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Abstract. In this article, we study the reduced-order modelling for Allen-Cahn equa-
tion. First, a collection of phase field data, i.e., an ensemble of snapshots of at some
time instances is obtained from numerical simulation using a time-space discretization.
The full discretization makes use of a temporal scheme based on the scalar auxiliary
variable approach and a spatial spectral Galerkin method. It is shown that the time
stepping scheme is unconditionally stable. Then a reduced order method is developed
using by proper orthogonal decomposition (POD) and discrete empirical interpola-
tion method (DEIM). It is well-known that the Allen-Cahn equations have a nonlinear
stability property, i.e., the free-energy functional decreases with respect to time. Our
numerical experiments show that the discretized Allen-Cahn system resulting from
the POD-DEIM method inherits this favorable property by using the scalar auxiliary
variable approach. A few numerical results are presented to illustrate the performance
of the proposed reduced order method. In particular, the numerical results show that
the computational efficiency is significantly enhanced as compared to directly solving
the full order system.
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1 Introduction and motivations

Reduced-Order Model (ROM) applied to numerical design in modern engineering is
a tool that is wide-spreading in the scientific community. It is particularly useful in solv-
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ing complex realistic multi-parameters, multi-physics and multi-scale problems, where
classical methods such as Finite Difference, Finite Element, and Finite Volume methods
would require up to billions of unknowns. On the contrary, ROM is based on a sharp of-
fline/online strategy, which can be realized with a reduced number of unknowns. Such a
strategy can be used to handle control, optimization, prediction, and data analysis prob-
lems in almost real-time, that is, ultimately, a major goal for industrials. The reduced
order modeling offline strategy relies on proper choices for data sampling and construc-
tion of the reduced basis, which will be used then in the online phase, where a proper
choice of the reduced model describing the dynamic of the system is needed. The key
feature of ROM is its capability to drastically reduce the computational cost of numerical
simulations, and thus highly speedup computations without compromising too much the
physical accuracy of the solution from the engineering point of view. Among the most
popular ROM approaches, Proper Orthogonal Decomposition (POD) strategy provides
optimal (from the energetic point of view) basis or modes to represent the dynamics from
a given database (snapshots) obtained by a full-order system. Onto these reduced basis,
a Galerkin projection of the governing equations can be employed to obtain a low-order
dynamical system for the basis coefficients. The resulting low-order model is named
standard POD-ROM, which thus consists in the projection of high-fidelity (full-order)
representations of physical problems onto low-dimensional spaces of solutions, with a
dramatically reduced dimension. The main advantage of POD-ROM is that these low-
dimensional spaces are capable of capturing the dominant characteristics of the solution,
and the computations in the low-dimensional space can be done at a reduced cost. This
advantage has led researchers to apply POD to a variety of physical and engineering
problems, including the Navier Stokes equations in computational fluid dynamics; See
e.g. [2—4] and [8].

We aim in this paper at applying this reduced-order model strategy to solve the Allen-
Cahn equation and investigating its efficiency in terms of stability, convergence, and data
reduction.

The Allen-Cahn equation was originally introduced to describe the motion of anti-
phase boundaries in crystalline solids [1], and has now been used to model many moving
interface problems from fluid dynamics to materials science via a phase-field approach.
It consists in finding ¢: Q2 x (0,T] — R solution of

Ly (—Ap+f(9)=0, V¥(xHeQx(0,T],
Vo-n|,,=0, vte (0,T], (1.1)
Pp(t=0)=¢"(x), VxeQ.

In the above, 7 is a positive kinetic coefficient, () C R? is a bounded domain, # is the out-
ward normal, f(¢)=F'(¢) with the given function F(¢)= 5 (¢?—1)? being the Ginzburg-

T 4¢2
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Landau double-well potential. The phase field ¢ is such that

o= 1, phase 1,
N -1, phase 2,

and ¢ represents the thickness of the smooth transition layer connecting the two phases,
which is small compared to the characteristic length of the system scale. The homoge-
neous Neumann boundary condition implies that no mass loss occurs across the bound-
ary walls.

