σ

0,σ

0,σ

0,σ

(74c)
(74d)
(74e)
(74f)

(74g)

1

where (74c)-(74f) hold for every φ ∈ H (Ω), 0 ≤ i + 1 ≤ M − 1, and equation (74g) holds for
1 (Ω; RN ), 1 ≤ i + 1 ≤ M − 1.
every ψ ∈ H0,σ
In general, the corresponding control-to-state operator SΨ is not Fréchet differentiable at u, if
the biactive set Aϕ0i ,1 ∪ Aϕ0i ,2 associated with the state (ϕ, µ, v) = S(u) is non-empty. Moreover,
the feasible set

F := {(ϕ, µ, v, u) ∈ X : u ∈ Uad , (ϕ, µ, v) = SΨ (u)}

(75)

is non-convex.
In the classical optimization theory, we usually argue that the contingent cone of the feasible
set at a given solution has a suitable polyhedral convex form, if the problem satisfies a constraint
qualification, e.g., the Slater condition or the Mangasarian-Fromovitz constraint qualification. This
allows for the derivation of more explicit multiplier-based stationarity concepts. However, due to
the inherent nonconvexity of the feasible set F , the corresponding contingent cone is in general neither convex nor polyhedral. Hence, the problem (74) fails to satisfy any of the classical constraint qualifications, which prevents the application of Karush-Kuhn-Tucker theory for the
first-order characterization of optimal solutions by (Lagrange) multipliers. Instead, we have to acknowledge the combinatorial nature of the complementarity constraints, which leads to a variety
of different stationarity concepts.
In [127], the authors presented a hierarchy of stationarity conditions for finite-dimensional
MPECs based on some auxiliary nonlinear programs. The nonlinear programs emerge from (74)
by omitting the complementarity equation, i.e. the last equation in (74e) and (74f), but eventually
−
forcing one or both of the factors (i.e. ϕi+1 , a+
i+1 or ai+1 ) to be equal to zero. These auxiliary
programs ’encase’ the original problem (74) in some sense. By relating the stationarity conditions
of (74) to the necessary first-order conditions of the auxiliary programs, the notions of weak-, Cand strong stationarity for MPECs are introduced, cf. [127].
In order to illustrate these concepts in the infinite dimensional case, we define the associated
MPCC-Lagrangian of (74).
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Definition 4 The MPCC-Lagrangian L : Y → R corresponding to (PΨ ) defined on the product
space
1

1

2

1
(Ω; RN )M−1 × L (Ω)M × L2 (Ω; Rn )M−1
Y := H (Ω)M × H (Ω)M × H0,σ
1

1

1

1
×H (Ω)M × H (Ω)M × H0,σ
(Ω; RN )M−1 × H (Ω)M

M 
M
1
1
× H (Ω)∗ × H (Ω)∗

is given by

L(ϕ, µ, v, a, u, p, r, q, π, λ + , λ − ) := J(ϕ, µ, v, u)


M−2  i+1
ϕ − ϕ i i+1
i+1
i i+1
i
i+1
i+1
+ ∑
,p
+ v ∇ϕ , p
+ m(ϕ )∇µ , ∇p
τ
i=−1
+

M−2 

∑

−∆ϕ i+1 , ri+1 + ai+1 , ri+1 − µ i+1 , ri+1 − κϕ i , ri+1



i=−1
M−2  


ρ(ϕ i )vi+1 − ρ(ϕ i+1 )vi i+1
+∑
,q
− vi+1 ⊗ ρ(ϕ i+1 )vi , ∇qi+1
τ
i=0


ρ2 − ρ1
i+1
i
i+1
i+1
m(ϕ )∇µ , ∇q
− µ i+1 ∇ϕ i , qi+1
+ v ⊗
2
1
−1
H ,H

H −1 ,H01

H −1 ,H01

0

+(2η(ϕ i )Dsy (vi+1 ), Dsy (qi+1 )) − Bui+1 , qi+1
M−1

M−1

−

∑

ai , π i +

∑

M−1

(λ i )+ , ϕ i − ψ2 −

i=0

i=0

∑


H −1 ,H01

(λ i )− , ϕ i − ψ1 .

