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Implicit integration factor (IIF) methods are originally a class of efficient “exactly linear
part” time discretization methods for solving time-dependent partial differential equations
(PDEs) with linear high order terms and stiff lower order nonlinear terms. For complex
systems (e.g. advection-diffusion-reaction (ADR) systems), the highest order derivative
term can be nonlinear, and nonlinear nonstiff terms and nonlinear stiff terms are often
mixed together. High order weighted essentially non-oscillatory (WENO) methods are often
used to discretize the hyperbolic part in ADR systems. There are two open problems
on IIF methods for solving ADR systems: (1) how to obtain higher than the second
order global time discretization accuracy; (2) how to design IIF methods for solving fully
nonlinear PDEs, i.e., the highest order terms are nonlinear. In this paper, we solve these two
problems by developing new Krylov IIF-WENO methods to deal with both semilinear and
fully nonlinear advection-diffusion-reaction equations. The methods can be designed for
arbitrary order of accuracy. The stiffness of the system is resolved well and the methods are
stable by using time step sizes which are just determined by the nonstiff hyperbolic part of
the system. Large time step size computations are obtained. We analyze the stability and
truncation errors of the schemes. Numerical examples of both scalar equations and systems
in two and three spatial dimensions are shown to demonstrate the accuracy, efficiency and
robustness of the methods.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Efficient and high order temporal numerical schemes are important for the performance of high accuracy numerical
simulations. A lot of state-of-the-art high order time-stepping methods were developed. Here we just give a few examples
and it is not a complete list. For example, the total variation diminishing (TVD) Runge-Kutta (RK) schemes [38,39,14,15];
spectral deferred correction (SDC) methods [4,11,18,25,30]; high order implicit-explicit (IMEX) multistep/RK methods [2,21,
24,43,45]; hybrid methods of SDC and high order RK schemes [9]; etc.

Integration factor (IF) methods are a class of “exactly linear part” time discretization methods for the solution of non-
linear partial differential equations (PDEs) with the linear highest spatial derivatives. This class of methods performs the
time evolution of the stiff linear operator via evaluation of an exponential function of the corresponding matrix. Hence the
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integration factor type time discretization can remove both the stability constrain and time direction numerical errors from
the high order derivatives [3,10,28,22].

In [33], a class of efficient implicit integration factor (IIF) methods were developed for solving systems with both stiff
linear and nonlinear terms. A novel property of the methods is that the implicit terms are free of the exponential operation
of the linear terms. Hence when the methods are applied to PDEs with stiff nonlinear reactions (e.g. the reaction-diffusion
systems arising from mathematical models in computational developmental biology), the exact evaluation of the linear part
is decoupled from the implicit treatment of the nonlinear reaction terms. As a result, the size of the nonlinear system
arising from the implicit treatment is independent of the number of spatial grid points; it only depends on the number of
the original PDEs. This distinguishes IIF methods [33] from implicit exponential time differencing (ETD) methods in [3]. The
methods can have high order accuracy (arbitrary order in principle) for stiff reaction-diffusion systems with linear diffusion
terms, and large stability region due to the implicit nature of the schemes. To deal with the difficulty in implementing
integration factor type method for high dimensional problems, we developed the compact IIF methods [34] on rectangular
meshes, and Krylov IIF methods [7] on general unstructured meshes for complex domains. The compact IIF methods were
extended to curvilinear coordinates, such as polar and spherical coordinates in [26].

Nonlinear advection-diffusion-reaction (ADR) systems of equations [19] are common mathematical models in appli-
cations from biology, chemistry and physics. The fully nonlinear system with three spatial dimensions has the following
general form

il + f (ih)x + &(i)y + h(ii), = V - (D) Vi) +F (i), (1)

where 1 is the unknown vector function, f g and h are flux vector functions in three spatial dimensions respectively, D(i)
is the diffusion matrix and it could be nonlinear, and 7 is the reaction term. Often the ADR models in applications have
nonlinear advection and reaction terms, but a linear diffusion term DA, where D is the diffusion constant matrix. In such
case, the system is semilinear.

For many ADR systems in biology and chemistry, this time-dependent problem (1) could be a mixture of advection-
dominated and diffusion-dominated cases. For example, the nonlinear advection terms can dominate at the early time in
the system and later the diffusion term becomes dominated [27]. Hence a nonlinear stable discretization suitable for hyper-
bolic PDEs is needed for the advection terms, for example the weighted essentially non-oscillatory (WENO) schemes [40].
We apply the method of lines (MOL) approach to the system (1). For nonlinear advection terms f(ii)x + g(ii)y + h(ii);, the
third order finite difference WENO scheme with Lax-Friedrichs flux splitting [20] is used. And the second or fourth order
central finite difference scheme (depending on the order of accuracy of IIF time discretizations) is used to discretize the
diffusion term. Then we obtain a semi-discretized ODE system

dU = - = o~ - -

E:Fd(u)‘f‘Fa(U)‘i‘R(U)a (2)
where L_],= (1],-)1<,-<N, Fq(U) = (Fdi(U))lSing Fqo(U) = (Fa,‘(U))1<,<N, R = (F(af))1<,‘<1\]. N is the total number of grid
points, Fd(ﬁ) is the approximation for the diffusion terms by the second or fourth order finite difference schemes, and
its each component Fd, is a linear or nonlinear function of numerical values on the approximation stencil. If the diffusion
term is linear, Fd(U) CU where C is the approximation matrix for the linear diffusion operator DA by the central finite
difference scheme. Fa(U ) is the approximation for the nonlinear advection terms by the third order finite difference WENO
scheme, gngl its each component Fg; is a nonlinear function of several numerical values on the WENO approximation sten-
cil [20]. R(U) is the nonlinear reaction term, and its each component 7(ii;) is a nonlinear function which only depends on
numerical values at one grid point.

In [44], an operator splitting IIF method was developed for semilinear ADR system. There are still two open problems on
IIF methods for ADR systems. This first one is how to design high order IIF schemes (3rd order and above) for solving the
semi-discretized system (2) derived from the ADR systems, and achieve a large time step size and efficient time evolution
computation. There are following two problems needed to be solved in order to design a high order IIF scheme for ADR
equations. Firstly, how to deal with the nonlinear term Fa(U ) resulting from the advection? This term comes from the WENO
discretization and is usually highly nonlinear. Directly applying the original IIF scheme in [33] to this term will result in a
large coupled nonlinear system which is difficult and expensive to solve. To solve this problem, we explicitly approximate
the hyperbolic terms and treat it differently from the nonlinear reaction terms in this paper. Then this treatment raises
the second problem. Since the time step sizes will change at every time step due to the CFL condition constraint for the
hyperbolic term, the matrix exponentials need to be calculated at every time step. How to efficiently compute the matrix
exponentials is important. In this paper, this problem is solved by using Krylov subspace approximations to the matrix
exponentials as in [7] for solving the reaction-diffusion equations on unstructured meshes.

The second (also more interesting) open problem is how to design IIF methods for solving fully nonlinear PDEs, i.e., the
highest order terms are nonlinear. So far, all IIF methods in the literature were designed for semilinear problems. However,
fully nonlinear systems often arise in many mathematical models for biological and physical applications. For example, a bi-
ologically realistic fully nonlinear ADR system was developed in [1,27] to model chemotactic cell movements for generation
of network patterns of vasculogenesis [6]. This model takes into account the finite size of cells in the biological systems and
uses an exclusion volume principle that two cells cannot occupy the same space. As a result, the solutions do not blow up
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in finite time. Hence it is a more biologically realistic model than the classical Keller-Segel model [23], whose solutions can
blow up in finite time due to point-wise cell aggregation [16,17]. A property of the model is that the nonlinear diffusion
term becomes dominate along with the time evolution of the system. Another class of examples is radiation diffusion equa-
tions in mathematical models for inertial confinement fusion or astrophysics [5,29]. Nonlinear diffusion terms dominate in
these systems. Implicit schemes are usually used in numerical simulations of such systems in order to achieve large time
step sizes. However traditional implicit schemes need to solve a big coupled nonlinear system at every time step, and often
advanced preconditioning techniques have to be developed to improve the convergence of nonlinear algebraic solver and
result in very efficient algorithms [35,32]. On the other hand, IIF methods provide another efficient approach suitable for
solving diffusion dominated problems, as shown in [8] for the semilinear problems. Here we propose a novel approach for
solving fully nonlinear system, i.e., the highest order term in the PDEs are nonlinear. The main idea is to factor out the
linear part which mainly contributes to the stiffness of the nonlinear diffusion terms, then we can apply the integration
factor approach to remove this stiffness.