In the literature, there are only three papers dealing with the reduced order model-
ing for the Allen-Cahn equation [8,12,15]. In the literature, they used convex splitting
methods and implicit energy stable methods for time discretization, which require solv-
ing nonlinear system or linear system with variable coefficients. While we use scalar
auxiliary variable (SAV) scheme [11,14] to construct full order system, which is uncondi-
tionally energy stable and extremely efficient in the sense that only decoupled equations
with constant coefficients need to be solved at each time step. And we construct the ROM
based on SAV, which inherits all the advantages of SAV.

The small positive parameter ¢ and the nonlinear term make the Allen-Cahn equa-
tion very stiff, and it is computationally expensive to solving the Allen-Cahn equation.
To overcome the difficulty and significantly improve the computational efficiency, we
develop in this paper a reduced-order modelling for this equation. In our method, the
phase field data sampling is first obtained from a numerical method constructed based
on the scalar auxiliary variable (SAV) approach for the time discretization and spectral
method for the space discretization. The SAV, recently introduced and analyzed by a
number of researchers; see, e.g., [14] and the references therein, is an efficient and robust
framework to design stable schemes for a large class of gradient flows. The advantage
of this approach is that it is not restricted to specific forms of the nonlinear part of the
free energy and only requires solving simple decoupled linear equations with constan-
t coefficients. In this work, we apply the SAV approach to construct unconditionally
second-order stable scheme for time discretization, and the spectral Galerkin method for
space discretization. Once the snapshot sampling is computed from solving the full or-
der system, a set of reduced basis are then obtained by applying POD to the snapshots.
In order to reduce the computational complexity in the evaluation of the nonlinear term,
we will use the Discrete Empirical Interpolation Method (DEIM) approach [5] to approx-
imate the nonlinear function. Finally, a reduced order system is derived based on the
POD basis and DEIM for the nonlinear term. The final reduced order system to be solved
has a size much smaller than the full order system.

The rest of the paper is organized as follows. In Section 2, We briefly describe the
Proper Orthogonal Decomposition method and Discrete Empirical Interpolation Method.
Section 3 is first devoted to present the full discretization method for the Allen-Cahn
equation. The SAV-based unconditionally stable scheme for the time discretization and
the spectral method for the space discretization are proposed. Then the reduced order
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system is derived using POD and DEIM to the snapshot sampling computed from the
full order system. In Section 4, several numerical examples are provided to confirm some
theoretical results and demonstrate the performance of the proposed algorithm. Finally,
some comments and concluding remarks are given in Section 5.

2 Phase-field POD-ROM description

We briefly describe the POD method. For a detailed presentation, the reader is re-
ferred to, e.g., [9,13,16].

Let us consider an ensemble of snapshots x =span{¢(-,fo),...,¢(-,tn,)}, which is a
collection of phase field data from numerical simulation results of (1.1) at time t, =nAt,
n=0,1,...,N; and At=T/N. In practical applications, these snapshots can be computed
with very large time step size At, thus the pre-computation cost is very limited. The POD
method seeks a low-dimensional basis {¢1,...,1,} in an Hilbert space H that optimally
approximates the snapshots in the following sense:

2

, (2.1)
H

Nz

min
Y1 preH Ne+1 7;

T

) =Y (P(otn), i)y i

i=1

subject to the condition (1[71-,1/)1-) =0;j, 1<1,j<r, where §;; is the Kronecker delta. To solve

the optimization problem (2.1), one can consider the eigenvalue problem:
Kz;=MA;z;, for 1,...r, (2.2)
where K € R(Ne+1)x(Ne+1) g the snapshots correlation matrix with entries:

1

K, =
mn N, +1

(‘P('/tﬂ>/¢<'1tm>)7-[/ for m,n=0,...,Nq,

z; is the i-th eigenvector, and A; is the associated eigenvalue. The eigenvalues are positive
and sorted in descending order A; >...> A, >0. It can be shown that the solution of (2.1),
i.e. the POD basis functions, is given by:

1 N
Z (ty), 1<i<r, (2.3)

where (z;), is the n-th component of the eigenvector z;. It can also be shown that the
following POD error formula holds [9]:

N [ Y >
tn wz Hlljz - )\ir (2'4)
Nr+1n: i=1 1y  i=r+l

where rk is the rank of K.
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We consider the following space for the POD setting:

X, =span{y1,..., P }. (2.5)

It is notable that since, as shown in (2.3), the POD basis functions are linear com-
binations of the snapshots, the POD basis functions satisfy the boundary conditions in
(1.1).

