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Abstract

Exponential integrators are special time discretization methods where the traditional linear system solves
used by implicit schemes are replaced with computing the action of matrix exponential-like functions on
a vector. A very general formulation of exponential integrators is offered by the Exponential Propagation
Iterative methods of Runge-Kutta type (EPIRK) family of schemes. The use of Jacobian approximations
is an important strategy to drastically reduce the overall computational costs of implicit schemes while
maintaining the quality of their solutions. This paper extends the EPIRK class to allow the use of inexact
Jacobians as arguments of the matrix exponential-like functions. Specifically, we develop two new families
of methods: EPIRK-W integrators that can accommodate any approximation of the Jacobian, and EPIRK-
K integrators that rely on a specific Krylov-subspace projection of the exact Jacobian. Classical order
conditions theories are constructed for these families. A practical EPIRK-W method of order three and an
EPIRK-K method of order four are developed. Numerical experiments indicate that the methods proposed
herein are computationally favorable when compared to existing exponential integrators.

Contents
1 Introduction
2 Exponential Propagation Iterative methods of Runge-Kutta type 3
3 EPIRK-W methods 21
3.1 Order conditions theory for EPIRK-W methods . . . . . . . . ... ... .. ... .......
3.2 Construction of practical EPIRK-W integrators . . . . . . . . ... ... ... ... ...... 14
4 EPIRK-K methods
4.1 Krylov-subspace approximation of Jacobian . . . . . . .. ... oo [16]
4.2 Formulation of EPIRK-K methods . . . . . . . . . . ... ... ... ... I
4.3 Order conditions theory for EPIRK-K methods . . . . . . . .. .. ... ... ... .... I8
4.4 Construction of practical EPIRK-K integrators . . . . . . .. .. ... ... ... ....... 211
5 Implementation strategies for exponential integrators 22]
6 Numerical results 23]
6.1 Lorenz-96 system . . . . . . . . .. L 24]
6.2 Shallow water equations on the sphere . . . . . . . . .. ... o 28
6.3 The Allen-Cahn problem . . . . . . . . .. . . 31

Email addresses: maheshnm@vt.edu (Mahesh Narayanamurthi), ptrang@vt.edu (Paul Tranquilli), sandu@cs.vt.edu
(Adrian Sandu), mtokman@ucmerced.edu (Mayya Tokman)

Preprint submitted to Elsevier January 26, 2017



I
&

7 Conclusions

A Derivation of K-methods
B Proofs
C Structure of Jacobian evaluated at y, for the test problems 42

1. Introduction

The following initial value problem for a system of ordinary differential equations (ODEs)

y' = fty), ylto) =yo, to<t<tp, y(t)eR". (1)

arises in many applications including numerical solution of partial differential equations (PDEs) using a
method of lines. Different time discretization methods can then be applied to solve and approximate
numerical solutions y, ~ y(t,) at discrete times ¢,,.

Runge-Kutta methods [6] are the prototypical one-step discretizations that use internal stage approxi-
mations to propagate the numerical solution forward in time from ¢, to t,,+1 = t,, +h. Explicit Runge-Kutta
methods [0 Section I1.2] perform inexpensive calculations at each step, but suffer from stability restrictions
on the time step size which makes them inappropriate for solving stiff systems. Implicit Runge-Kutta meth-
ods [6l Section II.7] require solution of non-linear systems of equations at each step that can be done, for
instance, by using a Newton-like approach. This eases the numerical stability restrictions and allows to use
large time step sizes for stiff problems, however it also increases the computational cost per step.

Rosenbrock methods [T, Section IV.7] arise from linearization of diagonally implicit Runge-Kutta meth-
ods, and solve only linear systems of equations at each time step. The Jacobian of the ODE function
() -

7 y

J(t,y) = a9y (2)
appears explicitly in the formulation of the method, and the order conditions theory relies on using an exact
Jacobian during computations. For the solution of large linear systems a popular implementation uses Krylov
projection-based iterative methods such as GMRES. Early truncation of the iterative method is equivalent
to the use of an approximation of the Jacobian, and the overall scheme may suffer from order reduction
[24]. Rosenbrock-W (ROW) methods [7, Section IV.7] mitigate this by admitting arbitrary approximations
of the Jacobian (A =~ J). This is possible at the cost of a vastly increased number of order conditions, and
by using many more stages to allow for enough degrees of freedom to satisfy them. Rosenbrock-K (ROK)
methods [26] are built in the ROW framework by making use of a specific Krylov-based approximation of
the Jacobian. This approximation leads to a number of trees that arise in ROW order conditions theory to
become isomorphic to one another, leading to a dramatic reduction in the total number of order conditions.