(76)

i=0

In general, dual stationarity conditions for a feasible point (ϕ, µ, v, a, u) of the problem (74) are
based on the existence of multipliers (p, r, q, π, λ + , λ − ) such that

∇(ϕ,µ,v,a,u) L[ϕ, µ, v, a, u, p, r, q, π, λ + , λ − ](ϕ δ , µ δ , vδ , aδ , uδ ) = 0,

(77)

for every direction (ϕ δ , µ δ , vδ , aδ , uδ ). This leads to the system

1
− (pi+1 − pi ) + m0 (ϕ i )∇µ i+1 · ∇pi+1 − div(pi+1 vi+1 ) − ∆ri
τ
1
0
+(λ i )+ − (λ i )− − κri+2 − ρ(ϕ i ) vi+1 · (qi+2 − qi+1 )
τ
ρ2 − ρ1 0 i
i 0 i+1
−(ρ(ϕ ) v −
m (ϕ )∇µ i+1 )(Dqi+2 )> vi+2
2
0

+2η(ϕ i ) Dsy (vi+1 ) : Dqi+1 + div(µ i+1 qi+1 ) =
−ri − div(m(ϕ i−1 )∇pi ) − div(

∂J
(z),
∂ ϕi

(78a)

ρ2 − ρ1
m(ϕ i−1 )(Dqi+1 )> vi+1 )
2
−qi · ∇ϕ i−1 =

∂J
(z),
∂ µi

(78b)

1
− ρ(ϕ i−1 )(qi+1 − qi ) − ρ(ϕ i−1 )(Dqi+1 )> vi+1
τ
ρ2 − ρ1
−(Dqi )(ρ(ϕ i−2 )vi−1 −
m(ϕ i−2 )∇µ i−1 )
2
∂J
(z),
∂ vi
∂J
B? qi =
(z),
∂ ui
ri − π i = 0.

− div(2η(ϕ i−1 )Dsy (qi )) + pi ∇ϕ i−1 =
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Here, we assumed that Uad = L2 (Ω; Rn )M−1 for the sake of simplicity. A rigorous derivation of
the system (78) is postponed to the subsequent chapter.
Following the notation of the optimal control of partial differential equations, we refer to the
equations (78a)-(78c) as adjoint equations and call (p, r, q) the corresponding adjoint state. Moreover, the multiplier π can be replaced by the adjoint state r via (78e) without loss of information.
Hereby, the multiplier ri (= πi ) should vanish on the strongly active set Aϕ+i ,1 ∪ Aϕ+i ,2 . Since ri
is an element of H 1 (Ω), the condition can be interpreted pointwise almost everywhere on Ω, i.e.

ri = 0 a.e. on Aϕ+i ,1 ∪ Aϕ+i ,2 .

(79)

By the definition of Aϕ+i ,1 , Aϕ+i ,2 , this yields

hai , πi i = 0.

(80)

Similarly, we expect the multiplier λ i := (λ i )+ − (λ i )− to vanish on the inactive sets Iϕi . How1

ever, λi is in general only contained in H (Ω)∗ and lacks a pointwise interpretation on Ω. Therefore, it is unclear how to translate the condition to the infinite dimensional setting. In the sequel,
we present three possible interpretations, which are connected to different stationarity conditions
for the problem (74).
Definition 5 A point (ϕ, µ, v, a, u, p, r, q, π, λ + , λ − ) ∈ Y is called weakly stationary for (74), if
the following conditions are satisfied:
(I) the point (ϕ, µ, v, a, u) is feasible, i.e. it fulfills (74b)-(74g);
(II) the adjoint system (78a)-(78d) is satisfied;
(III) the equality (79) holds true;
1

(IV) for every v ∈ H (Ω) with v|Ω\Iϕ = 0 it holds that
i

hλ i , vi = 0.

(81)

It is further called almost weakly stationary, if conditions (I)-(III) are fulfilled and for every v ∈
1
H (Ω) with v|Ω\Iϕ = 0 and v|Iϕ ∈ H01 (Iϕi ) it holds that
i

i

hλ i , vi = 0,

(82)

(λ ) , ϕ − ψ2 = (λ ) , ϕ − ψ1 = 0.

