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1. Introduction

The nonlinear cross-diffusion systems has a general form which is given by z = (z1,...,za7) : @ x [0,T) — RM such that
Jz .
% = AB(z)+ f(z) in Qx([0,T] (1.D
d
giz) = 0 on JdQx(0,7)
z(,0) = 2 in Q
where Q C RY; (d =1,2) is a bounded domain, dQ is a smooth boundary, T is a positive constant, D= (z(f, zg,l) : Q — RM are population
densities, B = (Bi,...,Bu), f = (f1,.... fu) : RM — RM are nonlinear functions of population densities, and # is the unit outward normal

vector to the boundary 9Q [1].

The most known and popular nonlinear cross-diffusion system is the Shigeseda-Kawasaki-Teramato (SKT) equation with Lotka-Volterra
kinetics [2] in population ecology. The SKT system represents the spatial and temporal behavior of two species under population pressure
due to intra and interspecific interference. The interaction of two species may cause different diffusion rates. This leads to destabilization of
the constant steady-state and occurs a pattern formation like labyrinth, spot and stripe. The SKT system with Lotka-Volterra kinetics is
defined as [3]

0z

a—tl = Ala; +bizi +c122)z1 +T (11 — Y1121 — N1222)21,5 (1.2)
Bi fi

2z

Pl A(ay +bazp +c2z1)z + (2 — p121 — ¥222)22 (1.3)
B f

where B, B, are the nonlinear cross-diffusion and fi, f> are the Lotka-Volterra kinetics, and a;, b;, ¢;, %;(i,j = 1,2) are nonnegative
constants. The constants y; denote the intrinsic growth rates, 7; the intraspecific competition coefficients, and ¥;;, (i # j) the interspecific
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competition rates. The i species keeps away from high-density areas of the j species due to cross-diffusion terms. The parameter I
represents the relative strength of the reaction terms. SKT systems are not a simple nonlinear problem when it comes to dealing with the
cross-diffusivities. Therefore, it is more useful fo the analysis of SKT systems to remove the cross-diffsuion component. Murakawa [1, 4]
proposed an approximation to the SKT system (1.2) by a semilinear reaction-diffusion system. In this approximation, the system has a
simple reaction and linear diffusion terms. Nonlinear problems are difficult to solve compared to semilinear problems. Various methods can
be considered for discretizing semilinear systems, such as the finite element approximation [5], the finite difference method [6], and the finite
volume approximation [7].

In this paper, symmetric interior penalty discontinuous Galerkin finite elements (SIPG) method [8] for spatial discretization and semi-implicit
Euler method for temporal discretization [1, 3, 9] are considered. The SIPG approximation uses discontinuous polynomials and captures
singularities locally. Even though fully implicit methods provide better accuracy and stability, they are not easy to implement when dealing
with semilinear reaction-diffusion systems. The semi-implicit Euler method is easy to implement and is a stable numerical method. Recently,
model order reduction techniques are developed for the dimension reduction of large dynamic systems in engineering and science. The main
idea of reduced order modelling is to construct basis functions in a low-dimensional reduced space and then project the full order model
equation onto the reduced space to obtain a reduced order system. The most known and most commonly used technique is proper orthogonal
decomposition (POD) [10, 11]. In POD method, the Galerkin projection is used to approximate reduced solutions. POD is a useful method
for linear problems, but for nonlinear problems, the dimension of the solutions of the reduced order model (ROM) has the same dimension
as the solutions of the full order model (FOM) [12]. To reduce the computational cost of the nonlinear terms in the reduced order model,
some methods have been developed. The empirical interpolation method(EIM) [13] and the discrete empirical interpolation method(DEIM)
[14] are the most commonly used methods. The DEIM method is introduced for nonlinear functions. The nonlinear kinetics depends on
single variables in the finite difference method while it depends on the mesh and the degree of the polynomial in the finite element methods.
Therefore, the POD-DEIM is developed for efficiency [15, 16]. The reduced basis functions in POD-DEIM are computed in the offline phase
by applying singular value decomposition (SVD) to large snapshot matrices. Randomized singular value decomposition (rSVD) [17, 18] is
used as a fast and accurate method. By using rSVD in the offline phase, the computational cost is reduced. This paper is divided into the
following sections: In Section 2, the full discrete solution of the SKT system in space and time discretization is obtained. The model order
reduction methods POD and DEIM are described in Section 3. Numerical simulations are presented for the SKT equation in two-dimensional
case in Section 4.