The Galerkin projection-based POD-ROM makes use of both Galerkin truncation and
Galerkin projection. The former yields an approximation of the phase field by a linear
combination of the truncated POD basis:

o) ~r ()= Y ai(Dpi(x), 2.6)

i=1

where {a;(t)}!_, are the sought time-varying coefficients representing the POD-Galerkin
trajectories. Note that r < A, where A denotes the number of degrees of freedom in a
full order simulation. Replacing the phase field function ¢ with ¢, in the equation (1.1),
using the Galerkin method, and projecting the resulted equations onto the space X,, one
obtains the standard POD-ROM for the Allen-Cahn equation:

Find ¢, € X, such that

@i, ) + 7 (Vor, V) + (f(¢r),9)) =0 VypeX,, (2.7)

and ¢,(-,0) =¢? which is the projection of ¢° into X;.

21 A problem with complexity of the POD-Galerkin approach

This subsection illustrates the computational inefficiency that may occur in solving
the reduced order system (2.7) from the standard POD-Galerkin approach. We denote
a(t) = [ay(t),...,a,(t)]" is the coefficient vector of the reduced solution. The coefficient
vectors of the reduced basis function expanded by basis functions of Xy defined in (3.10)
are collected in the columns of the matrix ¥, =[¥.1,...,¥.,] € RN e,

N
e(xy) =Y (8,8 hi(x)hi(y),

i,j=0

and Y., k=1,...,r are vectors of length \ := (N+1)? formed by the zpk(gi,g]-). Equation
(2.7) in vector version conclude the following nonlinear term:

YW f(¥,a(t)), (2.8)
\,—/

———

rxN N x1

where weighted matrix W € RV *V is a symmetric, positive-definite matrix. This nonlin-
ear term has a computational complexity that depends on N, where N is the dimension
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of the original full-order system (2.1). It requires the order of 2r\ flops for matrix-vector
multiplications, and a full evaluation of the nonlinear function f at the N'-dimensional
vector ¥,a(t). In particular, supposing that the complexity for evaluating the nonlinear
function f with g components is O(c(q)), where ¢ is some function of g, then the com-
plexity for computing (2.8) is roughly O(c(N')+4r/N'). Here, the 4r flops are a result of
the two matrix-vector products required to form the argument of f and then to form the
projection. That means that the reduced-order model is not independent of the full di-
mension \V. As a result, solving this reduced-order model might still be computationally
expensive (probably as expensive as solving the original system).

2.2 Discrete Empirical Interpolation Method (DEIM) for nonlinear terms

In order to reduce the computational complexity of POD-ROM for time dependent
and/or parameterized nonlinear partial differential equations, a discrete empirical inter-
polation method (DEIM) was proposed in Chaturantabut and Sorensen [5]. The main
idea of DEIM is to provide an approximation to the nonlinear terms of ODE systems in
a form that enables precomputation of certain matrices so that the computational cost
of evaluating the nonlinear terms is greatly decreased and becomes independent of the
original dimension N. This approximation is realized by computing the basis using a
POD approach combined with a greedy algorithm.

To apply this idea, we approximate the nonlinear function f('¥,a(t)) by projecting it
into the subspace spanned by a basis {u,...,u,} C RV of dimension p < A\ so that the
approximation takes the form

f(Xra(t) =Ufy(t), (2.9)

where U = [uy,....u,) € RV*? and f,(t) is the corresponding coefficient vector, which can
be regarded as an approximation to the nonlinear term f(¥,a(t)). To determine f,(t),
we select p distinguished rows from f(¥a(t)). To this end, we construct the matrix

P=le;,,..,e;, ] ERV*Y, (2.10)

where e;=10,...,0,1,0,...,0]T € R% is the i-th column of the identity matrix Iy € RNV for
i=iy,..,i,. Then we solve f,(t) from the following equation

(PTU)f,(t)=PTf (¥ a(t)). (2.11)
This gives
fr()=(PTU)"'PTf(¥ra(t)). (2.12)

Notice that for the nonlinear term in the Allen-Cahn equation, the matrix PT can be
moved inside the function, thus we obtain

fo(t)=Uf,(t)=U(PTU)'PTf(¥,a(t))
=Qf (P"¥,a(t)), (2.13)
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where we define Q:=U(P"U)!. To summarize, to obtain an approximation to f,(t), we
must construct

e the projection basis {uy,...,.u,};
e the interpolation indices {iy,...,ip } used in (2.10).