(83)

i +

i

i −

i

It is called E -almost weakly stationary, if conditions (I)-(III) are fulfilled and for every c > 0 there
exist a measurable subset Ici of Iϕi with |Iϕi \ Ici | < c and

hλ i , vi = 0
i +

i

1

∀v ∈ H (Ω), v|Ω\Ici = 0,
i −

i

(λ ) , ϕ − ψ2 = (λ ) , ϕ − ψ1 = 0.

(84)
(85)

The notion of ’E -almost’ is motivated by the fact that the proof of the associated stationarity
conditions is usually based on the application of Egorov’s theorem, cf. e.g. [13].
It can be easily verified that the above weak stationarity concepts obey a hierarchical structure,
cf. e.g. [84]. More precisely, every weak stationary point is almost weak stationary and every
almost weak stationary point is E -almost weak stationary. The converse is generally not true.
However, if the inactive set Iϕi has a Lipschitz boundary, i.e. it possesses the C0,1 -regularity
property, cf. [5], then the concepts of weak stationarity and almost weak stationarity coincide.
Moreover, if λi can be defined pointwise almost everywhere on Ω (e.g. if λi ∈ L1 (Ω)), then the
three concepts are equivalent.

DOI 10.20347/WIAS.PREPRINT.2612

Berlin 2019

M. Hintermüller, T. Keil

32

We further note that the equality (83) is implied by the definition of weak stationarity due
to equation (81). Nevertheless it has to be explicitly included for the weaker versions of weak
stationarity for which it is no longer automatically satisfied.
The notion of weak stationarity is the weakest available dual stationarity concept in function
spaces, as it provides no information on the signs of the multipliers ri (= πi ) and λi . Similar to
the finite dimensional setting, cf. [127], the above stationarity conditions can be supplemented by
a sign condition for the product of ri and λi to form C-stationarity type systems, or paired with
explicit conditions for signs of ri and λi , individually, leading to the respective strong stationarity
concepts.
Typical approaches to establish these stationarity concepts rely on the relaxation, regularization and/or penalization of the degeneracy of the lower-level problem. However, the literature on
infinite dimensional MPECs is comparatively scarce. In [21, 106, 107], the authors use the conical
derivative of the solution operator of the variational inequality to derive a stationarity system for
the control problem, which one would classify now as strong stationarity. A different approach is
introduced in [13], where the variational inequalities are approximated by variational equations
and optimality conditions are derived by a passage to the limit in the approximation process.
This technique typically yields a weaker stationarity system only. Further contributions to the topic
include [14, 22, 57, 98, 138] most of which use regularization-penalization methods.
A first step towards the systematization and completion of stationarity concepts in function
space was undertaken in [84], where the concept of ε -almost C-stationarity is introduced, paving
the way for various contributions in the recent past. Here, we also mention [88] where an abstract
first-order optimality system is derived by means of variational analysis. In [142], the MPEC is
approximated by a sequence of non smooth problems similar to the virtual control approach from
[101].
In the sequel, we sketch how a Yosida regularization technique with a subsequent passage
to the limit with the Yosida parameter can be used to derive conditions of ε -almost C-stationarity
type for the optimal control problem (PΨ ). For more details on the proofs of the results of this
section we refer to [83].
For this purpose, we introduce the following sequence of double-well type potentials which will
be used to approximate the double-obstacle potential in the lower-level problem. Here, γ denotes
the subdifferential of the indicator function of [ψ1 , ψ2 ], i.e. γ := ∂ i[ψ1 ,ψ2 ] .
Definition 6 Let a mollifier ζ ∈ C1 (R) with supp ζ ⊂ [−1, 1], R ζ = 1 and 0 ≤ ζ ≤ 1 a.e. on
R, and a function θ : R+ → R+ , with θ (α) > 0 and θ (α)
α → 0 as α → 0, be given. For the
Yosida approximation γα with parameter α > 0 of γ define

R

ζα (s) := α1 ζ

 
Rs
s
e
e
α , γα := γα ∗ ζθ (α) , ψ0,α (s) := 0 γα (x) dx,
Ψ0,α (ϕ) :=

R

Ω (ψ0,α

◦ ϕ)(x) dx.