The rest of the paper is organized as following. In Section 2, we derive and formulate the Krylov IIF-WENO methods
for advection-diffusion-reaction systems. In Section 3, the truncation error and linear stability analysis are performed.
Numerical experiments are presented in Section 4. Discussions and conclusions are given in Section 5.

2. High order Krylov IIF-WENO methods

In this section we describe the new methods in details. Although the novel part of the methods is in their temporal
discretization, we first describe the spatial discretization for completeness.

2.1. Spatial discretization

In this paper, we use the third order finite difference WENO scheme with Lax-Friedrichs flux splitting [20] to discretize
the nonlinear advection terms. We will give a brief sketch of the algorithms here. For the advection terms f(u)x + g(u)y +
h(u),, the conservative finite-difference schemes we use approximate the point values at a uniform (or smoothly varying)
grid (x;, ¥j,z¢) in a conservative fashion. Namely, the derivative f(u)x at (x;, ¥, z) is approximated along the line y = y;,
z = z;, by a conservative flux difference

1 . .
FWxlx=x; ~ B(fu-l/z — fiz172), (3)

where for the third order WENO scheme the numerical flux f,‘+] 2 depends on the three-point values f(u;) (here for the
simplicity of notations, we use u; to denote the value of the numerical solution u at the point x; along the line y =y;,
z =z, with the understanding that the value could be different for different y and z coordinates), [ =i —1,i,i+ 1, when
the wind is positive (i.e., when f’(u) > 0 for the scalar case, or when the corresponding eigenvalue is positive for the system
case with a local characteristic decomposition). This numerical flux ]’1+1 J2 1s written as a convex combination of two second
order numerical fluxes based on two different substencils of two points each, and the combination coefficients depend on a
“smoothness indicator” measuring the smoothness of the solution in each substencil. The detailed formulae is

A 1 1 1 3
fir12 = W0|:5f(ui) + if(ui-i—l)] + wq |:_§f(ui—1) + Ef(ui)]a (4)

where
= aG=—" ¢
ot T e+ B
do =2/3, dy =1/3 are called the “linear weights”, and Bo = (f(ui+1) — fW)?, B1 = (f (i) — f(ui_1))* are called the
“smoothness indicators”. € is a small positive number chosen to avoid the denominator becoming 0. We take € = 1073 in
this paper.
When the wind is negative (i.e., when f’(u) < 0), right-biased stencil with numerical values f(u;), f(ui+1) and f(uiy2)

are used to construct a third order WENO approximation to the numerical flux ii+] /2. The formulae for negative and positive
wind cases are symmetric with respect to the point x;;1,,. For the general case of f(u), we perform the “Lax-Friedrichs
flux splitting”

w =0,1. (5)

f+(u)=%(f(u)+au), f‘(u)=%(f(u)—au), (6)

where o = maxy | f'(u)]. f*(u) is the positive wind part, and f~(u) is the negative wind part. Corresponding WENO ap-
proximations are applied to find numerical fluxes }i-:—l /2 and f,:q 2 respectively. Similar procedures are applied to the other
directions for g(u)y and h(u),. See [20,40] for more details.

For diffusion terms, central differences are used. For example, a second order approximation to a nonlinear diffusion

term (k(u)uy)x at a grid point i has the form
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3 3 . s
D (ka2 ~ EW 50y~ CGIy RS @i — up) — KO @ — i) (7)
ax ax ), Ax - (AX)2 ’

and a fourth order approximation is
D (e ~ = (k) §iv2 + (kW) §i-2 + 8kw) §)i+1 — 8k(W) i1
0x ax /; 12Ax

_ —k(uit2)(—Uita +ui + 8uirs — Buiyy) + k(Ui—2)(— Ui + Uj—gq + 8uj—1 — 8uj_3)
B 144(Ax)2
. 8k(ujy1)(—uiy3 +ui—1+8ujro — 8u;) — 8k(uj—1)(—Uitr1 +ui—3 + 8u; — 8uj_3) (8)
144(Ax)? '

Similar approximations are applied to the y and z directions.
2.2. Krylov IIF temporal discretization

2.2.1. Linear or nonlinear diffusion term

We construct Krylov IIF methods for (2) by exactly integrating the linear part of the system. For the semilinear system,
the linear part is Fq(U) = CU. Then we can directly multiply (2) by the integration factor e~* and integrate over one time
step from t, to t,+1 =ty + At, to obtain

Aty Aty
Ul(tnyr) = 20U (t,) + e A / e CTFy (Ut + 7)) dT 4 €20 / e CTR(U(ta + 1)) d7. (9)
0 0

The linear term CU has been integrated exactly in the time direction, hence the stiffness associated with the linear operator
is removed. Two of the nonlinear terms in (9) have different properties. The nonlinear reaction term k(f]) is usually stiff
but local, while the nonlinear term F,(U) derived from WENO approximations to the advection term is nonstiff but couples
numerical values at grid points of the stencil. Hence we use different methods to treat them and avoid solving a large
coupled nonlinear system. For the fully nonlinear system, we rewrite Fy(U) at t =t as

Fg(U) = Fg(Un) + C(Un)(U — Up) + E(U), (10)

where C(ﬁn) = %(ﬁn) is the Jacobian matrix, ﬁn = ﬁ(tn), and E‘(f]) is the remainder E‘(U) = I?d(ﬁ) - I?d(ﬁn) —

C(Un)(ﬁ - ﬁn). Denoting the Jacobian matrix C(ﬁn) by C, and substituting Eq. (10) into Eq. (2), we obtain

E’ fd - - = - - - - - -
E=C,1U+Fd(Un)—CnUn—i-E(U)—i-Fa(U)—i-R(U). (11)
Multiplying Eq. (11) by the integration factor e~%f, we have
d - [ 5 s o .
@ (e='U) = e~ (Fg(U) — CuU + Fo(U) + R(U)), (12)
and integrate it over one time step from t, to t;+1 =t; + At, to obtain
Aty
Unpq = endtn, 4 eCnln / e~ (Fa(U(tn + 1)) — CaU (tn + ) + Fa(U(tn + T)) + R(U (tn + 1)) ) d7. (13)
0

Remark. Eq. (13) is for a fully nonlinear system, while Eq. (9) is for a semilinear system. Their differences include that
the linear part is changing at every time step for a fully nonlinear system, and there are some extra nonlinear terms in
Eq. (13). However, the method in the following sections which deals with the matrix exponential and the nonlinear terms
in the integrands of Egs. (13) and (9) follows the same procedure. To simplify the notations, in the following sections_we
denote Cy in the fully nonlinear system (13) by C with the understanding that it is different at different time step; F is
used to represent Fg in the semilinear system (9) and to represent Fy — C,U + Fq in the fully nonlinear system (13), unless
otherwise indicated. Namely, we have

#_|Fa _ _  forthe semilinear system; "
Fg— CaU + Fq, for the fully nonlinear system.

Remark. In order to perform the derivation (10) for the fully nonlinear system, I?d(ﬁ) needs to be differentiable such that
its Jacobian matrix exists.
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2.2.2. Nonlinear reaction and advection terms

As in the original IIF methods [33], we approximate the nonlinear reaction term e‘crk(a(tn + 1)) by an (r — 1)-th order
Lagrange polynomial p(t) with interpolation points at tp41,ty, ..., th+2—r. We would like to point out that time step sizes
could be non-uniform, which is different from the case in the original IIF methods [33]. This is due to the fact that we
have the nonlinear hyperbolic term in the PDE, and it will be treated explicitly (described in Section 2.2.3). Hence the time
step sizes are non-uniform due to the CFL condition constraint for the hyperbolic (advection) term. Different time step sizes
require the calculation of matrix exponentials at every time step. We use the Krylov subspace method to perform these
calculations efficiently (described in Sectlon 2.2.4).