The DEIM algorithm generates the basis using the POD approach. Here the previous-
ly introduced POD approach is applied to the snapshots of the nonlinearity f(‘¥,a(t))
to compute U. The selection for the interpolation points in the algorithms is based on a
greedy algorithm. The idea is to successively select spatial points to limit the growth of
an error bound. The indices are constructed inductively from the input data as follows.
For more details we refer the reader to [5].

Algorithm 2.1. DEIM (POD-greedy algorithm)

Reuire: Snapshots F=[f(¢(t1)),--, f(¢(tn,))] € RV*Ne and rank p;
1: Compute POD basis [u1,---,up| € RN *? for F;
2: iy <—argmaxj_1,... ;| (#1)];

3 U=[wm], P=le], ;

4: for k=2to p do;

5 u+uy;

6:  solve (PTU)f,=u for fy;

7. r=u—Ufy;

8: i< argmaxj_1.n|(r)i];

9: U<« [Uu], P~ [Pe];

10: end for;

11: return U and (iy,...,ip).

3 Numerical methods

In this section, we propose a brief description of the spatial and temporal approxi-
mation methods. These schemes will be used to solve the full problem and produce the
snapshots but also the reduced model one.

3.1 Some notations for the spatial discretization

Let X = {({;,pi);0 <i < N} denote the sets of Gauss-Lobatto-Legendre quadrature
nodes and weights associated to polynomials of degree N (see, [7, 10]). These quantities
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are such that on A:=]—1,+1]
+1 N
pePna(h), [ 9(@)de=Y9()es @)
- =

where IPy(A) denotes the space of polynomials of degree < N. We recall that the nodes
&;(0<i<N) are solution to (1—x2?)L}(x) =0, where Ly denotes the Legendre polynomial
of degree N.

The canonical polynomial interpolation basis h;(x) € IPx (A) built on X is given by the
relationships:

1 1 (1—x%)Li(x)
N(N+1)Ln(&)  (x=&)

hi(x)=— —1<x<+1, 0<i<N, (32

with the elementary cardinality property
hi(Gj)=0d;  0<ij<N. (3.3)

In the sequel the phase field ¢ in domain Q= A2 will be approximated in space vari-
able by suitable polynomial functions ¢y as follows

N N
on (1) =) ) pii(t) i (x) By (y).- (34)

i=0j=0

The L2-inner products involved in the calculation will be evaluated using Gauss-Lobatto-
Legendre quadrature, which reads: for all continuous functions ¢ and ¥ in (),

N N
(@)= (@ P)n:=)_Y @) (E)pip;- (3.5)

i=0j=0

3.2 Scalar auxiliary variable (SAV) approach for Allen-Cahn equation

SAV approach was introduced in [14] to solve gradient flows. The main purpose of
this section is to construct efficient unconditionally stable scheme based on this approach
for (1.1).

Throughout the paper, we assume that the energy part [, F(¢)dx is bounded from
below, that is, there exists a constant Cy such that fQF (¢)dx+Cp>0. We first introduce a
scalar auxiliary variable

5(t):= \//QF(4>)dx+C0.
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Then, we rewrite the phase—field equation (1.1) under an equivalent form as follows: find
$: Q% (0,T] >R and s:(0,T] = R, such that

=7  V¢n| =0

__A s(t) ,
7 ¢+ T dx+Cof (¢) (3.6)
ds(t) <9<P .

dt 2 /[ F(o dx+C/

Taking the inner product of the first two equations with p, %—‘f respectively, and mul-

tiplying the third equation with 2s, then adding them together, we obtain the energy
dissipation law for (3.6):

d 1
i (502319 018) == [ Il @7)

The energy law (3.7) means that the SAV approach (3.6) makes the modified energy

H(¢p)=5>+7 HW’llo

decays in time.