Exponential integrators [8 [10, 17, 20, 2I] are a class of timestepping methods that replace the linear
system solves in Rosenbrock style methods with operations involving the action of matrix exponential-like
functions on a vector. For many problems these products of a matrix exponential-like function with a vector
can be evaluated more efficiently than solving the corresponding linear systems.

Both the W-versions [9] and K-versions [25] of exponential methods have been established for particular
formulations of exponential methods. This paper extends the theory of W- and K-type methods to the
general class of Exponential Propagation Iterative methods of Runge-Kutta type (EPIRK) [20 21].

The remainder of the paper is laid out as follows. In Section 2] we describe the general form of the
EPIRK method and some simplifying assumptions that we make in this paper. In Section |3] we derive the
order conditions for an EPIRK-W method and construct methods with two different sets of coefficients.
In Section [4] we extend the K-theory to EPIRK method and construct an EPIRK-K method. Section
addresses strategies to evaluate products involving exponential like functions of matrices and vectors that
are present in the formulation of methods discussed in this paper. Section [6] presents the numerical results,
and conclusions are drawn in Section



2. Exponential Propagation Iterative methods of Runge-Kutta type

A very general formulation of exponential integrators is offered by the EPIRK family of methods, which
was first introduced in [20]. As is typical for exponential methods, the formulation of EPIRK is derived
from the following integral form of the problem (1)) on the time interval [t,,t, + hl:

1
Y(tn+h) = yn +hor1(hIn) f(yn) +h/0 eI =0 v (y(t,, + 0h))d6. (3)

Equation is derived by splitting the right hand-side function of into a linear term and non-linear
remainder using first-order Taylor expansion

yl = f(yn)+Jn (y_yn)+r(y)ﬂ T(y) = f(y>_f(yn) —Jn (y_yn)v (4)

and using the integrating factor method to transform this ODE into an integral equation [21]. In equation
the Jacobian matrix evaluated at time ¢, is J,, = J(tn,yn), and r(y) is the non-linear remainder
term of the Taylor expansion of the right-hand side function. The function ¢1(z) = (e* — 1)/z is the first
one in the sequence of analytic functions defined by

1 9k—1 o zi
= 2(1_9) = _— = 1
vr(2) /0 e (k—l)!de E AL k 2., (5)

=0

and satisfying the recurrence relation

_ |
o) = pen()= PR s o= L (©
As explained in [21], the construction of exponential numerical integrators requires to numerically ap-
proximate the integral term in equation , and to compute exponential-like matrix function times vector
products ¢ (-) v that include the second term in the right hand side of as well as additional terms needed
by the integral approximation.
Construction of an EPIRK-type scheme begins by considering a general ansatz [2I] that describes an
s-stage method:

Vi = yn + i1 $ia (g1 hA) Bf(yn) + Y aij i (i sh Aiy) AU Dr(y,), i=1,...,5 1,
j=2
] (7)
Ynt+1 = Yn + b1 1/’3,1(!]3,1 hA 1) hf(yn) + Z bj Vs.j (gs,jhAS»j) hA(jil)T(yn)a

Jj=2

where Y; are the internal stage vectors; y,, also denoted as Yj, is the input stage vector; and y,41 is the
final output stage of a single step. The j-th forward difference AU)r(y,) is calculated using the residual
values at the stage vectors:

AWr() = r(Yip) = r(¥:),  AVr(Yi) = AV Ur(Yien) — AVTIr(Y).