Denote 71 = Aty, 1o =0, 7 = Zk i Atpgy for i =-1,-2,-3,...,1 —r. The interpolation points are represented
by th+i =th + 1, i=1,0,—1,...,1 —r. Define Un+, as the numerlcal solutlon for U(tn+,) The first r points {t;4;, 1=
1,0,—1,...,2 —r} are used for an 1mp11c1t approximation of the nonlinear reaction term:

Aty 1 Aty 1

CAt, —CTH (1] ~ CAt—T) B (1T . T-T

e e " 'R(Utp+1))dT = e YR(U dt. 15
/ (Uta+1)) ‘Z Uns) | H,,r,-—r,- (15)
0 i=2—-r 0 Jj=2—r, j#i

The nonstiff advection term is highly nonlinear due to the WENO approximations. Different from the nonlinear reaction
term, we approximate the nonlinear term e C*F(U(t; + 7)) in (9) and (13) (see (14) for F) by an (r — 1)-th order Lagrange

polynomial with interpolation points at ty, ty—1, ..., tn+1—r. Hence it is approximated explicitly:
Aty 0 Aty 0
CAt, —CT (1] ~ CAL—=T) B ([]. . T
e=m e " "F(U(thy+1))dt ~ e VFU dr. 16
[eHOa )~ 3 G [ T] =7 (16)
0 i=1-r 0 J=1-r1, j#i

2.2.3. IIF schemes for ADR systems
Combining Egs. (9)-(16), we obtain the r-th order IIF scheme for ADR equations

0 0
Unyr = €A Un+Arn{an+1Te(Un+1)+ Y i€ CTORUn ) + Y Bugie AT F (Un i) (17)
i=2—r i=1-r
where the coefficients
Aty
i = —— / l—[ ", i=1,0,-1,...,2—1; (18)
0 J=2-r, j#i i
Aty g
ﬁnﬂ:A%n/‘ ]_[ ;_?jdr, i=0,-1,-2,....,1—r. (19)
o J=1-r, j#i

Specifically, the second order scheme (IIF2) is of the following form

Uns1 =AUy + Aty{n1R(Uns1) + ane A R(Up) + B eSOt An-DE Uy _1) + fre“An F (Up)), (20)
where
on = 1 Qny1 = 1 Bn-1=— Al . Ba= ! (Atn + Atp— 1)
2 2’ 2Ath_q At \ 2
And the third order scheme (IIF3) is

Un+1 = Al Un + Aty {Oln+1 I_é(f]n-i-l) + OfneCAtn }_é(ﬁn) + o1 eC(Atn+Atn71)k(0n—1)
+ P A AT HADE ([ o) 4 By_1eC AN TA-DE (U _q) + BreCANF (Up)), (21)
where

o _ 1 Aty n Atn_1
T Atn + Atp_) \ 3 2 )

1 Aty Atp_1
On = — + )
Atp_1 6 2

At?
GAtn—l (Atn—l + Atn) '

Op—1=—
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1 [Atﬁ Aty }

=1+ — + —(2Ath_1 + Aty—
& Atn (Al + Atip)| 3 T 2 A1t A-2)

Pn-1= ! Aty | B A1 + Aty )
n—-1= Aty Aty o 3 2 n—1 n-2) |»
P 1 (A_t,% AtnAtH)
Atn—Z(Atn—l + Atn—Z) 3 2

2.2.4. Krylov IIF schemes for ADR systems

Time step sizes in IIF schemes for ADR systems ((17), (20), (21)) are non-uniform in general. Hence products of a matrix
exponential and a vector need to be performed at every time step. Directly computing and storing exponential matrices for
two or three spatial dimensional problems at every time step are not practical for a typical computer. In order to efficiently
implement the IIF schemes for ADR systems ((17), (20), (21)), we use the Krylov subspace method [12,31] to approximate
the product of a matrix exponential and a vector, as that in the Krylov IIF schemes for solving reaction-diffusion systems [7].
First we briefly describe the Krylov subspace method to approximate the product of a matrix exponential and a vector, e.g.
eCALY. The large sparse matrix C is projected to the Krylov subspace

Km = span{v, Cv, C?v,...,cM~ 1y} (22)

The dimension M of the Krylov subspace is much smaller than the dimension N of the large sparse matrix C. In all numerical
computations of this paper, we take M = 25 for different N, and accurate results are obtained as shown in Section 4. The
well-known Arnoldi algorithm [42] generates an orthonormal basis Vy; = [v1, V2, V3, ..., vy] of the Krylov subspace Ky,
and an M x M upper Hessenberg matrix Hy. And this the very small Hessenberg matrix Hy; represents the projection of the
large sparse matrix C to the Krylov subspace K, with respect to the basis V. Since the columns of V), are orthonormal,
we have the approximation

C

eCAY ~ yVyetivite, (23)

where y = ||V||2, and e; denotes the first column of the M x M identity matrix Iy. Thus the large e“! matrix exponential

problem is replaced with a much smaller ef™2t problem. The small matrix exponential efMAf will be computed using a
scaling and squaring algorithm with a Padé approximation with only computational cost of 0(M?2), see [12,31,7]. Applying
the Krylov subspace approximation (23) to (17), we obtain the r-th order Krylov IIF scheme for ADR equations

Unt1 = Atn@ni1R(Unt1) + Yo.nVm,one Montine

-1
+ Aty (ﬂnJrlrylr,n VM,]7r,neHM’]_r‘n(Atnin_r)el + Z Yin VM,i,neHM'i'"(At"Ti)ﬁ), (24)

i=2—r

where Y0, = ||Un + Atn(ank(f]n) + ﬂn?(ﬁn))l|2, Vm.on and Hpyon are orthonormal basis and upper Hessenberg matrix
generated by the Arnoldi algorithm with the initial vector U, + Atn(ank(ﬁn) + ﬂr,l?(f]n)). Viern = ||I?(ljln+1,r)||2, VMAi—rn
and Hp,1—r,n are orthonormal basis and upper Hessenberg matrix generated by the Arnoldi algorithm with the initial vector
I?(ﬁn+1_r). Vin = ||an+iﬁ(ﬁn+i) —+ /Sn+iI?(l7n+i)||2, Vm.in and Hy ;pn are orthonormal basis and upper Hessenberg matrix
generated by the Arnoldi algorithm with the initial vectors an+i§(ﬁn+1) + ﬂn+iI?(l7n+i), fori=2-r,3—r,...,—1. Notice
that Vpon, Vmi1—rn and Vyin, i=2—r1,3 —r,...,—1 are orthonormal bases of different Krylov subspaces for the same
matrix C, which are generated with different initial vectors in the Arnoldi algorithm. The value of M is taken to be large
enough such that the errors of Krylov subspace approximations are much less than the truncation errors of the numerical
schemes (17). From our numerical experiments in this paper, we can see that our numerical schemes have already given
a clear accuracy order with a very small size M = 25, and M does not need to be increased when the spatial-temporal
resolution is refined. Specifically, the second order Krylov IIF scheme has the following form

(Aty)?
2Ath_1

- 1 .
Uns1 =5 AtR(Unt1) + YonVm,one/Moniine, (Y-1,0Vm,—1 pe!M-1n(AtntAI-1)e, ) (25)

where ypn = ||Un + Atn(%f?(ljln) + ﬁ(% + Atn,1)f:([7n))||2, Vm.o.n and Hpy o are orthonormal basis and upper Hes-

senberg matrix generated by the Arnoldi algorithm with the initial vector U, + Atn(%ﬁ(f]n) + Ati—l (% + Atn_1)1?(l7n)).
Y-1n= III?(l?n_1)||2, Vm,—1.n and Hy,—1,, are orthonormal basis and upper Hessenberg matrix generated by the Arnoldi

algorithm with the initial vector I?(l_)n_ﬂ. And the third order Krylov IIF scheme has the form
- _ 2Aty + 3Ath—1
T B(Aly + Aty_y)

2
+ Atn Z(Atn) + 3At" Atn*] y_z nVM 9 neHMfZ,n(Atn"’Atn—l+Atn—2)el
6Atn,2(Atn,1 + Atnfz) ’ T

Atn}_é(an+1) + Yon VM,O,neHM’O’”At"E]
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+ V—l,nVM.—1,n€HM"1'”(At"+AtH)61), (26)

where Yo, = [|Un + Atn(anﬁ(f]n) + ﬂnf(f/n))||2. Vm.o.n and Hp o are orthonormal basis and upper Hessenberg matrix
generated by the Arnoldi algorithm with the initial vector U, + Atn(otnk(f]n) + ﬂnl?(ﬁn)). Y—2n= ||7:(f]n,2)||2, Vm,—2.n and
Hp . —2,n are orthonormal basis and upper Hessenberg matrix generated by the Arnoldi algorithm with the initial vector
?(Un_z). Yin= ||an_1§(ﬁn_1) +,3n_1f:(ﬁn_1)||2, Vm,—1.n and Hpy, —1,n are orthonormal basis and upper Hessenberg ma-
trix generated by the Arnoldi algorithm with the initial vectors an_1§(l7n_1) + ﬁn_1I?(Un_1). See Eq. (21) for values of
on, Bn, o1, Bn—1.