3.3 Full discretization: full order system

Now we construct the full discretization problem, also termed as full order system
(FOS) hereafter, for the Allen-Cahn equation. First, for the temporal discretization, we
use the second-order backward difference scheme (BDF2) to the system (3.6).

Let s = \/ Jo F(¢0)dx+Co. Given initial conditions ¢° = ¢y, find ¢" ™ and s"™ € R,
n=1,2,..., such that

(3"Agtagtt ) ntl

2T —TH
n+l _ n+1 Tn+1
Z —AP"T + mf ("), (3.8)
35n+1 —4g" _|_Sn 1 / f n+1 3¢n+1 4§b +q>n 1 i
2At 2«/ Tn+1 2At !

where F" 1= [ F(¢"™1)dx+Cy, $"*! can be any explicit approximation of ¢ (") with
an error of O(At*). For instance, we may choose the following extrapolation:

4—)n+1 :24)11 _(Pnfl‘
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In [11] it has been proved that the scheme (3.8) is second-order accurate, uncondition-
ally stable in the sense that

1

(Al 5, (95 = A", (9" s 1)) < =l 69

where H is the modified energy, defined by:

H[(¢n+1 n+1) (¢n Sn)]

("V¢n+1"0+||2v¢n+l ngnH ) ((Sn+1)2_’_(25n+1_5n)2).

The spatial discretization to the semi-discrete problem (3.8) makes use of a spectral-
Galerkin method. Let

XN::span{hi(x)hj(y); i,j:O,...,N}. (3.10)

Iy is the interpolation operator based on the Legendre Gauss-Lobatto points {&;;0 <i <
N}. Given initial conditions

oY =Inpo,  S¥:i= \//QF(¢?\,)dx+Co.

Then the spatial discretization consists in seekmg the numerical solution 4)”“ in the poly-
nomial space Xy and si"! € R,n=0,1,..., such that, for V¢ € Xy,
( 3¢n+1 _4¢n +¢1171 - +1
( b /l/J)N—_’Y(P‘n )y
. n+1 .
(" @)y = (VO Vi)t == (FOR), ¢) 311
Navs (3.11)
35111\I+1_4SHN+5111\I_1 _ 1 (f((l_) ) 3¢n+1_4¢ln\’+¢g[—1>
2At 2, /Fut N 20t N

where

P = [ @ e

This full order system can be efficiently solved by the following algorithm; see [14] for
more details.
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Algorithm 3.1. Implementation of FOS

Require: Given the initial condition ¢, and s9,. First use a first order method to
compute 47]1\, and 511\,. Then for n=1,2,..., we do the following;:

1 Set ¢ =20k~ = [ @G, o= "’I;WN —a f@),

where a1 = 45\’\’/% %\?’H , ao=(f(PN) A% —or 1) /3.

2: Solve: Find u%;! € Xy such that, for Vi € Xy,

3
2vAt

(i on) o+ (Vut, VN n= (F(E),on)

3: Solve: Find w”N+1 € Xy such that, for Vi € Xy,

3 n 1’l 1 n n
2t (NN (VR Vi) =55 (49K =9k ) e (£ )
n n n n 4sy _Sn_l (f((PnJrl) (PnJrl) — &
4: Compute @it =wit —ayuftt, si="N 3 N ; n+1 ,

where ay =3/ (2F" ), a3 = (F(PN") wy) s « —(f<¢”“> Uy -

Note that in step 2 & step 3 in the above algorithm, only a linear constant coefficient
Poisson equation needs to be solved.

3.4 Reduced-order system

We describe below the construction of the reduced order system through the POD-
Galerkin method for the full discrete problem (3.11) and DEIM approach for treating the
nonlinear term.