2. Full Order Model

The SKT system (1.2- 1.3) has a nonlinear diffusion part. To remove the nonlinear diffusion part, a semi-linear reaction-diffusion system is
proposed to approximate (1.2- 1.3) [9]:

Ju 1 1 1 .
5% = ;Au—E(u—ﬁ(vu—i—v))—kgf(vu—l—v) in Qx(0,T],
av \% .
i Euf[)’(vquv), in Qx(0,T], 2.1
du
il 0, on JdQx(0,T],
u(-,00 = u% v(-,0)=v"¢ in Q.

where u and v are the population densities and z = u + v is taken in equation (1.2). Then, the weak solutions u® and v are approximations
to B(z) and (z— vfB(z)), where v and € are positive parameters. The initial conditions are approximated as u®¢ ~ f(z°) and v%¢ ~
(2° — vB(z°)). In (2.1), the system (1.1) is approximated by a system of M semilinear PDEs coupled with M ordinary differential equations
(ODEs), which has the advantage of solving semi-linear problems instead of nonlinear systems.

The semi-discrete systems (2.1) is discretized by semi-implicit Euler method in time [1]:

Ul.n—Uin71 1 n 1 n—1 n—1 n—1 1 n—1 n—1 :
- = EAUi*g(Ui —B(uU +V; ))+ﬁf(“Ui +V'7) i Q
ou”
8\5 = 0 on 2JQ
yn _yr—l u 1 | 1
,TI — ;(Uin —B(uU +V7)) in Q

where the time step size 7 is given by NLT andn=1,2,...,Ny, i=1,2. The scheme can be rewritten by setting Z}! = uU;" +V/", choosing
€ = 7 and adding pU/" on both sides to the third relation, then the following semi-linear scheme is obtained

U,-”fﬁAUi” = ﬁ(Z,f’*l)qL%f(Zf*l) in o
our
8\: = 0 on dQ, 2.2)
zZl = 7'l -gzh) i Q

where Z!' and U} solutions are approximations to z(-,nt) and B(z(-,nt)), respectively. A simple system of equations is obtained to solve.
Here M independent linear equations is solved in U/ and then Z" is calculated.
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Symmetric interior penalty Galerkin(SIPG) method is used to obtain a fully discrete system to (1.2) in space discretization. The continuous
weak solutions (2.2) solve the variational formulation

1

T _ T
(U5’7Wi)+a(ﬁ;Ui"7Wi):(ﬁ(zf' l)aWi)"‘(ﬁ;Zn L wy)

where the L? inner product is defined as (-,-) = (-,-)q on the domain Q, and a(ﬁ;U{‘,wi) = (dVu,Vw) is the bilinear form.
{2} is a disjoint partition of the domain Q with triangles { Ti}?fl € 9, where N,; is the number of elements in the partition. The space of
discrete solution and test functions is defined as

Dy ={weL*(Q):wg € Py(K), VK€ T},

where P;(K) is the set of polynomials defined on K € 7, of degree at most d. (2.2) is multiplied by test functions w;, integrated over each
mesh element, Green’s theorem is used and the variational formulation is obtained:

T
-

(U wi) +ah<£;u,-';,,w,.> = (B w4 (2w 2.3)

ih

with the SIPG bilinear form as follows

T
ah(ﬁ;U",w) = ZKG@fﬁVU’Vde*):Eesﬁus,? Iz {ﬁVU} - [wlds +
ZEGS,?US,? Je {ﬁVW} -[U] +ZEes,?us,? 7 ﬁ Je lul - [wlds

where i denotes the length of edge e, 8/? denotes the set of interior faces (edges), ], and {} denotes the jump and the average, respectively.
The semi-discrete solutions are given as

e 1y

Un=Y, ¥ un()¢hx), i=12,
k=1m=1

where u’,‘n is the unknown vectors, (p,’,‘, are the basis functions in Dy, for k =1,2,...,n,, and m = 1,2, ...,n;. The number r, is the number of

triangles in &, and n; is the local dimension on each element given by n; = (d + 1)(d +2) /2, where d is the degree of polynomial order.

Then the SIPG system (2.3) leads to a full order solution (FOM):

MU + %AU = Bz H+ % f(zrh 2.4)
MZ} = MZP 4 pMUt - Bi(ZiY)) (2.5)

MV + ﬁAV = Bz )+ ﬁg(z;'*l) 2.6)
MZ3 = MZy'uMv" - Bz,

where M € RV*N s the mass matrix, and A € RV*V is the stiffness matrix. The number N = N, x N,; indicates the degree of freedom
in the DG method, where N, is the number of local dimensions in each triangle and N,; represents the number of elements. Moreover,
F(Z)=Bi(Z2"")+ ﬁf(Z”_l) and G(Z) = Bo(Z" 1) + ﬁg(Z"_]) € RY are nonlinear forms. Then the solutions of 2.4 and 2.6 have the
following form:

™=
™=

U(t) = ) ui(t)gi(x) = pu(t), V(1) =) vi(t)i(x) = ov(t) @.7)

i=1 i=1

where u;(t),v;(¢) are the unknown coefficients and ¢; are the DG basis functions.

3. Reduced Order Model

In this section, the reduced order model (ROM) is introduced for nonlinear cross-diffusion systems. Proper orthogonal decomposition (POD)
method with Galerkin projection [12] and the discrete empirical interpolation method (DEIM) for nonlinear reaction terms are considered for
the SKT system.

3.1. Proper orthogonal decomposition

The FOM solutions U(t) and V(f) (2.4) approximate the ROM solutions of dimension k < N onto subspaces spanned by a set of L?
-orthogonal basis functions {y; }%_| and {y4,}%_|

N
) =Y 00w, Vi)=Y V()w (3.1)

i=

=

i=1

where U(t) = (U (t),--- ,U(t)) and V(¢) = (V(¢),--- , Vi (t)) are the coefficient vectors of the ROM solutions. The reduced basis functions
{wu}*, and {y,}*_, are in the form of linear combination of the DG basis functions {¢;} |
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N N
Vii= Y Wi ji0i(x), Wi= Y ¥.;i0j(x) (3.2
—1 =1

J J

The coefficient vectors of the reduced basis function y,,; and y;,; are in the columns of the matrices ¥, = [¥,,.1, -, ¥, 4] and ¥, =
[\PV,',I ) 7lPV.-,k}’
The reduced basis functions are calculated by applying randomized singular value decomposition (rSVD) to the snapshot matrix

Sl:[Ula"'7UN]a S2:[Vl7"'aVN]

where each component of S; and S, corresponds to the coefficient vectors of the discrete solutions of the FOM (2.4). The FOM and the
ROM coefficient vectors have a relation using the expansion (2.7),(3.1),(3.2)

u=v,U, v=¥,V (3.3)

k—dimensional ROM is constructed by substituting (3.3) and projected onto the reduced subspace leading to the system

y - N T _
U+ DA Py (Br(z" ") + mAs )
MZ]Zln - lezln7] Jl’u(Uni\P:ﬁl (zlnil))
5 . B T _
MV AV = W (B )+ )
Mzglzn - Mzzzzn_l +I’L(Vn 7\1_[3‘/32(22"!_1))