Remark. We would like to emphasize that in the implementation of the methods, we do not store matrices C or C,, because
only multiplications of matrices C or C, with a vector are needed in the methods, and they correspond to certain finite
difference operations.

Remark. We would like to emphasize that in our Krylov IIF schemes (24), (25), (26) for ADR systems, the “local implicit”
property of the original IIF schemes in [33] is preserved well. Namely, the implicit terms are free of the exponential oper-
ation. As a result, the implicit nonlinear system is decoupled for each spatial grid point. The size of the implicit nonlinear
system at every spatial grid point only depends on the number of the original PDEs. This “local implicit” property provides
a key factor for the linear computational complexity of our high order Krylov IIF schemes, as shown in the numerical ex-
periments section. The small size implicit nonlinear system can be efficiently solved by a fixed-point iteration method [33]
or a Newton iteration method [7].

3. Linear analysis
Similar to the previous approaches [36,41,33,44|, we perform linear analysis for the new IIF schemes (20) and (21).
3.1. Truncation error

In the spatial direction a third order WENO scheme is applied to the advection term, and a second order central differ-
ence scheme (when IIF2 is used) or a fourth order central difference scheme (when IIF3 is used) is applied to the diffusion
term. Hence the overall spatial discretization is of order two or order three. We focus on analyzing the truncation errors
of the IIF2 scheme (20) and the IIF3 scheme (21) for ADR systems, i.e., the local temporal truncation errors. Consider the
following linear semi-discretization system

du

n = Au+ Du+ Ru, (27)
where A, D, and R are matrices derived from linear spatial discretizations of advection, diffusion and reaction terms of a
linear ADR system respectively, and u is the vector of unknown numerical values. First, we apply the IIF2 scheme (20) to
the system (27) to obtain u,4 in terms of u, and u,_1:

-1 -1
R R 3A At R
Upi1 = (1 — EAt) eDAf<1 + S At+ 7At)un - <1 - EAt) e?PA Ay, . (28)

To derive the local truncation error, we substitute the exact solution of (27) into the right-hand side of Eq. (28) and use
Taylor expansion. Denoting the exact solution of (27) by u(t), we replace u, and u,_; by the exact solution values u(ty)
and u(t,_1) in (28). Since u(t,_1) = e~ ATD+RALy (¢}, we obtain

R R\* p? R 3A
Upp1 = I+5Af+ 5 At —+ - I+DAt+7At =+ .- I+5At+7At l.l(tn)

At R
- —<1+ —At—i—m)(l+2DAt+---)A(I+(—A—D — R)At+--)u(ty)

2 2
=(1+(R+D+3A)At+(R2+D2+}w+3RA+m+3M>At2+--->u(tn)
2 27272 "4 2 "2
—<éAt+(M—i—DA—A—Z—E—ﬂ>At2+~->u(tn)

2 4 2 2 2

(A+D+R)?

= (H—(A+D+R)At+ At2+--->u(tn). (29)

Hence, the local truncation error of the second order IIF method (20) is
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2
Similarly for the third order scheme (21) for ADR systems, we apply it to the system (27) to obtain

5R \"' parf. 2R 23A
U1 =|(1—-—=At e I+ — At+—At u,

2
(1 FA+D+ R AFPDHRT o ~>u(tn) — eWHDHRA Yy () = 0 (AC)u(ty). (30)

12

-1 -1
5R R 4A 5R 5A
— (1 — EAt) EZDAt<12At+ ?At>u11 1+ At([ — EAt) eBDAtEun,z. (31)

Using the exact solution of (27), we replace u,_; by e~ (A*+P+RAlyt ) and u,_, by e 2A+D+R ALyt ) and use Taylor
expansion to obtain

Wy = 1+5Rm+ oR At2+ oR 3At3+ I+DAt+D2At2+D3At3+
= 12 12 12 2 6

I+2RAt+23AAt u(ty) — +5RAt+ oR At + oR Ar3+
% R 234 o
3 12 " 12 12 12

[+ 2DAt + 4D* At2+8D3At3+ RAt+4AAt
% b ob~ a4
2 6 12 3

(=D—-A-R))

x(I+(-D—-A- R)At—i—fAtz—H--)u(tn)

+ 1+ At+ >R At2 +- I+3DAt+ 9D° At? + 27D3At3 + oA
12 2 6 12
( ((=2D —2A —2R)?)

2

2 3
MAH_F(A“%R)AR_F...)U(%)_ (32)

x| I+ (=2D —2A -2R)At +

A%+ - ~>u(tn)

:(1+(A+D+R)At+

Hence, the local truncation error of the third order IIF method (21) is

A+D+R)? A+D+R)3
<I+(A+D+R)At+( + 2+ ) At2+( + 6+ ) At3+-~->u(tn)—e(A+D+R)Atu(tn):O(At4)u(tn).

(33)

3.2. Linear stability

In order to analyze the linear stability of the IIF methods for ADR equations, we consider the following scalar linear test
equation

Ur=au—du-+ru, withreclC, anda,deR, d=> 0. (34)

Similar to the stability analysis approaches in [33,44], we will show boundaries of the stability regions in the complex plane
for rAt, a family of curves for different values of dAt and aAt, for the second and third order methods. In the context of
solving advection-diffusion-reaction equation, a and d actually represent spatial discretizations for the advection term and
the diffusion term respectively.

Applying the second order IIF (20) to Eq. (34), then substituting u, = e into the resulting equation, we obtain

A ; A3 a
1—Z |e?? =e~d0t( 1 ZaAt |el? — = Ate= AL 35
( 2) +5+3 5 (35)
where A =rAt has a real part A, and imaginary part A;. Therefore, the equations for A, and A; are
_ B1Cy — BaCy
" A1By — A3By’
36
' A1Cy — Ar(q (36)
"7 A2By — A1By’

where
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Fig. 1. Linear stability regions of the second order IIF scheme (20) for different values of dAt under a fixed value of aAt. (a) aAt =1.0; (b) aAt =10.0;
(c) aAt =—1.0; (d) aAt =—10.0.

1 1
Ay =e 95" cosh + — cos 26,
! 2 *3

1 1
By = —e 92 _ging — —sin20,
2 2
a —2dAt | ,—dAt 3
C1=—5Ate +e 1+§aAt cosf — cos 26,
(37)
Ay = e’dm1 sin@ + 1 sin20
2 2 ’

1 1
By =e 92~ cosf + = cos26,
2 2 )

3
Cy= e‘dm<1 + EaAt> sin® — sin 26.

We first study stability regions in the complex plane of rAt for different values of dAt under a fixed value of aAt. We
choose four different values aAt = 1.0, aAt =10.0, aAt = —1.0 and aAt = —10.0 as examples. Based on analyzing the roots
of the characteristic polynomials of (35), the stability regions always include the point A = (—20, 0) for any values of dAt
used in Fig. 1. From Fig. 1 we see that for a fixed aAt, the stable region becomes bigger with the increase of the value of
dAt. Next we plot stability regions for different values of aAt under a fixed value of dAt. dAt =1.0, dAt =2.0, dAt =10.0
and dAt = 20.0 are chosen as examples. Again, analysis of the characteristic polynomials shows that the point A = (—10, 0)
is always included in the stable regions for the chosen values of dAt. See Fig. 2 for the stability regions of this case. From
Fig. 2 we see that for a fixed dAt, the stable region becomes smaller with the increase of the value of |a|At. We conclude
that the diffusion term tends to stabilize the scheme, while the advection term gives constraints on time step sizes. Due to
the implicit property of the scheme, the stability regions are quite large and often include the whole left complex plane,
with a relative big size diffusion parameter d and mild size advection parameter a.