(k)

Moreover, we set αk := k−1 , Ψ0 := Ψ0,αn .
(k)

In the sequel, we approximate the problem (PΨ ) by auxiliary problems (PΨ ) where the double(k)

obstacle Ψ0 is replaced by Ψ0 . We then derive necessary first-order optimality conditions for the
auxiliary problems and establish a stationarity system for (PΨ ) by considering the limit process for
α → 0.
We point out that this method requires the verification of the existence of globally optimal
solutions to the auxiliary problems. Hereby, the arguments of Section 3.2 cannot be directly transferred to the smooth case since ρ is no longer guaranteed to be non-negative if we maintain
the affine connection of the order parameter and the density given in (52). However, the line of
argumentation can be saved by manually enforcing the non-negativity of the density function, i.e.

ρ2 −ρ1
2
ρ(ϕ) := max ρ1 +ρ
2 + 2 (ϕ + ϕa ), 0 , with the help of the following theorem.
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Theorem 5 Let u ∈ L2 (Ω; Rn )K−1 be given and let
solutions to the systems (53)–(55) with Ψ0 =

33

 (k) (k) (k)
(ϕ , µ , v )

k∈N

be a sequence of

(k)
Ψ0 . Then

max(−ϕ (k) + ψ1 , 0)

L∞

→ 0, as k → ∞.

Theorem 5 ensures that the order parameter of a solution to the system (53)–(55) for the
double-well type potentials under consideration is always greater than ψ1 − ε for a small ε > 0 if
k is sufficiently large. Consequently, the corresponding density is positive.
The next theorem verifies the consistency of Moreau–Yosida type approximations, i.e. the
convergence of a sequence of solutions to the auxiliary problems to a solution of (PΨ ) for k → ∞.
Theorem 6 (Consistency of the regularization) Let the assumptions of Theorem 4 be fulfilled
1

1

1 (Ω; Rn )K−1 ×L2 (Ω; Rn )K−1 → R be upper-semicontinuous.
and let J : H (Ω)K ×H (Ω)K ×H0,σ

Then a sequence

 (k) (k) (k) (k)
(ϕ , µ , v , u )

2

k∈N

of global solutions to (PΨ(k) ) in H (Ω)K ×


2
1 (Ω; Rn )K−1 ×U converges to a global solution of (P ), provided that J (ϕ (k) ,
H (Ω)K ×H0,σ
ad
Ψ
µ (k) , v(k) , u(k) ) k∈N is assumed bounded, whenever Uad is unbounded.
At this point, we turn our attention to the derivation of stationarity conditions for the optimal
control problem. For the smooth potential functions, first-order optimality conditions can be directly
derived using a classical result from Zowe and Kurcyusz, [150, Theorem 4.1] which leads to the
following theorem.
1

1

Theorem 7 (First-order optimality conditions for smooth potentials) Let J : H (Ω)K ×H (Ω)K ×
1 (Ω; Rn )K−1 × L2 (Ω; Rn )K−1 → R be Fréchet differentiable and let z := (ϕ̄, µ̄, v̄, ū) be a
H0,σ
(k)

minimizer of the auxiliary problem (PΨ ).
1

1

K−1

1 (Ω; Rn )
Then there exist (p, r, q) ∈ H (Ω)K ×H (Ω)K−1 ×H0,σ
r = (r−1 , ...rK−2 ), q = (q0 , ...qK−2 ), such that

, with p = (p−1 , ...pK−2 ),

1
− (pi − pi−1 ) + m0 (ϕi )∇µi+1 · ∇pi − div(pi vi+1 ) − ∆ri−1
τ
1
+Ψ000 (ϕi )∗ ri−1 − κri+1 − ρ 0 (ϕi )vi+1 · (qi+1 − qi )
τ
ρ2 − ρ1 0
0
−(ρ (ϕi )vi+1 −
m (ϕi )∇µi+1 )(Dqi+1 )> vi+2
2
+2η 0 (ϕi )ε(vi+1 ) : Dqi + div(µi+1 qi ) =
−ri−1 − div(m(ϕi−1 )∇pi−1 ) − div(

ρ2 − ρ1
m(ϕi−1 )(Dqi )> vi+1 )
2
−qi−1 · ∇ϕi−1 =

1
− ρ(ϕ j−1 )(q j − q j−1 ) − ρ(ϕ j−1 )(Dq j )> v j+1
τ
ρ2 − ρ1
−(Dq j−1 )(ρ(ϕ j−2 )v j−1 −
m(ϕ j−2 )∇µ j−1 )
2
− div(2η(ϕ j−1 )ε(q j−1 )) + p j−1 ∇ϕ j−1 =
∂J

