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The combination of POD model reduction with adaptive finite element
methods in the context of phase field models

Carmen GriBle!* and Michael Hinze!**

! Universitit Hamburg, Bundesstr. 55, 20146 Hamburg, Germany

In the present paper we derive a reduced order model utilizing proper orthogonal decomposition (POD-ROM), for which
we utilize adaptively obtained spatial snapshots. In a fully discrete setting this contains the challenge that the snapshots
are vectors of different lengths. In order to handle this issue, we interprete the snapshots as elements of a common Hilbert
space and consider the POD method from an infinite-dimensional perspective. Thus, the inner product of pairs of snapshots
can be computed explicitely, which enables us to build the reduced order model. This approach is applied to a phase field
model which is described by a Cahn-Hilliard equation. In the numerical examples we illustrate our appoach and compare a
nonsmooth with a smooth free energy concerning the influence on the quality of the solution to the ROM.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

For many problem settings, model order reduction utilizing proper orthogonal decomposition (POD-MOR) is known to be
a powerful tool in order to reduce numerical effort by replacing large scale systems by low dimensional approximations.
The POD method is based on a Galerkin ansatz, in which the ansatz functions (POD modes) contain information about the
underlying dynamical system. According to snapshot based POD in [15], this system information is obtained from snapshots
of the solution trajectory, which are generated in a simulation. In many pratical applications, spatially adaptive concepts are
unavoidable in order to make simulations implementable. For example, in the context of phase field models, the interface
formation and evolution can be described utilizing a diffuse interface approach. Many degrees of freedom are needed in order
to well resemble the phase transitions, whereas in the pure phases a little number of degrees of freedom suffice. Even with
the use of spatial adaptivity, numerical simulations and especially optimization can still be computationally expensive. This
is why we apply POD model order reduction with the aim to speed up the computations. However, the combination of spatial
adaptively generated snapshots with POD reduced order modeling contains the challenge that in a fully discrete setting the
snapshots are vectors of different lengths due to the different spatial resolutions at each time instance. In order to deal with
this issue, several ideas have been proposed. For example, in [8], a fixed reference mesh is utilized, onto which the h-adaptive
snapshots are interpolated. Moreover, in [14] an interpolation approach is outlined, where given snapshots are interpolated by
piecewise polynomials. Recently, the combination of POD model reduction with adaptive finite element snapshots is realized
in [16] by constructing common finite element spaces. Two options are considered: either all snapshots are expressed in
terms of a common finite element basis or pairs of snapshots are expressed in terms of a common finite element basis of these
pairs. Finally, in [9], we derive a POD reduced order model for a general parabolic evolution equation utilizing arbitrary finite
element discretizations. In this work, our focus lies on the POD model model order reduction for the Cahn-Hilliard equation
which can be set up explicitely for arbitrary finite element discretizations.

2 The Cahn-Hilliard system

A common mathematical model to describe phase field systems utilizing a diffuse interface approach is the Cahn-Hilliard
system. It was proposed in [5] as a model for phase separation in binary alloys. For a given a mixture of two components A
and B, also referred to as phases, a phase field variable c is introduced in order to characterize the phase structures. In the
regions of pure A-phase it is ¢ = —1 and in the pure B-phase it is ¢ = +1. The interfacial region is described by ¢ € (—1, 1)
and its thickness is finite and of order O(g) with 0 < ¢ < 1. Let Q C R%,d € {2,3}, denote a bounded open domain with
Lipschitz continuous boundary 92 and let 7' > 0 be a fixed end time. Introducing the chemical potential w, the Cahn-Hilliard
equations can be formulated in a coupled system for the phase field c and the chemical potential w:

ci(t,x) +ou(t,x) - Ve(t, ) = mAw(t, ) in (0,7) x Q, (1a)
wit,z) = — oeAc(t, ) + gW’(c(t,a:)) in (0,7) x Q, (1b)
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with homogeneous Neumann boundary conditions Ve(t, ) - vq = Vw(t, @) -vq = 0 on (0,T) x 9 and the initial condition
¢(0, ) = ¢o(x) in Q. By v we denote the outward normal on 9, m > 0 is a constant mobility and o > 0 denotes the
surface tension. The convective term v - V¢ describes the transport of the phase field with velocity v. Note that the transport
term represents the coupling to the Navier-Stokes equations in the context of multiphase flow, see e.g. [10] and [2].