Next, we analyze the third order IIF scheme (21) for ADR systems. Using the same approach, we apply the third order
IIF scheme (21) to Eq. (34), then substitute u, = e into the resulting equation and obtain the equation for A:

5 ; 2 23 . A 4 ) 5
<1 - ﬁx>e3’9 = e dAt (1 +3h+ 5aAt>e2’9 - e‘”“(a + gaAt>e’9 + ﬁaAte_MAt. (38)

The equations for the real part A, and the imaginary part A; are
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Fig. 2. Linear stability regions of the second order IIF scheme (20) for different values of aAt under a fixed value of dAt. (a) dAt =1.0; (b) dAt =2.0;

(c) dAt =10.0; (d) dAt = 20.0.

B1Cy — B3(Cq
A= ——T—
A1B; — A3B,4

o A1Cy — Ary(Cq
" AB1 — A1By’

where

2 1 5
Ay = e Bl o520 — —e 2dA o5 + — cos 30,
3 12 12

2 1 2
By =—Z-e 975in20 + —e2dAging — =~ sin30,
3 12 12

23 4 5
Ci= <l + EaAt)e_dN cos26 — §aAte_2dAt cosf + ﬁaAte_wm — cos 36,

2 1 2
Ay =—Ze 90 sin20 + —e 292 sing — — sin 36,
3 12 12

2 1 5
By, = e 98l o029 — —e 200 o509 + =~ (0530,
3 12 12

23 4
Cy= (1 + EaAt)e_dAt sin20 — gaAte_z‘mt sing — sin36.

The stability regions are plotted in Figs. 3 and 4. Fig. 3 shows the stability regions for different values of dAt under a fixed
value of aAt: aAt =1.0, aAt =10.0, aAt = —1.0 and aAt = —10.0. In this case, the point A = (=50, 0) is always included in
the stable regions. Fig. 4 shows stability regions for different values of aAt under a fixed value of dAt: dAt =1.0, dAt = 2.0,
dAt =10.0 and dAt = 20.0. The point A = (—40, 0) is always included in the stable regions under these parameters. The
same conclusion as the IIF2 case can be drawn by analyzing Figs. 3 and 4. In general, the IIF2 scheme has bigger stability
regions than the IIF3 scheme.

4. Numerical experiments

In this section we present numerical examples to show the stability, accuracy and efficiency of the Krylov IIF-WENO
methods for solving nonlinear advection-diffusion-reaction PDEs. The methods are firstly tested on a set of problems with
exact solutions. Then application of the methods to a biological system will be shown. The Krylov subspace dimension M is
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Fig. 3. Linear stability regions of the third order IIF scheme (21) for different values of dAt under a fixed value of aAt. (a) aAt = 1.0; (b) aAt =10.0;
(c) aAt =—1.0; (d) aAat =—10.0.
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Fig. 4. Linear stability regions of the third order IIF scheme (21) for different values of aAt under a fixed value of dAt. (a) dAt =1.0; (b) dAt =2.0;
(c) dAt =10.0; (d) dAt =20.0.
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Table 1
Example 1, the two-dimensional equation (41). CPU time, error, and order of accuracy of the Krylov IIF2 and IIF3 methods with the third order WENO
spatial discretization for the advection term. Final time T =1.0. N is the number of grid points in each spatial direction.

Krylov IIF2

N L error L order L' error L' order CPU time (seconds)
20 9.28E-2 - 4.28E-2 - 0.56

40 3.48E-2 142 1.52E-2 149 2.65

80 1.03E-2 176 4.50E-3 1.76 10.02

160 2.90E-3 1.83 1.30E-3 1.79 77.62
320 7.50E-4 1.95 3.29E-4 1.98 623.96

Krylov 1IF3

N L error L*° order L' error L' order CPU time (seconds)
20 4.13E-2 - 2.25E-2 - 1.00

40 111E-2 1.90 5.40E-3 2.06 3.90

80 2.10E-3 2.40 9.66E-4 2.48 24.58

160 3.23E-4 2.70 1.49E-4 2.70 123.38

320 4.43E-5 2.87 2.03E-5 2.88 990.98

taken to be M =25 in all examples unless otherwise indicated for some tests. From numerical experiments we can observe
that large time step sizes are achieved in numerical computations of advection-diffusion-reaction systems. Here large time
step size means that the time step size is only restricted by the CFL condition constraint of the nonstiff advection term (the
hyperbolic part), which is treated explicitly. Hence the time step size At = O(Ax) as that in solving a pure hyperbolic PDE.
The Krylov IIF methods for ADR PDEs are multistep methods. To start the computations at the first few time steps, we use
the TVD Runge-Kutta methods [39]. Specifically, the second order TVD Runge-Kutta method is used for the first time step
in IIF2, and the third order TVD Runge-Kutta method is used for the first and the second time steps in IIF3. The second
order central scheme (7) is used for the diffusion terms when the IIF2 is applied, and the fourth order central scheme (8)
for the diffusion terms is coupled with the IIF3 scheme.

Example 1 (Semilinear equations). We first test the methods for solving semilinear ADR equations on two and three spatial
dimensions. The two-dimensional equation is

2
u(x,y,0)=sin(x+y), 0<x,y<2m,

1 1 .
ut+<—u2> +<§u2) = U+ Uyy +2u+cos(x+ y +6)(1+2sin(x+ y +1)), (41)
X y

with periodic boundary conditions, and the exact solution is u(x, y,t) = sin(x + y + t). The three-dimensional equation is

1 1 1
ur + —u2) + —u2) +( zu?
2 ), \2 ), "\2" ),

= U+ Uyy + Uz +3u+cosx+y +z+)(143sinx+ y +z+1)),
u(x,y,z,0)=sin(x+y+z), 0<xy,z<2m,

(42)

with periodic boundary conditions, and the exact solution is u(x, y, z,t) = sin(x + y + z + t). The computation is carried up
to T = 1.0 with M =25 at which the L' and L™ errors are measured. The CFL number for the advection term is taken to
be CFL =0.5. CPU time, error, and order of accuracy of the Krylov IIF2 and IIF3 methods with the third order WENO spatial
discretization for the advection term are reported in Table 1 for the two-dimensional equation (41), and Table 3 for the
three-dimensional equation (42). We can observe that we obtain desired accuracy orders for both cases.

Now we analyze the computational cost. In the computation, the time step size At = O(Ax). This is consistent with
our goal of using a large time step size proportional to the spatial grid size for a stable and accurate computation of a
parabolic PDE. In each time step, the major CPU times are spent in WENO procedure, the Arnoldi algorithm for generat-
ing orthonormal basis and upper Hessenberg matrix in Krylov subspace approximation, and matrix-vector products in the
schemes (25), (26). Computational costs associated with each of these procedures linearly depend on the total number of
spatial grid points. For example, a two-dimensional problem has N2 spatial grid points, where N is the number of grid
points in each spatial direction. The WENO procedure performs approximations to the numerical fluxes, and its operations
at a grid point are a constant which only depends on the number of points in the stencil (it is 4 for the third order WENO
scheme). So the cost of WENO procedure is O (N2). In the Arnoldi procedure, because the dimension of the Krylov subspace
approximation is a constant M (M = 25 here), the total operation for forming the N? x M orthonormal basis matrix and
M x M upper Hessenberg matrix is O (M - N?). For matrix-vector products in the schemes (25) and (26), the total operation
is still O(M - N2). Hence in each time step, the total operation is O(N2) for a two-dimensional problem. Similarly, it is
O(N3) for a three-dimensional problem. Since time step size At = O(Ax), the total computational cost linearly depends
on the total number of spatio-temporal grid points. All computations in this paper are implemented by MATLAB codes.
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Table 2
CPU time (seconds) Analysis for Example 1, the two-dimensional equation (41).
Krylov IIF2
N Total CPU WENO Krylov Others
20 0.56 0.18 0.12 0.26
40 2.65 1.48 0.38 0.79
80 10.02 5.94 1.19 2.89
160 77.62 44.75 10.57 22.30
320 623.96 358.59 100.77 164.60
Krylov IIF3
N Total CPU WENO Krylov Others
20 1.00 0.20 0.25 0.56
40 3.90 1.63 0.82 1.46
80 24.58 10.90 4.99 8.69
160 123.38 55.47 25.46 42.45
320 990.98 432.82 240.63 317.52

Table 3
Example 1, the three-dimensional equation (42). CPU time, error, and order of accuracy of the Krylov IIF2 and IIF3 methods with the third order WENO
spatial discretization for the advection term. Final time T =1.0. N is the number of grid points in each spatial direction.