Particular choices of matrices A;;, functions 1;; and 7(y) define classes of EPIRK methods as well as allow
derivation of specific schemes. In this paper we will focus on general, so called unpartitioned, EPIRK
methods which can be constructed from by choosing all matrices as a Jacobian matrix evaluated at ¢,
ie. A;; = J,, function r(y) to be the remainder of the first-order Taylor expansion of f(y) as in and
functions 1;; to be linear combinations of ¢} ’s:

i (2) =D pijk or(2). (8)
k=1
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Here we will also use the simplifying assumption from [2T], eq. 25]

Vi j(2) = ¢i(2) = ij,k on(2)- (9)
k=1

These choices lead to the class of general unpartitioned EPIRK schemes described by

Yi =y +ai1 (g1 hIn) hf (yn) + > aij ¥i(9ijh In) RAU Dr(y,), i=1,...,5 -1,
- (10)
Ynt+1 = Yn + 0191 (9871 th) hf(yn) + Z bj (gs,thn) hA(j_l)T(yn)-

=2

Coefficients pj k., a;j , gij , and b; have to be determined from order conditions to build schemes of specific
order.

Remark 2.1. Computationally efficient strategies to evaluate exponential-like matrix function times vector
products vary depending on the size of the ODE system. Approximating products 1 (z)v constitutes the major
portion of overall computational cost of the method. Taylor expansion or Pade based approximations can
be used to evaluate the products ¥ (z)v for small systems. For large scale problems, particularly those where
matrices cannot be stored explicitly and a matriz-free formulation of an integrator is a necessity, Krylov
projection-based methods become the de facto choice [2]]].

EPIRK methods of a given order can be built by solving either classical [21] or stiff [15] order conditions.
In this paper we will focus on the classically accurate EPIRK methods. A classical EPIRK scheme is
constructed by matching required number of Taylor expansion coefficients of the exact and approximate
solutions to derive order conditions. The order conditions are then solved to compute the coefficients of the
method. To ensure that the error has the desired order the exact Jacobian matrix J,, has to be used in the
Taylor expansion of the numerical solution. If the Jacobian or its action on a vector is not computed with
full accuracy, the numerical method will suffer from order reduction.

In this paper we construct EPIRK methods that retain full accuracy even with an approximated Jacobian.
The theory of using inexact Jacobians in the method formulation, first proposed in [19] for implicit schemes,
is extended to EPIRK methods. More specifically, EPTIRK-W methods that admit arbitrary approximations
of the Jacobian while maintaining full order of accuracy are derived in Section The drawback of W-
methods, as mentioned in 7, section IV.7], is the very fast growth of the number of order conditions with
increasing order of the method. In such cases, significantly larger number of stages are typically needed to
build higher-order methods.

In [25] 26] we developed K-methods, versions of W-methods that use a specific Krylov-subspace ap-
proximation of the Jacobian, and dramatically reduce the number of necessary order conditions. Here we
construct K-methods for EPIRK schemes in Section [ The K-method theory enables the construction
of high order methods with significantly fewer stages than W-methods. For example, we show that three
stage EPIRK W-methods only exist up to order three, whereas we derive here a fourth order K-method.
Furthermore, as shown in the the numerical results in Section [6] for some problems K-methods have better
computational performance than traditional exponential integrators.

3. EPIRK-W methods

An EPIRK-W method is formulated like a traditional EPIRK method with the only difference being
the use of an inexact Jacobian (A,) in place of the exact Jacobian (J,). Using the simplification (9) the



method reads:

Yo = yn + a1 Y1(gi1 hAR) hf(yn) + Y iy 05(9:5 h Ap) RAYV Dr(yy,), i=1,...,s—1,

=2

! (11)
Yn+1 = Yn + bl ¢1 (gs,l hAn) hf(yn> + Z bj %‘ (gs,j hAn) hA(j_l)r(yn)~

=2

This modification requires the order conditions theory to be modified to accommodate this approximation.

3.1. Order conditions theory for EPIRK-W methods

The classical order conditions for EPIRK-W methods result from matching the Taylor series expansion
coefficients of the numerical solution ¥,,41 up to a certain order with those from the Taylor series expansion
of the exact solution y(t, + h). The construction of order conditions is conveniently expressed in terms of
Butcher trees [6]. The trees corresponding to the elementary differentials of the numerical solution are the
TW-trees. TW-trees are rooted Butcher trees with two different colored nodes - fat (empty) and meagre
(full) - such that the end vertices are meagre and the fat vertices are singly branched. The TW-trees up to
order four are shown in Tables [1| and [2| following [25].