The free energy function W (c) is of double-well type. A typical choice for IV is the polynomial free energy function

WP(c) = (1 —c*)?/4, (2)

which has exactly two minimal points at ¢ = +£1, i.e. at the energetically favorable state. However, WP allows c to have
values |c| > 1 which are not meaningful from a physical perspective. Another choice for W is the relaxed double-obstacle
free energy

W) = 50— )+

with relaxation parameter s > 0, which is introduced in [11] as the Moreau-Yosida relaxation of the double-obstacle free
energy

(max(c — 1,0)% 4+ min(c + 1,0)?), 3)

~+00, else.

la-¢?), ifce[-
W°°<c)={2(1 ), ifee=11) @)

The double-obstacle free energy enforces |¢| < 1. For more details on the choices for W we refer to [1] and [4], for example.
Concerning existence, uniqueness and regularity of a solution to (1), we refer to e.g. [4].

3 POD reduced order modeling utilizing snapshots with arbitrary finite element dis-
cretizations

POD method in real Hilbert spaces. The objective of this work is to derive a POD-ROM for the Cahn-Hilliard system
(1) which can be set up explicitely for spatially adaptive snapshots. For this reason, we consider the snapshots as elements
of a common Hilbert space and apply the POD method in an infinite-dimensional setting. For further details about the POD
method in Hilbert spaces, we refer to e.g. [13]. Here, we recall the main aspects.

Let (V,(-,-)v) and (H,{(-,-)m) be real separable Hilbert spaces such that there exists a dense and continuous embedding
V < H. Assume, we are given snapshots y° € V0,... y? € V" belonging to different conformal subspaces V°,..., V" C

V € X with X =V or X = H. By construction we have V = span{y] _o C V C X. The key idea of the POD method in
Hilbert spaces is to describe the space V by means of a few orthonormal functlons {4 }f_, € X with £ < d := dimV in the
following sense:

y - Z ¢1>X %

i=1

s Ny = 6 <j i<
7m71££€XZo<] st (i, ) x =655 forl <i,j </, %)

X

with {¢; }?:0 denoting nonnegative weights. A solution to (5) is called rank-¢ POD basis. We introduce the linear bounded
operator

ViR S X, Yo=Y Jajéiy’  forg=(do,...,¢n) € R"T (©6)

Jj=0

and its Hilbert space adjoint

n n T
VX =R Y = (0, Vaoy)x, - (U Vamy™)x) T fory € X, ©)
Following the so-called method of snapshots, we consider the matrix
K=Yy eRO+Ox+D) e — o Jag (vt v ) x fori,j=0,...n. (8)

It is important to emphasize that each inner product of two snapshots from different finite element spaces can be computed
explicitely, because they all live in a common Hilbert space. Moreover, the matrix dimension of K only depends on the number
of utilized snapshots. Hence, K can be set up explicitely. Since K is symmetric and thus positive semi-definite, it follows that
for the eigenvalue problem K¢; = A;¢;, there exist (n + 1) nonnegative eigenvalues A\; > -+ > Ay > 0and \; = 0 fori > d
and corresponding eigenvectors ¢; € R"*1 0 < i < n, which can be chosen pairwise orthonormal. Thus, the eigenvectors
{¢i}, are the right singular vectors of ) and contain the space independent time information. It can be shown that a POD
basis is given by

i =

1
I forl <i < /. ©)]
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POD reduced order modeling. We stay in the infinite-dimensional setting and derive the POD reduced order model for (1)
utilizing the method of snapshots (8). For both the phase field ¢ and the chemical potential w we make an individual POD
Galerkin ansatz

YAl

[C
()= mit)ws, wit)=>_ nrt)yy forallt € [0,T]. (10)
i=1 i=1

Inserting (10) into (1) and choosing X** = span{%5, . ..,15.} C X as test space for (1b) and X% = span{¢)¥’, ..., ¢} C
X as test space for (1a) leads to the system

{ %(cf(t),wwh{ + (v -V (), v g + m{(Vwt(t), Vo y = 0 Yy € Xfi}w, an

—(W' (), V) i + 0e(Vel (1), Vi) u + ZW' (1), vy = 0 Voo e XE.