(z) − qk−1

K−1

∂J
(z),
∂ ϕi

(86)

∂J
(z),
∂ µi

(87)

∂J
(z),
∂vj

(88)


+
∈ R+ (Uad − ū) ,

(89)

∂ uk
k=1

+
for all i = 0, ..., K − 1 and j = 1, ..., K − 1. Here, R+ (Uad − ū) denotes the polar cone of the
set {r(w − u)|w ∈ Uad , r ∈ R+ }. Furthermore, we use the convention that pi , ri , qi are equal to
0 for i ≥ K − 1 along with q−1 and ϕi , µi , vi for i ≥ K .
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In order to pass to the limit with respect to k → ∞ it is necessary to ensure that the adjoint
state (p, r, q) is bounded independently of the regularization parameter. This leads to the following
theorem which states the adjoint system for the optimal control problem (PΨ ), cf. [83].
Theorem 8 (Stationarity conditions) Suppose that the following assumptions are satisfied.
1

1

1 (Ω; Rn )K−1 × U
1 J 0 is a bounded mapping from H (Ω)K × H (Ω)K × H0,σ
ad into the
1

K

K

1

K−1

1 (Ω; Rn )
space (H (Ω) × H (Ω) × H0,σ
following weak lower-semicontinuity property

× L2 (Ω; Rn )K−1 )∗ and

∂J
∂ u satisfies the

E
D∂J
E
(ẑ), û ≤ lim inf
(ẑ(k) ), û(k) ,
n→∞
∂u
∂u

D∂J

for ẑ(k) = (ϕ̂ (k) , µ̂ (k) , v̂(k) , û(k) ) converging weakly in
2

2

1
H ∂n (Ω)K × H ∂n (Ω)K × H0,σ
(Ω; Rn )K−1 ×Uad

to ẑ = (ϕ̂, µ̂, v̂, û).
2

2

1 (Ω; Rn )K−1 × U
2 Let (ϕ (k) , µ (k) , v(k) , u(k) ) ∈ H ∂n (Ω)K × H ∂n (Ω)K × H0,σ
ad be a miniK

1

1

K

K−1

1 (Ω; Rn )
mizer for (PΨ(k) ) and let further (p(k) , r(k) , q(k) ) ∈ H (Ω) × H (Ω) × H0,σ
be given as in Theorem 7.

Then there exists an element (ϕ, µ, v, u, p, r, q) and a subsequence denoted by (ϕ (m) , µ (m) ,



v(m) , u(m) , p(m) , r(m) , q(m) )

m∈N

with
2

2

ϕ (m) →ϕ weakly in H ∂n (Ω)K , µ (m) →µ weakly in H ∂n (Ω)K−1 ,
v(m) →v weakly in H 2 (Ω; Rn )K−1 , u(m) →u weakly in L2 (Ω; Rn )K−1 ,
1

1

p(m) →p weakly in H (Ω)K , r(m) →r weakly in H (Ω)K−1 ,
(m) 00

1
(Ω; Rn )K−1 , Ψ0
q(m) →q weakly in H0,σ

(m)

1

(m)

(ϕi+1 )∗ ri →λi weakly in H (Ω)∗ ,

for all i = −1, ..., K − 2 which satisfies (86)-(89) where Ψ000 (ϕi )∗ ri−1 is replaced by λi−1 .
If the set Uad is bounded, Theorem 8 holds also true for a sequence of stationary points
for (PΨ(k) ). If it is unbounded, then the result can still be transferred to sequences of stationary

points by assuming that the sequence u(k) k∈N is bounded in L2 (Ω; Rn )K−1 . Considering such
sequences of stationary points only (rather than global solutions to the smooth, but yet non-convex
auxiliary problems) favors numerical techniques as these typically can only guarantee stationary
points.
The aforementioned multiplier conditions on r and λ are derived through a careful limiting
analysis of the corresponding terms.
(m)

Theorem 9 (Limiting ε -almost C-stationarity) Let Ψ0 , m ∈ N be the functionals of Definition
6, and let the tuples (ϕ (m) , µ (m) ,v(m) , u(m) , p(m) , r(m) , q(m) ), (ϕ, µ, v, u, p, r, q) and J be as in
Theorem 8. Moreover, let Λ : R → R be a Lipschitz function with Λ(ψ1 ) = Λ(ψ2 ) = 0. For
(m)

ai

(m) 0

:= Ψ0

(m)