Krylov IIF2
N L error L*® order L' error L' order CPU time (seconds)
10 9.54E-2 - 4.44E-2 - 2.85

20 3.54E-2 143 1.54E-2 153 13.81

40 1.49E-2 1.25 7.40E-3 1.06 154.80

80 4.28E-3 1.80 2.18E-3 1.76 2400.61
160 113E-3 1.92 5.76E-4 1.92 41444.05
Krylov IIF3

N L error L order L' error L' order CPU time (seconds)
10 1.70E-1 - 8.38E-2 - 2.45

20 2.74E-2 2.63 117E-2 2.84 17.38

40 2.12E-3 3.69 1.02E-3 3.52 232.13

80 2.70E-4 2.97 1.37E-4 2.90 3274.94

160 4.00E-5 2.75 1.90E-5 2.85 54347.57

The CPU time observed in our implementation asymptotically approximates the linear dependence on the total number of
spatio-temporal grid points. This is possibly due to the overhead time expenses and automatic code optimization of MATLAB
program platform. We list CPU times of major procedures for the two-dimensional problem in Table 2. We can see that for
a bigger N, the linear dependence is more obvious for every part of the computation.

Example 2 (Fully nonlinear equations I). We test the methods for solving fully nonlinear ADR equations. First we solve the
one-dimensional ADR equation with a nonlinear diffusion term

[ut = (Uly)x —Ux+u—1—0.25c0s(2x — 2t), 0<x<2m, (43)

u(x,0) =1+ 0.5sin(x),

with periodic boundary condition, and the exact solution is u =1+ 0.5sin(x —t). As an example to show the structure of a
Jacobian matrix in IIF schemes for fully nonlinear problems, the Jacobian matrix by using the second order central difference
scheme (7) in the IIF2 scheme for this case is

_2u uy uy
h2 I122 0 0 0 h2
uq up us
W 0 0
up us Ug
G=| 0 B " @ 0 0
ujq UN—1 2un
0 0 0 L 2 e

Again, we do not need to store the matrix Cy, but just perform corresponding operations. The two-dimensional equation is

{u[ =V.(@uVu) - 0.5y +uy)+2u—05c0s(2x+2y —2t) -2, 0<x,y<2m, (44)

u(x,y,0)=1+40.5sin(x+ y),
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Table 4
Example 2, the one-dimensional equation (43). CPU time, error, and order of accuracy of the Krylov IIF2 and IIF3 methods with the third order WENO
spatial discretization for the advection term. Final time T =1.0. N is the number of grid points.

Krylov IIF2 for nonlinear problems At = 0.4h

N L error L order L' error L' order CPU time (seconds)
10 3.37E-2 - 1.76E-2 - 017
20 1.91E-2 0.82 8.00E-3 114 0.25
40 6.30E-3 1.60 2.80E-3 1.51 0.48
80 1.70E-3 1.89 7.95E-4 1.82 1.87

160 4.50E-4 192 2.12E-4 1.91 413

320 1.18E-4 193 5.50E-5 1.95 9.13

Krylov IIF3 for nonlinear problems At = 0.3h

N L error L order L' error L' order CPU time (seconds)
10 5.69E-2 - 1.87E-2 - 0.22
20 1.08E-2 2.40 3.40E-3 2.46 0.50
40 1.30E-3 3.05 4.80E-4 2.82 1.58
80 1.52E-4 310 5.83E-5 3.04 9.66

160 2.01E-5 2.92 7.41E-6 2.98 27.89

320 2.60E-6 2.95 9.42E-7 2.98 84.99

Table 5

Example 2, the one-dimensional equation (43). CPU time, error, and order of accuracy of the IIF2 and IIF3 methods with the third order WENO spatial
discretization for the advection term. Final time T =1.0. N is the number of grid points. Krylov subspace approximation is not used.

IIF2 for nonlinear problems (no Krylov) At = 0.4h

N L*° error L*° order L' error L' order CPU time (seconds)
20 1.92E-2 - 8.10E-3 - 0.23
40 6.40E-3 159 2.80E-3 1.53 0.56
80 1.80E-3 183 8.03E-4 1.80 1.38

160 4.59E-4 197 2.15E-4 1.90 7.36

320 1.19E-4 195 5.54E-5 1.96 33.12

1IF3 for nonlinear problems (no Krylov) At =0.3h

N L error L*® order L' error L' order CPU time (seconds)
20 1.08E-2 - 3.40E-3 - 0.30
40 1.30E-3 3.05 4.80E-4 2.82 0.72
80 1.52E-4 3.10 5.83E-5 3.04 3.18

160 2.01E-5 292 7.41E-6 298 14.98

320 2.60E-6 295 9.42E-7 298 81.85

with periodic boundary condition, and the exact solution is u =1+ 0.5sin(x+ y —t). CPU time, error, and order of accuracy
of the Krylov IIF2-WENO and IIF3-WENO methods are reported in Table 4 for the one-dimensional equation (43), and Table 6
for the two-dimensional equation (44). We can observe that we obtain desired accuracy orders for this fully nonlinear
problem. Similar as Example 1, the large time step size At = O(Ax) is obtained for a stable and accurate computation of
a nonlinear parabolic PDE. The CPU time approximately linearly depends on the number of spatio-temporal grid points.
For the one-dimensional problem (43), we can directly compute the exponential matrix without using Krylov subspace
approximations since the matrix size is not too big. The exponential matrix can be computed and stored before the time
evolution process. The new numerical results are shown in Table 5. We can see that the numerical accuracy and CPU times
are comparable for these two different approaches.

Remark. When time step sizes are a constant, the approach of computing and storing exponential matrix before the time
evolution process (e.g. in the original IIF methods [33] or the compact IIF methods [34]) is an efficient way for semilinear
reaction-diffusion systems. However, for two-dimensional or three-dimensional problems with nonlinear diffusion or non-
linear advection terms, it is too expensive to compute exponential matrices as that in the original IIF methods since it is
not straightforward to apply the compact IIF methods to deal with high dimensionality associated with the nonlinear term

>

F (see Eq. (14)) in the scheme (17). The Krylov subspace approximation as that in the scheme (24) needs to be used.

Example 3 (Fully nonlinear equations II). We test the methods for solving fully nonlinear ADR equations with nonlinear lower
order terms including nonlinear advection and reaction.

1 1
ut+<§u2) +<5u2) =V-@Vu) —u’+ f(x,y,0), 0<xy<2m,
X y

u(x,y,0)=1+0.5sin(x+y),

(45)



382 T. Jiang, Y.-T. Zhang / Journal of Computational Physics 253 (2013) 368-388

Table 6
Example 2, the two-dimensional equation (44). CPU time, error, and order of accuracy of the Krylov IIF2 and IIF3 methods with the third order WENO
spatial discretization for the advection term. Final time T =1.0. N is the number of grid points in each spatial direction.

Krylov IIF2 for nonlinear problems At = 0.2h

N L error L order L' error L' order CPU time (seconds)
10 2.73E-2 - 1.51E-2 - 0.41
20 1.57E-2 0.80 8.20E-3 0.88 1.15
40 5.80E-3 144 2.90E-3 1.50 5.42
80 1.70E-3 177 8.61E-4 175 21.20
160 451E-4 1.91 2.33E-4 1.89 128.51
320 118E-4 1.93 6.06E-5 1.94 1136.50
Krylov IIF3 for nonlinear problems At = 0.2h
N L error L order L' error L' order CPU time (seconds)
10 3.61E-2 - 1.36E-2 - 4.25
20 7.90E-3 219 3.20E-3 2.09 28.59
40 1.60E-3 2.30 6.09E-4 2.39 175.43
80 2.71E-4 2.56 9.82E-5 2.63 1102.31
160 4.21E-5 2.69 1.45E-5 2.76 8304.21
320 5.87E-6 2.84 1.97E-6 2.88 61444.01
Table 7

Example 3, the fully nonlinear equation (45). CPU time, error, and order of accuracy of the Krylov IIF2 and IIF3 methods with the third order WENO spatial
discretization for the advection term. Final time T =1.0. N is the number of grid points in each spatial direction.