In TW-trees that correspond to elementary differentials of the Taylor expansion of numerical solution,
the meagre nodes represents the appearance of f and its derivatives. The fat nodes represent the appearance
of the inexact Jacobian A,. It is useful to note that trees that contain both meagre and fat nodes do not
appear in the trees corresponding to the Taylor expansion of the exact solution, as such an expansion does
not contain the inexact Jacobian.

In order to construct the order conditions for the W-method we rely on B-series theory. A B-series [0l
Section I1.12] is an operator that maps a set of of trees onto the set of real coefficients corresponding to the
coefficients of the elementary differentials in a Taylor expansion. If a : TW U@ — R is a mapping from the
set of TW trees and the empty tree to real numbers the corresponding B-series is given by:

|7
By = al)y+ 3 a<T>C’f(T)F<T><y>.

TeTW

Here 7 is a TW-tree and |7| is the order of the tree (the number of nodes of the TW-tree), and o(7) is
the order of the symmetry group of the tree [3, 21]. A simple algorithm for evaluating o(7) is given in [21].
Lastly, F'(7)(y) maps a tree to the corresponding elementary differential.

We also make use of the operator B#(g), first defined in [25], which takes a B-series g and returns its
coefficients. Therefore:

B#(B(a,y)) = a.

Tables [I] and [2] list both TW- and TK-trees up to order four and the corresponding tree names. TK-trees
which are a subset of TW-trees will be central to the discussion of K-methods in the next section. The
subsequent rows of the two tables show the following:

e The elementary differentials corresponding to each TW-trees up to order four.
o A set of coefficients x; for an arbitrary B-series a(7).

e The coeflicients of the B-series resulting from composing the function f with the B-series a(7). The
rules for composing B-series are discussed in [4] 2T].

e The coefficients of the B-series resulting from left-multiplying the B-series a(7) by an inexact Jacobian.
The multiplication rule for B-series is explained in [4].



) k k l k
W-tree name Ty 7'2W 7'3‘,/‘/ 7'4W
K-tree name i 7'2K - ‘r?{(
F(r) 17 FLrE Agr X Tl e
a(7) 1 o T3 T4
B# (hf(B(a,y))) 1 1 0 z?
B# (hAB(a,y)) 0 0 1 0
B# (pj(hA)B(a,y)) CoT1 coT2 corsz + c1x1 coT4
l l l l
- k k k k
J J J J
W-tree name 7’5VV ’Té/v 7'7W TSW
K-tree name Tf - - -
F(r) fr e LARLfF Ak fEFE AjxAxrf*
a(r) 5 T6 T7 T8
B# (hf(B(a,y))) T2 3 0 0
B# (hAB(a,y)) 0 0 T2 x3
B# (pj(h A)B(a,y)) coTs cow6 cox7 + 12 cozs + 173 + cam1
l m m m l
. k .\:) m k ! k l k
J J J J
‘W-tree name 7’9VV 'rlvg Tflv Tlvg
K-tree name 7‘5K ‘rg( — T,%(
F(r) Vel it i T 2 1 E kN 9. V2 Lk Wl N 3 il b
a(t) x9 z10 r11 T12
B# (hf(B(a,y))) 3 172 z123 4
B# (hAB(a,y)) 0 0 0 0
B# (¢;(hA)B(a,y)) coTy €010 coT11 coT12

o The coefficients of the B-series resulting from left-multiplying the B-series a(7) by ¢;(h A,,). The rules
for multiplying a B-series by 1(hJ,), where J,, is the exact Jacobian at y, , are given in [21I]. The

Table 1: TW-trees up to order four (part one of two).

rules for multiplying a B-series by ¢ (h A,,), for an arbitrary matrix A,,, are given in [25].

In addition, we note that the B and B# operators are linear. Consequently, the B-series of the sum of two
arbitrary functions is the sum of the B-series of each and likewise, the operator B# returns the sum of the

coefficients of each lined up against corresponding elementary differentials.