(ϕi

(m)

), λi

(m)

for i = 0, ..., K , and for ai denoting the limit of ai

(m) 00

:= Ψ0

(m) ∗ (m)
) ri−1

(ϕi

(90)

, it holds that

hλi , Λ(ϕi )i = 0,

( ai , Λ(ϕi ) )L2 = 0,

(m) (m)
lim inf( λi , ri−1 )L2

( ai , ri−1 )L2 = 0,

≥ 0.

(91)
(92)

Moreover, for every ε > 0 there exist a measurable subset Miε of Mi := {x ∈ Ω : ψ1 < ϕi (x) <
ψ2 } with |Mi \ Miε | < ε and

hλi , vi = 0
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In combination with the adjoint system from Theorem 8, the last theorem states stationarity
conditions corresponding to a function space version of limiting ε -almost C-stationarity type. For
the underlying problem class, this is currently the most (and, to the best of our knowledge, only)
selective stationarity system available.

3.4
3.4.1

Numerical solution methods
Adaptive mesh refinement techniques

A major challenge throughout the development of numerical solution algorithms for the optimal
control of phase field models is the accurate reproduction of the corresponding interface. More
precisely, the distinct characteristics of phase field models call for an appropriate adaptation of
the underlying mesh, since solutions normally maintain a smooth structure on large parts of the
domain, whereas most of the information is concentrated at the small interfacial layers. As the
interfacial region is known to be characterized by |ϕ| < 1 a common heuristic approach is to refine
1
the mesh locally based on the modulus of ϕ , see e.g. [6,23,99]. Since we have |∇ϕ| ≈ πε
at the
center of the interfacial region, the value |∇ϕ| can also be used as an indicator for the interface,
see e.g. [68]. The first variant leads to a homogeneously refined mesh across the interface, while
in the second case most refinement takes place around the zero level line of ϕ where |∇ϕ| takes
its maximum. We refer to [77], for a comparison of different refinement and marking strategies.
In [78], reliable and efficient residual based error estimation is proposed for the Cahn–Hilliard
system with a relaxed non-smooth double-obstacle free energy. In [77], the former work is extended to the simulation of two-phase flow based on model ‘H’ and it is further extended to the
simulation of variable density two-phase flow based on the model of [4] in [62], where additionally arbitrary polynomially bounded free energies are used. We note that based on results of [33]
in [61] for a Cahn–Hilliard type model it is argued that an estimator based on the jumps of normal
derivatives in general will result in well adapted meshes.
A-posteriori error estimation for the Cahn–Hilliard systems with non-smooth double obstacle
free energy is proposed in [15, 16]. There, also residual based error estimation is proposed and
reliability of the derived estimator is shown.
Such refinement strategies however ignore the contributions of the velocity field v (which is
included for residual based methods) and, in the presence of the optimal control problem, the
contribution of the adjoint variables to the total discretization error. This is why an adaptive error
estimator which consists of dual-weighted primal residuals, primal-weighted dual residuals and
complementarity errors is more favorable, cf. e.g. [17, 18].
While AFEM for PDE-constrained optimal control problems have been studied in great detail
over the last decades, see, e.g., [79, 80, 140] for optimal control problems with control constraints,
[20, 81] for state constraints, and [46, 70, 76] for optimal control problems governed by pointwise gradient constraints on the state, the literature on goal-oriented mesh adaptivity methods
appears rather scarce with respect to MPECs in function spaces. However, in [30, 82] the method
was successfully applied to the optimal control of elliptic variational inequalities.
The basic idea is to use the MPCC Lagrangian (76) and the associated saddle-point condition
for optimal points to provide an estimation of the difference of the objective values at stationary
points of the semi-discrete and of the fully discretized problem. When applying the method, e.g.,
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to the optimal control problem (PΨ ) it can be shown that

1
J (ϕh , µh , vh , uh ) − J (ϕ, µ, v, u) =
2

K−1

∑

i=0

K−1
i=0

i=0

1
+
2

K−1

K−1

∑

−

∑

a

i

, πhi

i=0

1
+
2

∑

!