Krylov IIF2 for nonlinear problems At = 0.2h

N L™ error L> order L' error L' order CPU time (seconds)
10 4.45E-2 - 2.53E-2 - 1.03
20 1.68E-2 141 7.07E-3 1.84 4.48
40 5.73E-3 155 2.43E-3 1.54 10.15
80 1.63E-3 1.81 715E-4 1.76 29.53
160 4.43E-4 1.88 1.96E-4 1.87 125.28
320 1.16E-4 1.93 5.06E-5 1.95 1047.63
Krylov IIF3 for nonlinear problems At =0.1h
N L error L*® order L' error L' order CPU time (seconds)
10 5.53E-2 - 2.84E-2 - 23.26
20 5.77E-3 3.26 1.80E-3 3.98 85.78
40 443E-4 3.70 1.78E-4 334 232.77
80 5.45E-5 3.02 1.99E-5 3.16 2201.50
160 7.06E-6 2.95 2.46E-6 3.02 11052.31
320 9.22E-7 294 3.14E-7 297 126876.71

with periodic boundary condition.

fx,y,t) =1.125—0.625c0os(2x + 2y — 2t) + 0.25sin(2x + 2y — 2t) + 0.5cos(x + y —t) + 2sin(x + y — t),

and the exact solution is u =1+ 0.5sin(x + y — t). For this problem in which all spatial terms are nonlinear, the Krylov
[IF2-WENO and IIF3-WENO schemes perform similarly as in the previous examples, as shown in Table 7. Again, the large
time step size At = O(Ax) is obtained.

Remark. Here we test the method in dealing with nonlinear diffusions, and the large time step size At = O(Ax) is obtained
for a stable and accurate computation of fully nonlinear parabolic PDEs. We would like to emphasize the novelty of the IIF
method developed in this paper and its potential to be applied to nonlinear diffusion models in application problems.

Example 4 (A system with exact solution). We consider an advection-diffusion-reaction system on two- and three-dimensional
domains £2 = (0, 27[)" C R¥ for k =2, 3, where k denotes the spatial dimension. The system was used to test different IIF
schemes in [33,34,44]. The two-dimensional system has the following form

[Ut+(a/2)(ux+uy)=(d/z)(uxx+uyy)—bu-l—v, (46)
Ve +(a/2) (v + vy) = (d/2)(Vxx + Vyy) — CV,

with periodic boundary conditions. For the initial condition

Ult=0 =2 cos(x + y), V=0 = (b —¢) cos(x + y),
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Table 8
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Example 4, the 2D case (46). Comparison of CPU time, error, and order of accuracy of the Krylov IIF2 method with the RK2 method. Results by two different
Krylov subspace dimension M =25 and M =10 are compared. Final time T =1.0. N is the number of grid points in each spatial direction.

Krylov IIF2 At =0.5Ax, M =25

N L error L order L' error L' order CPU time (seconds)
20 3.40E-1 - 1.90E-1 - 0.81
40 7.22E-2 2.24 4.52E-2 2.07 3.31
80 1.54E-2 2.23 1.08E-2 2.07 17.04
160 4.03E-3 1.93 2.68E-3 2.01 117.82

Krylov IIF2 At =0.5Ax, M =10

N L*° error L*° order L' error L' order CPU time (seconds)
20 3.40E-1 - 1.90E-1 - 0.69
40 7.23E-2 2.23 4.52E-2 2.07 3.04
80 1.54E-2 223 1.07E-2 2.08 15.24
160 4.00E-3 1.94 2.70E-3 1.99 99.73

RK2 At =0.05Ax?

N L error L*® order L' error L' order CPU time (seconds)
20 1.40E-1 - 5.58E-2 - 10.57
40 2.08E-2 2.75 9.63E-3 2.53 157.35
80 4.74E-3 213 2.81E-3 178 2623.07
160 1.27E-3 190 9.08E-4 1.63 39789.26
Table 9

Example 4, the 2D case (46). Comparison of CPU time, error, and order of accuracy of the Krylov IIF3 method with the RK3 method. Results by two different
Krylov subspace dimension M =25 and M = 10 are compared. Final time T =1.0. N is the number of grid points in each spatial direction.

Krylov IIF3 At =0.5Ax, M =25

N L error L*° order L' error L' order CPU time (seconds)
20 1.40E-1 - 5.16E-2 - 1.40
40 3.03E-2 2.21 9.43E-3 245 4.77
80 4.25E-3 2.83 1.25E-3 2.92 24.84

160 4.08E-4 3.38 1.49E-4 3.07 167.62

Krylov IIF3 At =0.5Ax, M =10

N L*° error L*° order L' error L' order CPU time (seconds)
20 1.40E-1 - 5.16E-2 - 0.75
40 3.03E-2 2.21 9.43E-3 2.45 343
80 4.21E-3 2.85 1.25E-3 2.92 15.87
160 4.08E-4 3.37 1.49E-4 3.07 108.55

RK3 At =0.05Ax?

N L error L order L' error L' order CPU time (seconds)
20 2.30E-1 - 1.00E-1 - 15.12
40 4.32E-2 2.41 1.59E-2 2.65 235.26
80 5.21E-3 3.05 1.94E-3 3.03 3820.41
160 4.89E-4 341 1.96E-4 331 59435.53

the system has the following exact solution
{ ux, y, t) = (e~ O+ 4 o= (D) cos(x 4 y —at),
v(x, y,t) = (b —c)e” D cos(x + y — at).

The three-dimensional system has the following form

ur +(a/3)(uy +uy +uz) =(d/3)Au—bu +v,
Ve +(@/3)(vx+ vy +vy) = (d/3)Av —cv,

with periodic boundary conditions. For the initial condition
Ult=p =2cos(x+ y + 2), V|i=o= (b —c)cos(x+y + 2),
the exact solution of the system is

{ ux, y,z,t)= (e’(b“’)t + e’(”d)t) cos(x+y +z—at),
v(x,y,z,t) = (b —c)e” TV cos(x + y + z — at).

(47)

(48)

(49)
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Table 10
Example 4, the 3D case (48). Comparison of CPU time, error, and order of accuracy of the Krylov IIF2 method with the RK2 method. Results by two different
Krylov subspace dimension M =25 and M = 10 are compared. Final time T =1.0. N is the number of grid points in each spatial direction.

Krylov IIF2 At =0.5Ax, M =25

N L error L order L' error L' order CPU time (seconds)
20 3.40E-1 - 1.90E-1 - 9.70
40 6.98E-2 2.28 4.48E-2 2.08 107.14
80 1.60E-2 213 1.08E-2 2.05 1670.04

160 4.16E-3 1.94 2.70E-3 2.00 28334.59

Krylov IIF2 At =0.5Ax, M =10

N L*° error L*° order L' error L' order CPU time (seconds)
20 3.40E-1 - 1.90E-1 - 8.67
40 6.98E-2 2.28 4.48E-2 2.08 55.71
80 1.60E-2 213 1.08E-2 2.05 786.83

160 4.16E-3 194 2.70E-3 2.00 8914.14

RK2 At =0.05A%°

N L error L>® order L' error L' order CPU time (seconds)
20 3.70E-1 - 1.50E-1 - 34.06

40 6.51E-2 2.51 3.05E-2 2.30 1092.90
80 1.38E-2 2.24 6.92E-3 214 35741.64

160 3.60E-3 194 1.89E-3 1.87 1109337.77

Table 11

Example 4, the 3D case (48). Comparison of CPU time, error, and order of accuracy of the Krylov IIF3 method with the RK3 method. Results by two different
Krylov subspace dimension M =25 and M =10 are compared. Final time T =1.0. N is the number of grid points in each spatial direction.