Since we want to construct a POD-ROM for arbitrary finite element discretizations, we rewrite (11) using the identity (9):

{ D(@)T LD (1) + D(@) THDE(t) + mD™(B*)T ALS" DV () = 0, )

~De(@)TKG B DY (1) + 0e DY ()T ADE(t) + IN (1) = O,

for t € (0,T] and D¢(®°)T KD Dnc(0) = D<ijy, where (7o) = (Vico, ¢S)gnt1 for i = 1,...,L. We use the follow-
ing notation: 7° = (nf,...,n5.)" € RE, n¥ = (n,...,ng)T € RY, D¢ = diag(l/\/)\?,...,l/ﬁ) e R,
D = diag(L/\/3F, ..., 1/ /XT) € RO @ = [65 | ... | 5] € RUFOXE aw — g0 | ... | gih] € ROD=,
(K2 = Ja/ai(el, w2 € ROFIXOH, (K8 = /a7 farfud o) x, K5, € ROHDX0D),

(K)ij = vagy/ailcd, ') x, K¢ € RO (Aw) = Jag /o (Vw', Vul) x, A € RFDX(HL) - (Ag),0 —
Vi (Ve V) x, AS € ROFDX (D) T = /e g (v - Vel wh) x, T € R x (D),

N (1); = (W'(c (1)), v5) x . N(n°(t)) € R

To handle the nonlinearity, we project the finite element solution onto the POD space for each time instance k£ = 0, ..., n, i.e.
we approximate
Nn(tr); = (W' (tr), v5)ve v = (W(F), 45 v v (13)

4 Numerical example

The data is chosen as follows: we consider a rectangular domain 2 = (0,1.5) x (0,0.75), the end time 7" = 0.025, constant
mobility m = 0.00002 and a constant surface tension ¢ = 24.5. The interface parameter ¢ is set to ¢ = 0.02. As initial
condition we use a circle with radius » = 0.25 and center (0.375, 0.375). The velocity field is of parabolic type. We consider
V =H}Q),H = L*(Q). By t; = jAt for 0 < j < 1000 with At = 2.5 - 10~% we introduce a uniform time grid. For the
temporal discretization we utilize a semi-implicit Euler scheme which reads as follows: for given ¢/, find ¢/ with associated
w’ solving

el — i1

s g+ -V v g +m(Vw! ,Vo)g = 0 Yo €V,

(14)

—<U)j7’02>H + O’€<ch, V’U2>H + g(er(C]) + Wi(Cj_l), U2>H = 0 VYuvy eV,
and & = ¢;. Note that the free energy function W is split into a convex part W, and a concave part W_, such that
W = W, + W_ and W/ is treated implicitly with respect to time and W' is treated explicitly with respect to time. This
leads to an unconditionally energy stable time marching scheme, compare [7]. The system (14) is discretized in space utiziling
piecewise linear finite elements which are spatially adapted according to the gradient jump. Snapshots of the phase field at
three different time points together with the adaptive meshes are shown in figure 1.

Fig. 1: Finite element solution of the phase field c at t = to, tsoo, t1000 with adaptive meshes using Witooo
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The decay of the eigenvalues of the matrix (8) for snapshots of the phase field ¢, the chemical potential w and the convex
part of the nonlinearity W (c) is shown in figure 2. It shows that in the nonsmooth case with the relaxed double obstacle
free energy W more POD modes are needed for a good approximation than in the smooth case utilizing the polynomial free
energy WP. Table 1 summarizes the approximation quality of the solution to the POD-ROM (12) for different numbers of
utilized POD modes and using different free energy functions.

c w

—— W adaptive FE mesh 7" adaptive FE mesh

7 adaptive FE mesh

—— W7 adaptive FE mesh

10710

A/ trace
A,/ trace

o
8

10710 £ 101
3 <

10715 1015 1015

102 1020 1020
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000

index i index i index i

Fig. 2: Normalized eigenvalues for c (left), w (middle), W (c) (right) using different free energy functions and adaptive spatial meshes

be =1y €c, WP Ew, WP Ee, Wishoo | €ws Wikooo | €c, WP, ROM-DEIM | ., WP, ROM-proj
3 5.36-107° [ 5.33-1072 [ 7.20-1073 [ 6.95- 10T 6.97-103 4701072
5 3.48-1073 | 7.85-1072 | 5.44-1073 | 6.00- 10! 3.80-1073 4.64-1072
10 1.34-1073 | 3.94-1072 | 2.75-1073 | 2.53- 107" 1.43-1073 4.61-1072
20 2.02-107%4 | 6.71-1073 | 1.13-1073 | 1.38- 10! 2.42-1074 4.65-1072
50 6.05-107% | 2.72-107* | 1.36-107% | 1.11-1072 2.24.107° 4.67-1072