K−1

aih , π i

!

K−1
i +

(λ )

, ϕhi − ψ2

−

(λ i )− , ϕhi − ψ1 −

i=0

∑
∑

(λhi )+ , ϕ i − ψ2
!
(λhi )− , ϕ i − ψ1

i=0

1
+ ∇x L(yh , uh , Φh , πh , λh+ , λh− )((yh , uh , Φh ) − (y, u, Φ))
2
+O(k(yh , uh , Φh ) − (y, u, Φ)k3 ),

(93)

where (y, u, Φ, π, λ + , λ − ) is a stationary point of the optimal control problem (PΨ ) and (yh , uh ,
Φh , πh , λh+ , λh− ) satisfies a discretized stationarity system., cf. [75]. Hereby, we set y := (ϕ, µ, a, v)
and Φ := (p, r, q). Moreover, O denotes the Landau symbol Big-O.
The penultimate term on the right-hand side of equation (93) assembles the weighted dual
and primal residuals. Whereas the previous terms display the mismatch in the complementarity
between the discretized solution and the original one.
In other words, the discretization error with respect to the objective function can be estimated
by

J (ϕh , µh , vh , uh )−J (ϕ, µ, v, u)
K−1

≈

∑ (ηCM1,i + ηCM2,i + ηCM3,i + ηCM4,i + ηCH1,i

(94)

i=0

+ ηCH2,i + ηNS,i + ηADϕ,i + ηADµ,i + ηADv,i ),
where the complementarity error terms ηCM1,i , .., ηCM4,i , the weighted primal residuals ηCH1,i ,
ηCH2,i , ηNS,i and the weighted dual residuals ηADϕ,i , ηADµ,i , ηADv,i are defined as in [75, Section
4]. We point out that the integral structure of these error terms allows a patchwise evaluation on
the underlying mesh. Apart from the weights ϕδi , µδi and viδ and piδ , qiδ , rδi , respectively, the
primal-dual-weighted error estimators only contain discrete quantities. In order to obtain a fully
a-posteriori error estimator the weights are approximated involving a local higher-order approximation based on the respective discrete variables.

3.4.2

Numerical solution algorithms

As in our analytical investigations, the non-differentiability of the control-to-state operator also
complicates the development of numerical solution algorithms for the optimal control of phase
field models. As a consequence, there exist various approaches to design numerical solution
algorithms. The different approaches can be typically linked to a specific derivation of the stationarity conditions and (like those) either rely on the relaxation, regularization and/or penalization of
the degeneracy of the lower-level problem and a suitable adjustment of the corresponding (relaxation) parameter or on a direct characterization/calculation of some generalized derivative of
the control-to-state operator, see e.g. [85, 90, 98, 128]. In this section, we examplarily illustrate a
regularizing algorithm which corresponds to the presented analytical approach.
For this purpose, we suppose that the stationarity conditions (86)-(89) are discretized in space
based on Taylor-Hood finite elements which are known to be LBB-stable in case of the Navier–
Stokes equation, cf., e.g., [65, 139]. More precisely, the phase field and the chemical potential are
discretized via piecewise linear and globally continuous finite elements, whereas the discretization of the velocity field utilizes piecewise quadratic and globally continuous finite elements. For
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more details on the chosen discretization approach we refer the reader to [75]. Furthermore, we
consider the objective functional of tacking type given in (59).
We solve the resulting fully discrete optimization problem for a sequence α → 0 on a sequence of meshes (T i )K
i=1 , where we approximate Ψ0 by the following expression

Ψ0,α (ϕ) :=


1
max(0, ϕ − 1)2 + min(ϕ + 1)2 , α > 0.
2α

If a solution to these regularized problems is successfully calculated by a steepest descent
method employing the characterization of the derivative of J in Theorem 7, then α is decreased
until an approximate optimal control on the current sequence of grids is found that solves the
original optimal control problem sufficiently well in the sense that it satisfies the complementarity
conditions (91), (92) up to a given tolerance tolc . Here, we define the multipliers a, λ based on
the relation (90). The algorithm is enhanced by an outer adaptation loop which is based on the
error estimator given in (94). The complete procedure is sketched in Algorithm 1.