Let us consider an ensemble of snapshots x = {¢?\,,...,¢NT }, which is a collection of

phase field data from the numerical solution of (3.11) at time t, =nAt, n=0,1,...,N¢, At=
T/N-. As it is already emphasized in Section 2, these snapshots can be computed with a
large time-step size At (so with limited pre-computation cost). We use this snapshot set
X to construct the POD basis {¢1,...,i,}, r < N, described in Section 2, which is a set of
L%-orthogonal basis functions, such that (¢i, ;)N = 0;j. We also need to precompute the
matrix G, defined as

= (gij) €R™, with g;:= (V¢p;, Vip; ) n. (3.12)

The reduced-order system is obtained by the following spectral Galerkin method us-
ing the approximation space spanned by the POD basis. That is, we seek to project the
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solution of the original system onto the space X,:= span{¢;,...,{:}, so that the projected
solution ¢! € X, and s" 1 € R,n=1,2,..., satisfy, for Vi € X,

3¢yt —4gy 4y _ +1
( 24t s N__'V(Vn )N

n+1

(W ) = (Vort, V)  + (F@r™h), ¢) (3.13)
e (nﬂ) 31— 4gl ¢!
( : )y

\ 2At 2/ FT 2At

where 7/ = [ F(¢p)dx+Co.
The solutions to FOS and ROM are related through the relationship:

Py~ =Ya", (3.14)

where ¢F; and ¢} are the coefficients vectors of ¢} (x) and ¢} (x) expanded by the basis
functions of Xy, respectively, a” is the coefficients vector of ¢ (x) expanded by the basis
functions of X,. Matrix ¥, is defined in Subsection 2.1. It is seen that the columns of ¥,
are the coefficient vectors of the reduced basis functions expanded by the basis functions
of XN.

Substituting (3.12) and (3.14) into the system (3.13), we obtain, for the unknown co-
efficient vectors, the reduced-order system: find a"1€R" and "' € R,n=1,2,..., such
that,

+1
n+1 n n—1 s” _
3a 4a" +a Gan+1 r TTWf<1.I;ran+1)

2At /7‘/_:.:1_’_1 r ’ (315)

31T —dst sl (YyWE(Ea"""), 3a" ! —4a"+a" ).

/JT_‘n-i-l

The difficulty here is that the computation of the non-linear term ¥; Wf(¥,a" ') de-

pends on the original dimension. Approaching this term by using the DEIM algorithm
described in Subsection 2.2, we obtain the final reduced-order problem:

3 n+1 4q" n—1 1 Sn+1 T 1

a’"" —4a"+a :Gun-i-_’_ r Hf(PT_n+)

2At -1
Y Fr (3.16)
n+1 n—1 Ty =n+l n+1 n—1
35"+ _4sl 4" ZW(Hf(P ¥,a"t), 30" —4a" 2" 1),
where H:=¥! WQ&cR"*? is pre-computed, a"!:=2a" —a" !, FI'! ::/ F(Y,a" Vdx+

0
Co. Notice that the inter products in the right hand side of (3.16) can be evaluated through
the relationship:

(Hf(PT‘I’ —n+1) un) (WQf(PT‘I’ —n+1) Tran) (Qf(PTT —n+l) Tran)W’
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where (-,-)w denotes the Euclidean W-weighted inner product in RV.

The reduced order system (3.16) can be efficiently solved by the following algorithm.

Algorithm 3.2. Algorithm of SAV/BDF2-PODG-DEIM reduced system

Require: Coefficient vectors set of POD basis ¥, = [, ...,%,], and DEIM basis
U=uy,...,up).
Precompute H=Y! WU(PTu).
1: Given the initial condition a° and s and the first step solutions a' and s!
computed by a first order method.
Then forn=1,2,..., do:
:Seta"t1=2q"—a"! Frtl :/ F(Y,a" ™) dx+Co.
: if use PODG ROM then o
compute coefficient £,"" by:  f(¥,a" ) =¥,f,""".
: else
if use PODG-DEIM ROM then
compute coefficient f_rnJrl =Hf(PTY,a"+).
end if
: end if

10: Set  ao=(F,"" 4a"—a" 1) /3,

4" —gn—1 g

NG

11: Solve <3I+G> w ="

2vAt
3 4q" — g1 S
12: Sol 2] A A o
Solve (27At +G) Ws aar s

13: Compute  ap=(F,""u'™), az=(F, ", W), ay=as/QF T 4ay).
_ 7 1+l
n+1 n+1l _ 4s" —s" ! + (frn ,anJrl) —Qp

—dqUg 7, S 3 2\/@

n-+1

n+1 __
_wS

14: Compute a

4

Numerical results

In this section, we first present a numerical example to show the computed results

of the original discretization method (i.e., the full order system) and the reduced order
method in terms of stability and accuracy. We then use the proposed POD to simulate
a 2D benchmark problem for the Allen-Cahn equation to demonstrate the advantage of
the reduced order method. In all examples, the snapshots are calculated by the full order
system (3.11).