Table 1: Relative L*-errors between the finite element and POD solution for different free energies and with DEIM and the approximation
using projection, respectively

Concerning the computational times, it turns out that the use of hyperreduction for the nonlinearity leads to an immense
speedup. For the polynomial free energy, we get for {. = ¢,, = 20 the following CPU times using adaptive meshes:
finite element simulation: 1693sec, POD basis computation: 301sec, POD-ROM simulation: 160sec, POD-ROM-DEIM [6]
simulation: 0.09sec, POD-ROM with projection from (13): 0.02sec. For comparison, the finite element simulation would take
8279sec on a uniform mesh with mesh size as small as the smallest triangle in the adaptive meshes.

References

[1] H. Abels. Diffuse Interface Models for Two-Phase flows of Viscous Incompressible Fluids. Max-Planck Institut fiir Mathematik in
den Naturwissenschaften, Leipzig, Lecture Note, 36, 2007.
[2] H. Abels, H. Garcke, G. Griin. Thermodynamically consistent, frame indifferent diffuse interface models for incompressible two-
phase flows with different densities. Mathematical Models and Methods in Applied Sciences, 22(3):40, 2012.
[3] M. Ali, K. Steih, K. Urban. Reduced basis methods based upon adaptive snapshot computations. Advances in Computational
Mathematics, 43(2):257-294, 2017.
[4] J.F.Blowey, C. M. Elliott. The Cahn-Hilliard gradient theory for phase separation with non-smooth free energy. Part I: Mathematical
analysis. European Journal of Applied Mathematics, 2:233-280, 1991.
[5] J. W. Cahn, J. E. Hilliard. Free energy of a non-uniform system. L. Interfacial free energy. J. Chem. Phys. 28:258-267, 1958.
[6] S. Chaturantabut, D. C. Sorensen. Nonlinear model reduction via discrete empirical interpolation. Siam J. Sci. Comput. 32(5),
2737-2764, 2010.
[7]1 D. J. Eyre. Unconditionally Gradient Stable Time Marching the Cahn-Hilliard Equation. MRS Proceedings, 529, 1998.
[8] F. Fang, C. C. Pain, I. M. Navon, M. D. Piggott, G. J. Gorman, P. A. Allison, A. J. Goddard. Reduced-order modelling of an
adaptive mesh ocean model. Int. J. Numer. Meth. Fluids 59: 827-851, 2009.
[9] C.GriBle, M. Hinze. POD reduced order modeling for evolution equations utilizing arbitrary finite element discretizations. to appear
in SI: Advances in Computational Mathematics, 2017.
[10] P. C. Hohenberg, B. I. Halperin. Theory of dynamic critical phenomena. Reviews of Modern Physics, 49(3):435-479, 1977.
[11] M. Hintermiiller, M. Hinze, M. H. Tbher. An Adaptive Finite Element Moreau- Yosida-Based Solver for a Non-Smooth Cahn-Hilliard
Problem. Optim. Meth. Software 26:777-811, 201 1.
[12] M. Hinze, J. Krenciszek, R. Pinnau. Proper Orthogonal Decomposition for Free Boundary Value Problems. Hamburger Beitrdge
zur Angewandten Mathematik, 2014.
[13] K. Kunisch, S. Volkwein. Galerkin Proper Orthogonal Decomposition Methods for a General Equation in Fluid Dynamics. SIAM J.
Numer. Anal., 40(2):492-515, 2002.
[14] O.Lass. Reduced order modeling and parameter identification for coupled nonlinear PDE systems. PhD thesis, Universitdit Konstanz,
2014.
[15] L. Sirovich. Turbulence and the dynamics of coherent structures. Parts I-II. Quarterly of Applied Mathematics, XVL, 561-590, 1987.
[16] S. Ullmann, M. Rotkvic, J. Lang. POD-Galerkin reduced-order modeling with adaptive finite element snapshots. Journal of Com-
putational Physics, 325:244-258, 2016.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.gamm-proceedings.com