with the reduced matrices

M, =¥Y'my, A,
M, =¥Y'mvy,

PIAY,, M, =Y MY,
wlaw,, m,=vImy.,,

2

v

3.2. Discrete empirical interpolation method

Though the reduced system has a smaller dimension than the full system, the dimension of the nonlinear vectors is the same as the dimension
of the full system. DEIM is used to approximate the nonlinear vectors f(z(¢)) = W7 f(¥Z"~ ")) and B(z(t)) = YT B(¥Z"!)) from a
subspace generated by the nonlinear functions. % = [fi, f2,..., fj] € R¥*/ and & = [B1, Ba, . Bjle R/ represent the snapshot matrices
of the nonlinear functions. rSVD is applied to the matrices .% and %, and find m < N orthogonal basis functions {Q;}/", . Then the
approximation of the nonlinear functions is given by Q = [Q1, 05, ..., O] € V<™

f(WZ(1)) = Qh(t), B(YZ(r)) ~ Qh(1) G4
with the coefficient vector A(¢). The system (3.4) is overdetermined. m distinguished rows is taken from the system Qh() for the computation

of h(r) through the projection matrix P =[ey,,...,ep, ] € RVXM with ep =10,..,0, 1 ,0,...,0] € RN, Since PTQ is nonsingular, the

i
coefficient vector A(¢) can be written as with the projection:

h(t) = (PTQ)"'PT f(¥uZ(1)), h(t)=(P"Q)"'PTB(WuZ(1)) 3.5

Using the equations (3.4),(3.5) the nonlinear vectors can be approximated as follows

f(z(t)) ~WF, B(z(r)) ~WB

where the matrix W = WX Q(PTQ)~! € R&™ is precomputable and F = P! f(W,Z(t)) € R™ and B = PTB(¥,Z(t)) € R™ are the m-
dimensional nonlinear vectors.
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4. Numerical results

In this section, the numerical results for two-dimensional SKT system (1.2- 1.3) are presented. The solutions of FOM and ROM are compared
with the results of POD and POD-DEIM.

The initial conditions are taken as a random perturbation around the stationary solutions (u,vo) = (1.67,0.92) given by using MATLAB
function rand, uniformly distributed pseudo-random numbers. The parameters are set as follows

ap = 0.01, a=0.001, b=7264, by=1.1, ¢ =01, ;=02

u = 1.2, N = 0.5, Y2 = 0.4, Uy = 1, Y1 = 0.38, Yo = 0.4, TI'=28.05.
The spatial interval is set to Q = [0,+/27] x [0,27]. The time step size is taken as df = 0.01.
In Figure 4.1, the FOM solutions of components Z; and Z, are plotted which are very close to those in [19]. In Figure 4.2, normalized
singular values are plotted for each component and the nonlinear components. The singular values decrease very fast at the beginning. In
Figure 4.3, the ROM solutions are obtained by using 3-POD and 24 and 21 DEIM basis functions for each components, respectively. The
ROM solutions are almost the same as the FOM solutions. In Table 4.1, the L2- relative errors for the POD and POD-DEIM solutions are

presented. The results are acceptable since POD-DEIM is applied to the nonlinear part. CPU time and speed-up factors Cppp and Cpgyys are
calculated for POD and POD-DEIM. The results show the increasing of the speed-up factors which represents the efficiency of POD-DEIM.

Fom Z1, t=300 Fom Z2 , t=300
6' - ‘ 175 6’ - L] 0.8

L AL L
\ 7 0.96
i 0.94
o 3. . ‘ 1685 3' ' ‘ 0.92
2 .' 2, . . L {0.9
1. 1.6 1_' 0.88

A i i oo
0 2 4 0 2 4
X X

Figure 4.1: FOM solutions for the component Z; and Z,.
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Figure 4.2: Decay of normalized singular values for the state components Z;, Z,, U; and U,
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Figure 4.3: FOM and ROM solutions with the error for the component Z; (upper), Z, (bottom).
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