Example 4.1. Consider the problem (1.1) in the domain Q =]—1,1[?> with e=1 and a
given source term g(x,y,t), so that the problem admits the exact solution ¢=(1—x2)?(1—

y2)2/x2+y2 1+ 1.
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We first verify the convergence rate of the time stepping scheme. To this end we use
polynomial degree 32 x 32 for the spatial discretization, which is large enough so that
the spatial discretization error is negligible compared to the temporal error. Figure 1
shows the L?(Q))-errors of the numerical solution computed at T=2.0 as a function of the
time step size in log-log scale. It is clearly shown that the time stepping scheme used to
produce the FOS is exactly of second order as expected.

T T T TITI
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<
&
TTTTT
I

N
<
£

TTTTT

L2 (Q)- error at final time T=2.0
=)
I

-
<
@
T
|

LT TN
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QFTTTm
~
o

8
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Figure 1: L2-errors at T=2.0 with respect to the time step size At in log-log scale.

Then we investigate the POD error behavior. We collect 200 snapshots, which is a set
of the numerical solutions of the FOS, i.e., (3.11) with At=0.01. The POD basis functions
are constructed from these 200 snapshots by solving the minimization problem (2.1). In
Figure 2a we present the POD error versus the POD mode number, where the POD error
is defined in the left hand side of (2.4). Also shown is the singular values of the snapshot
matrix, which are equal to the square root of the eigenvalues of the matrix K. By virtue
of the error formula given in (2.4), the POD error is closely related to the singular values
of the snapshot matrix. This is confirmed in Figure 2a, indicating that the singular values
decay rapidly and the POD errors decay in a similar rate as the POD mode number, i.e.,
r increases. The accuracy of the POD process applied to the nonlinear term is shown in
Figure 2b. In this figure we compare the POD errors with and without DEIM algorithm.
It is observed that the DEIM algorithm used to reduce the computational complexity has
not a significant effect on the accuracy, and both POD errors with and without DEIM
have a similar decay rate as the singular values. Another remarkable point observed in
Figure 2 is that the POD with 8 modes (r =8) gives already a very good approximation.
This last observation suggests use of 8 POD modes and 8 DEIM modes in the tests that
follow.

In Figure 3 we compare the L2-error at T =2.0 as a function of the time step size,
g P P



272 X. Zhou, M. Azaiez and C. Xu / J. Math. Study, 52 (2019), pp. 258-276

——@—— Singular values
|—a&—— POD-Error L%(0,T;L*(Q))
—>»—— DEIM-Error L%0,T;L%(Q))

.

—— Singular values
——A—— POD-Error L%(0,T;L*(Q))

107 - - -
: : , N
10° ,' : :
0

j ; 2 4 6 ‘
4 6 8 10 #POD(&DEIM) Mode
#POD Mode

() (b)

Figure 2: (a) Singular values and POD L2-errors with respect to the number of POD modes; (b) Same as (a)
but for POD and DEIM algorithm applied to the nonlinear term.

obtained respectively by the ROM without and with DEIM algorithm using 8 PODG and
8 DEIM modes. The ROM is built by POD using 200 snapshots computed by FOS with
At=0.01. It is seen from this figure that the effect DEIM algorithm on the accuracy of the
POD solution is negligible.

Example 4.2. We consider a benchmark problem for the Allen-Cahn equation (1.1) that
we describe below; see also [6]. Assume at the initial state, there is a circular phase
interface of the radius Ry = 100 in the rectangular domain | —128,128[2. Precisely, we
consider the following initial condition:

1, |x[2 <1002,

,0)=
9(x0) {—1, |x|? >1002.