1
2
3
4
5
6
7
8

Data: Initial data: ϕ−1 , ϕ0 , v0 and u0 = 0;
repeat
repeat
solve the regularized problem (PΨα ) using a steepest descent method;
decrease α ;
until complementarity conditions (91), (92) are satisfied up to a tolerance tolc ;
calculate the error indicators and identify the sets Mr ,Mc of cells to refine/coarsen;

adapt (T i )K
i=1 based on Mr and Mc ;

i
until ∑K
i=1 |T | > Amax ;

Algorithm 1: The overall solution procedure
The mesh refinement of the grids (T i )K
i=1 relies on the Dörfler marking procedure. More
precisely, the error indicators from (94) are evaluated for all time steps i and for all cells T ∈ T i
individually and a set Mr of cells to be refined is chosen as the set with the smallest cardinality
which satisfies
K

∑

T ∈Mr

ηT ≥ θ r ∑

∑

ηT ,

i=1 T ∈T i

for a given parameter 0 < θ r < 1. Due to the movement of the interface, we also select cells for
coarsening if the calculated error indicator is smaller than a certain fraction of the mean error, i.e.

(
Mc :=

T ∈ (T

i K
)i=1 | ηT

θc K
≤
∑ ∑ i ηT
A i=1
T ∈T

)
,

i
where 0 < θ c < 1 is fixed and A := ∑K
i=1 |T |. The mesh refinement process is terminated if a
desired total number of cells Amax is exceeded.

3.4.3

Numerical examples

Finally, the performance of Algorithm 1 for solving the phase field model (46) is illustrated. Hereby,
we focus on the depiction of topological changes and geometric forms throughout the evolution
process. In the first example, the aim is to split a single droplet into two separate square shaped
regions. In the second example, a ring-shaped initial region should be deformed into a curved
channel. For this purpose, 8 (first example) or 16 (second example) locally supported Ansatz
functions of the control are employed, which are distributed over the two-dimensional domain.
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The initial state, the desired state and the control for the first and second example are depicted in
the first rows of Figure 7 and Figure 8, respectively.
The associated fluid parameters are given by ρ1 = 1000, ρ2 = 100, η1 = 10, η2 = 1,
and σ = 24.5 · π2 and are taken from a benchmark problem for rising bubble dynamics in [97].
Furthermore, a gravitational acceleration g = 0.981 in the vertical direction is incorporate and
1
ε = 0.04 as well as m(ϕ) ≡ 12500
are set. The time horizon is T = 1.0, and the time step size
is τ = 0.00125.
For the marking procedure the parameter values θ r = 0.7 and θ c = 0.01 are fixed. Furthermore, the stopping criteria use the tolerance tolc = 1e − 3 for the complementarity conditions
and the maximum amount of cells Amax = 8e6 for the adaptation process, which relates to 1e4
cells in average per time instance.
In Figure 7, the computed evolution of the order parameter is presented. As expected, the algorithm easily handles the split-up of the droplet. However, notice that phase field models can not
approach sharp corners, due to their inherent regularization property. This causes an ineradicable
mismatch of the final and the desired state.
initial state

desired state

t=0.16

t=0.33

t=0.66

t=0.83

control

t=0.5

t=1

Figure 7: The initial state, the desired state, the control and the order parameter at different times for
the first example.
In contrast, the calculated final state of the second example matches the desired state more
closely; see 8. Here we see that the ring-shaped initial region is deformed in such a way that
the upper part of the ring is pushed towards the top of the domain and the lower part is pushed
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initial state

desired state

t=0.16

t=0.33

t=0.66

t=0.83

39

control

t=0.5

t=1

Figure 8: The initial state, the desired state, the control and the order parameter at different times for
the second example.
towards the bottom. As a result the phase splits into two separate regions towards the end of the
evolution.
In both examples one observes a fine resolution of the interfacial boundaries similar to conventional adaptation techniques based on the gradient of ϕ . However, additionally some refinements
on the bulk phases, which are related, e.g., to the error associated with the velocity field are
witnessed. Moreover, the goal-oriented error indicator incorporates the structure of the optimization problem which leads to comparatively more refinements at the end of the evolution process.
This is illustrated in Figure 9, where the distribution of cells over the simulation time for the dualweighted residuals method and a conventional adaptive method based on the order parameter ϕ
are compared for the second example.
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