Using B-series operations, as described above, one can systematically construct the B-series coefficients of
the EPIRK-W numerical solution. This is achieved in Algorithm [I} The algorithm starts by initializing the
set of B-series coeflicients to those of the solution at the current time step, y,

on the sequence of coefficients by applying the B-series operations that correspond to the mathematical

6

. Next, the algorithm operates




m m
" : l l
T g k k
J . .
J J
W-tree name T1V[3/ Tl‘/}{ 71‘45/
K-tree name TSK 7'5 -
F(r) Agr ffu TR i ™ TEfE A M
a(r) 13 14 T15
B# (hf(B(a,y))) 0 @5 g
B# (hAB(a,y)) x4 0 0
B# (p;(h A)B(a,y)) coT13 + c174 coT14 coz1s
m m m
l l l
T k k k
J J J
W-tree name ‘I‘lvg 7'1V¥ ‘I‘lvg
K-tree name — -
F(T) FEAKLfE M FEAKLALM M A fEFL M
a(r) 16 z17 T18
B# (hf(B(a,y))) 7 g 0
B# (hAB(a,y)) 0 0 x5
B# (¢j(hA)B(a,y)) coT16 coT17 coT1s + c1x5
m m m
l l l
T k k k
J J J
‘W-tree name 7'1V9V 7'2‘/(‘)/ TgVJ
K-tree name - -
F(r) A fEALMM AjxcAxpf ™M AjxAxr Ay M
a(r) T19 20 T21
B# (hf(B(a,))) 0 0 0
B# (hAB(a,y)) 6 z7 g
B#* (p;(h A)B(a,y)) cox19 + c1T6 cox20 +Cc127 + C2T2 coT21 + c1a8 +
c2x3 + c3T1

Table 2: TW-trees up to order four (part two of two).

calculations performed during each stage of the EPIRK-W method. All B-series operations are done on
coefficient sets truncated to the desired order (order four herein). We repeat this process for each internal
stage, and finally for the last stage, to obtain the coefficients of the B-series corresponding to the numerical
solution of one EPIRK-W step.

We recall the following definition:



Algorithm 1 Compute the B-series coefficient of numerical solution

1: Input: vy, > B-series coefficient of the current numerical solution.
2: fori=1:s5s—1do > Do for each internal stage of the method
3 u= B¥(h f(B(yn,¥))) > Composition of f with B-series of the current solution.
4 u=B#(i1(hgi1 An).B(u,y)) > Multiplication by % function
5: u=a;1*u > Scaling by a constant
6 for j=2:1do

7 v=B#(hAU=Dr(y,)) > Recursive forward-difference
8 v=B#(4ij(hgi; An). B(v,y))

9: u=u-+a;; *xVv

10: end for

11: Yi=yn+u > Addition of two B-series
12: end for

13: u= B#(h f(B(yn,y)))

14: u= B¥(¢s1(hgs1 Ay). B(u,y))

15: u=>by xu

16: for j =2:sdo

17 v=B#*(hAU-Dr(y,))

18 v=DB#(i(hg.; An). Bv,y))

19: u=u-+bj xv

20: end for

21: Yn41 =Yn + U

22: Output: yn41 > B-series coefficient of the next step numerical solution.

Definition 3.1 (Density of a tree [3,[6]). The density v(7) of a tree T is the product over all vertices of the
orders of the sub-trees rooted at those vertices.

We have the following theorem.

Theorem 3.2 (B-series of the exact solution). The B-series expansion of the exact solution at the next step
y(tn + h), performed over TW-trees, has the following coefficients:
0 TeTW T,
a(r) =
v(r) T€eT.