It has been known that such a circular interface is unstable and the driving force will
make it shrink and disappear. In the limit that the radius of the circle is much larger than
the interfacial thickness, the interface will move at the velocity (see [1])

dR 1
V=—rr=——.
dt R
The radius of the moving interface evolves as R(t) = /R3—2t. In the implementation we

map the computational domain | —128,128[% to | —1,1[2. Doing so we are led to solve the
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Figure 3: The comparison of the errors at T=2.0 between FOS and the POD with 8 POD modes and 8 DEIM
modes using the snapshots with At=0.01.

Allen-Cahn equation (1.1) with the coefficients y=1/1282 and ¢=0.0078, where ¢ appears
in front of the nonlinear term. The FOS becomes stiff for the small € because the interface
becomes thin for small parameters and fine resolution is needed around the interface. In
the simulation, the space grid is taken as 512 x 512, and the time-step size is At =0.1. The
computed radius R(t) using the SAV/BDF2 scheme is plotted in Figure 4. We observe

100
i Exact Solution
- SAV/BDF2 At=0.1
95 -
90 B Exact Solution
m - gt SAV/IBDF2 A t=0.1
i 902}
85 __ 9015
: 90.1
B 925 930 935 940
80 -
B L L L I L L L L I L L L I L L L L
0 500 1000 1500 2000
time

Figure 4: The evolution of radius R(t) for Benchmark problem: comparison of the exact solution and numerical
result computed by FOS with Ny =N, =512.
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Figure 5. Benchmark problem: (a) singular values and POD L2-errors with respect to the number of POD
modes; (b) Same as (a) but for POD and DEIM algorithm applied to the nonlinear term.

that R(t) keeps monotonously decreasing at a rate very close to the sharp interface limit
value. This demonstrates the accuracy of the FOS.

The singular values and POD errors are also computed for this example, and the
results are shown in Figure 5. Here the POD basis and DEIM basis are constructed by 200
snapshots, which are solutions of FOS with At=0.1 at 200 different instants. The singular
values and relative L2(0,T;L?(Q))) errors versus different numbers of POD modes are
given in Figure 5a. It is observed that the singular values and POD errors decay at a
similar rate as POD mode number increases. Figure 5b shows the result of POD-DEIM
method for the nonlinear term, leading to a similar observation.

An accuracy comparison of the POD without DEIM and POD with DEIM is shown in
Figure 6, where the L2-errors at T=20.0 as functions of the time step size are plotted. The
POD (and DEIM) make use of 16 POD modes and 21 DEIM modes, and the errors are
measured by using the “reference solution” provided by the FOS. We see that both POD
and POD-DEIM produce accurate enough solutions.

Finally, in Table 1, we present the average CPU times at each time step for the FOS,
POD method with 16 modes without DEIM, and POD-DEIM with 21 modes. The speed-
up factors compared to FOS are also listed for POD and POD-DEIM. It is clearly observed
that the POD method efficiently speed up the calculation, and the DEIM for the nonlinear
term further improves the computational efficiency.
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Figure 6: Comparison of L?(Q)-errors at T=20.0 between the ROM without DEIM and ROM with DEIM using
16 POD modes and 21 DEIM modes.

Table 1: Average CPU time for each time step.

FOS ROM with 16POD ROM with 16POD-21DEIM
tepu(sec) 2.36 0.45 0.12
Speed-up Factor 524 19.67

5 Conclusions and perspectives

We have developed a reduced-order model for the Allen-Cahn equation. At first, we
constructed a numerical method based on SAV approach for the time stepping scheme
and a spectral-Galerkin method for the space discretization. Then the constructed nu-
merical method was used to product preliminary phase field data, i.e., an ensemble of
snapshots of at some time instants. Based on these phase field data, the reduced order
model is derived by Proper Orthogonal Decomposition (POD) for the construction of
the reduced basis, and Discrete Empirical Interpolation Method (DEIM) for dealing with
the nonlinear term. Finally, a same SAV based second-order unconditionally stable time
stepping scheme is applied to yield the reduced order system. Several numerical exam-
ples were provided to demonstrate the efficiency of the proposed POD and POD-DEIM.
In particular, the obtained numerical results showed that the reduced order model gave
good approximations to the full order system and achieve substantial improvement in
efficiency as compared to directly solving the full order system. It is worthy to empha-
size that the proposed method can be extended to solve other kinds of gradient flow
problems.
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