Krylov IIF3 At =0.5Ax, M =25

N L error L order L' error L' order CPU time (seconds)
20 1.40E-1 - 5.15E-2 - 9.98
40 2.89E-2 2.28 9.07E-3 2.51 149.02
80 3.60E-3 3.01 1.10E-3 3.04 2368.60
160 3.18E-4 3.50 1.38E-4 2.99 42642.81
Krylov IIF3 At =0.5Ax, M =10
N L*° error L*° order L' error L' order CPU time (seconds)
20 1.40E-1 - 5.15E-2 - 9.08
40 2.89E-2 2.28 9.07E-3 2,51 77.57
80 3.58E-3 3.01 1.10E-3 3.04 1036.74
160 3.19E-4 3.49 1.38E-4 2.99 16017.44
RK3 At =0.05A%°
N L error L order L' error L' order CPU time (seconds)
20 2.30E-1 - 1.00E-1 - 171.20
40 4.03E-2 2.51 1.54E-2 2.70 5527.97
80 441E-3 3.19 1.76E-3 313 172885.29
160 4.32E-4 335 2.06E-4 3.09 5411307.32

The parameters are chosen as a=c=d =1 and b =100 to give stiff reaction terms. The final time T = 1.0 for both the 2D
problem and the 3D problem. We compare the performance of Krylov IIF2 and Krylov IIF3 methods with a second order and
a third order Runge-Kutta methods. Results by two different Krylov subspace dimension M = 25 and M = 10 are compared.
See Tables 8, 9, 10, 11 for computation results. Designed second or third order accuracy is obtained for different second
order or third order methods. In this example, we can see that Krylov IIF methods by using two different Krylov subspace
dimensions M =25 and M = 10 generate similar numerical errors. This fact shows that the numerical errors generated
by Krylov subspace approximations are much smaller than those from the truncation errors of numerical schemes. And
the computation is more efficient by using M = 10. Especially for the 3D problem, much less CPU time is needed in the
simulation by using the smaller Krylov subspace. Again, we can see that Krylov IIF methods have a linear computational
complexity, based on the facts that the CPU time approximately linearly depends on successively refined spatio-temporal
meshes, and the time step size At = O (Ax). For the regular Runge-Kutta methods, At = O (Ax)? is needed for the stability
of the computations. From the tables, we can observe that much less CPU time is needed by using Krylov IIF methods to
reach a similar level numerical error. Hence Krylov IIF methods are much more efficient than the Runge-Kutta methods
used in this example.
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Fig. 5. Example 5, nonlinear viscous Burgers’ equation. Simulation on a 80 x 80 mesh by the Krylov IIF2-WENO scheme. Time T = 5/72. Left pictures: the
viscous coefficient d = 1.0; right pictures: the viscous coefficient d = 0.01. Top: contour plots; middle: 1D cutting-plot along x = y; bottom: 3D surface
plots of the solutions.

Example 5 (Nonlinear viscous Burgers’ equation). We consider the two-dimensional nonlinear viscous Burgers’ equation

u? u?
U+ —) +{ =) =dAu, —-2<x
2/, \2/,

u(x,y,0)=0.3+0.7 sin(%(x + y)>,

/N
»
|
)
/N
<
N
N

(50)

with periodic boundary condition. d is the viscous coefficient. The Krylov IIF2-WENO scheme is used to solve the PDE to
T =5/m2. In this example, we test the performance of the scheme for convection-diffusion equations without/with the
convection dominated property, by taking d = 1.0 and d = 0.01. The simulation results are reported in Fig. 5. We can see
that while the solution is very smooth for d = 1.0 (the left pictures), a sharp gradient is developed for the convection
dominated case d = 0.01 (the right pictures). We can observe that the non-oscillatory property of the WENO scheme is
preserved well for the convection dominated problem, under this new Krylov IIF time discretization technique.
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Table 12
Example 6, Schnakenberg model. CPU time, error, and order of accuracy of Krylov IIF2-WENO and Krylov IIF3-WENO. M is the Krylov subspace dimension.
T=1.0.

Krylov IIF2 M = 25

At L error L order L' error L' order CPU time (seconds)
5.00E-4 4,00E-1 - 4.25E-2 - 489.72

2.50E-4 1.20E-1 178 1.34E-2 1.67 984.18

1.25E-4 3.07E-2 1.93 3.70E-3 1.87 1877.40

6.25E-5 7.80E-3 1.97 9.66E-4 1.94 3694.10

Krylov IIF2 M =10

At L*® error L* order L' error L' order CPU time (seconds)
5.00E-4 4.00E-1 - 4.25E-2 - 346.98

2.50E-4 1.20E-1 1.78 1.34E-2 1.67 705.81

1.25E-4 3.07E-2 193 3.70E-3 1.87 1398.62

6.25E-5 7.80E-3 1.97 9.66E-4 1.94 2647.90

Krylov IIF3 M = 25

At L error L* order L' error L' order CPU time (seconds)
5.00E-4 2.50E-1 - 2.68E-2 - 552.23

2.50E-4 4.95E-2 2.31 5.50E-3 2.28 1132.90

1.25E-4 7.80E-3 2.67 8.45E-4 2.70 2283.80

6.25E-5 1.10E-3 2.87 1.13E-4 2.90 4668.20

Krylov IIF3 M =10

At L error L order L' error L' order CPU time (seconds)
5.00E-4 2.40E-1 - 2.68E-2 - 333.20

2.50E-4 4.95E-2 2.31 5.50E-3 2.28 669.93

1.25E-4 7.80E-3 2.67 8.45E-4 2.70 1436.80

6.25E-5 1.10E-3 2.87 1.13E-4 2.90 2837.40

Example 6 (Schnakenberg model). The Schnakenberg system [37] has been used to model the spatial distribution of a mor-
phogen, e.g., the distribution of calcium in the hairs of the whorl in Acetabularia [13]. It is also a classical example for the
testing of numerical methods for solving reaction-diffusion models in mathematical biology. The Schnakenberg system with
an advection term has the form

aC aC aC
S+ — 4+ —2 =D1V2Co+k(a—Co+ CIC),
ot " ax " ay (51)
aC; aC; aC; 2 2
— +—=D,V*Ci+«k(b—-C:C;),
T: x =+ 8y 2 i+ ( a l)

where C; and C; denote the concentration of activator and inhibitor respectively, D1 and D, are diffusion coefficients, «, a
and b are rate constants of the biochemical reactions. We take the initial conditions as

Ca(X, y,0) =a+b + 107371003+ =3)),
Citx, 3. 0) = b (52)
iX,y,0)= @t+b)?’
and the boundary conditions are taken as periodic boundary conditions. The parameters values are x = 100, a = 0.1305,
b =0.7695, D1 = 0.05, D, = 1. This is a stiff Turing system [46]. We simulate the system on the unit square domain
£ =(0,1)%. To study the performance and convergence of the Krylov IIF-WENO methods for this system, we list in Table 12
the CPU time, error, and order of accuracy for simulations of the Schnakenberg model, on a fixed spatial resolution of
32 x 32 mesh. The error at At is measured as a difference between this solution, C,4 A, and the solution Cg ¢ for time
step size 2At at time T =1.0, i.e,,

Eat = 1Ca,at — Ca2atll.

The Krylov IIF2-WENO/IIF3-WENO clearly shows a second order/third order of accuracy in time as expected. Again in this
example, we can see that Krylov IIF methods by using two different Krylov subspace dimensions M =25 and M = 10
generate similar numerical errors. This fact shows that the numerical errors generated by Krylov subspace approximations
are much smaller than those from the truncation errors of numerical schemes. The time evolution of the concentration of
activator C, is shown in Fig. 6. We can observe that the initial perturbation in (52) is amplified and spreads, leading to a
formation of spot-like patterns.
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Fig. 6. Numerical solution of the Schnakenberg system by the Krylov IIF2-WENO method on a 80 x 80 mesh. Contour plots of time evolution of the
concentration of the activator Cg.

5. Conclusions

Implicit integration factor (IIF) methods [33,34,26,44] are a class of efficient time discretization methods for solving
stiff reaction-diffusion systems. In this paper, we designed a new Krylov IIF technique for semilinear and fully nonlinear
advection-diffusion-reaction (ADR) systems. This new Krylov IIF approach is coupled with WENO method for the advection
part of the system. This new Krylov IIF approach extends previous Krylov IIF methods [7] in the following two aspects:
(1) the new method can be designed for arbitrary order of accuracy for solving ADR systems; (2) the new method can
solve fully nonlinear PDE system, i.e., the highest order term in the PDE is nonlinear. Via numerical experiments and linear
stability analysis, we verified that the new method has large stability region, and is efficient and accurate for simulating
nonlinear ADR systems.
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