Proof. First part of the proof follows from the observation that the elementary differentials in the B-series
expansion of the exact solution cannot have the approximate Jacobian appearing anywhere in their expres-
sions. Second part of the proof follows from [6 Theorem 2.6, 2.11] and [3, Subsection 302, 380]. O

The EPIRK-W order conditions are obtained by imposing that the B-series coefficients of the numerical
solution match the B-series coefficients of the exact solution up to the desired order of accuracy. The order
conditions for the three stages EPIRK-W method are given in Table

Table 3: Order conditions for the three stage EPIRK-W method

Tree Order ‘ Order Condition: B#(y, 1) — B*(y(t, +h)) =0
TIVV 1 bl P11 — 1=0




Tree Order Order Condition: B#(y, 1) — B#(y(t, +h)) =0
1
W ) 6(6a171 bap1,1p2,1 +3a1,1b2p11p22 —12a1,1 b3 P11 s
.
2 +6ag,1 b3p1,1p3;1 — 6a1,1b3p1,1 P32 + 3a2,1b3 1132
—2a1,1b3p1,1 P33 +azi1bspripss —3) =0
1
W ) gPua (301931 —6a1,1bape1 —3ai1bapag
-
3 +12a;,1 b3 p31 — 6az1b3ps 1 + 6a1 103 P32
—3ag,1 b3 p32 +2a1,1b3p3 3 —az1b3psz) =0
1
W 5 (6(1%,1 ba pa2,1 pil + 3“%,1 ba p2,2 pi1 - 12@%’1 b3 p3,1 pil
T 3
! +6a5 bspsapiy — 607 b3 psapty +3a3, bapsapty
- 2@?,1 b3 3,3 p?,1 + a%,l b3 p3,3 pil -2)=0
1
w 5 E(12a1,1 a2,2b3P1,1 P21 P31 +6a1,1a22b3p11P22P31
-
> +6a1,1 a2,2b3p1,1D2,1 P32 + 3a1,1 2,2 b3 P11 P22 P32
+ 201,1 a2 2 b3 P1,1P2,1DP3,3 T a1,1022 b3 P1,1P22P3,3 — 2) =0
1
TP (6a1,1 b2 g1,1 p2,1 — 12a1,1 az 2 b3 ps,1 P21
—6a1,1 a22b3p3 22,1 — 2a1,1 2,2 b3 P33 D2,1
i 3 +3a1,1b291,1p22 —12a1,1 b3 91,1 3,1 + 6a2,1 b3 92,1 3,1
—6a1,1a22b3p22p3,1 — 6a1,1b391,1D3,2
+3a2,1b3 92,1 P32 —3a1,1a22b3p22p32 — 2a1,1 b3 91,1 P3,3
+as1b3921p33 —a1,1a22b3p22p33) =0
1
oaP1 (12a1,1 b2 93,2 p2,1 — 24a1,1 2,2 b3 P31 2.1
—12a1,1 a2,2b3p32p21 —4a1,1 a22b3p33p2.1
™ 3 +4a1,1b2932p22 —24a1,1b3933p3,1 + 12a2,1 b3 93,331

—12a1,1 a2,2b3p2 231 — 8a1,1b3 g3 3p30
+4az1b3g33p3,2 —6a1,1a22b3p22p32 — 2a1,1 b3 93,3033
+a2,1b3933p33 —2a1,1a22b3p22p33) =0




Tree

Order

Order Condition: B#(y, 1) — B#(y(t, +h)) =0

78

2*1417171 (4by 93,1 —12a1,1 b2 g1,1 2,1 — 12a1,1 b2 g32 02,1
—6a1,1b2 91,1 P22 —4ar,1b2932p2,2 +24a1,1b3 91,1 P31
—12a2,1 b3 g2,1 p3,1 +24a1,1 b3 933p3,1 —12a2,1b393,3D3,1
+24a1,1 a2,2b3 P21 03,1 + 12011 az203p22 03,1

+12a1,1 b3 g1,1 p3,2 — 6az,1b3 92,1 P32 + 8ai,103933Pp32
—4dag1b3933p32 + 12a1.1 a2 b3 pa.1 ps.2
+6a11a22b3p22p32 +4a1103911p33

—2a2,1 b3 92,1 P33 +2a1,1b3933P3,3 — a2,1 b3 93,333
+4ay,1 a22b3p2,1 P33 + 2a1,1 a22b3p22p33) =0

T9

1
15 (1262, bopo PPy + 603, bopoo Pty — 2407 1 by psa pi s

+12a3 b3 psipy —12a7  b3paapl s +6a5, baps2pi
_ 4@51 bs p3.3 p:f,1 + 2a§71 b3 p3 3 P?J - 3) =0

T10

: (
24
+12a1,1 62,1 a2,2 b3 P22 P31 pil +12a1,1 62,1 a2,2 b3 P21 P32 p%@

2
24a11 az;1 a22b3p21 P31 P71 4

2 2
+6a11a21a22b3p22p32p7 1 + 4011021 a22b3p21D33D71 4

+2a1,1 62,1 a22b3p22D33 p%,1 -3)=0

1
Epil (6b2 91,1 p2.1af 1 +3b2g11p220]

—12b3g11ps1al, —6bsgiips2aly —2b3 g1 pssal,
—12a,1 a22b3p21p3,1 01,1 — 6az 1 az2b3paops1al
—6ag,1 a22b3p21P320a1,1 — 3a2,1a22b3P22P3201 1
—2ag,1 a22b3p21p33a1,1 — 2,1 a22b3p22P3301,1

+6a3 1 b3 92,131 +3a3, b3 921 P32 + a5 b3g21p33) =0

w
T12

1
- (12af 1 az2 b3 pa,1 3.1 pT + 643 1 az2bsp22psypiy

2 2 2 2
+6a7 ) a2,2b3p2,1 p32p1y +3a1 ) az2b3p22 3201

+2a] 1 a2 b3 paapsspiy +ai az2bspaapsspiy —1) =0
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Tree Order Order Condition: B#(y,.1) — B¥(y(t, +h)) =0
1
ﬂpﬁ (12b2 gs2p21 aly +4bagsapaoai
— 24bs g3 33 aly — 24az2 b3 paipsgai
W A —12a22 b3 p2a sy aj, — 8bsgs3ps2ai
-
e —12a22 b3 pa,1 p3 20l — 6ag 2 bz poaps2ai,
— 2b3 333,307, — 4az2bspai pssal
—2a2,2 b3 p2.2 P33 &3,1 + 12&%71 b3 93,3 P3,1
+4a3 1 b3 g33p32 + a3, b3g33pss) =0
Tlvff 4 7i
24
v 4 1
57011022 b3 g1,1p1,1 (2p2,1 + p2,2)(6p31 + 3p32 +p33) =0
v 4 1
30110222 b3 92,2 1,1 (3p2,1 + p2,2)(6ps1 +3ps2 +p33z) =0
1
P11 (12a1,1 b2 p2.1 g7 1 + 6a1,1 b2 pas 9%1
—24a1,1 b3 3,1 9%,1 —12a1,1 b3 p3 2 Q%J —4a1,1b3p33 9%,1
—36a1,1 a2,2b3p21 P31 91,1 — 18a1,1a22b3p22P3.1 91,1
—18a1,1a22b3p21P3291,1 —9a1,1a22b3P22P32 91,1
Ty 4 —6a1,1a22b3p21P3391,1 — 3a1,1a22b3P22P33791,1
+12a91 b3 95,1 P31 — 36a1,1 62203 G2,2 P21 P3,1
—12a11 2,2 b3 g2,2 2,2 P31 + 6az 1 bs 9%,1 D3,2
—18ay,1 a2,2 b3 g2.2 p2,1 P32 — 6a1,1a22b3 g22 P22 D32
+ 2a9,1 b3 93,1 p3,3 — 6ay,1a22b3922p21P3,3
—2a1,1a22b3 g22P22p3,3) =0
Tlvg 4 1
—a1,1 02203 933p1,1 (2p2,1 + p2,2)(12p31 +4p32 +p33) =0

48
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Tree Order Order Condition: B#(y,.1) — B¥(y(t, +h)) =0

1

i (12a1,1 b2 91,1 93,2 P21
—24a11 a2,2b3 91,1 p3,1 P21 — 24a1,1 az,2 b3 93,303,121
—12a1,1 a2,2b3 91,1 p3,2P2,1 —8a1,1a2,2b3933D32D2.1
—4ay1a22b391,1P33P2,1 — 201,102,203 93,3D3,3D2,1

o 4 +4a1,1b2 91,1 932022 — 24a1,1 b3 91,1 93,3 P31

+12a2,1 b3 92,1 93,3 p3,1 — 12a1,1a22b3 91,1 D2,2 P31
—12a11a22b3933p2,2p31 —8a1,1b391,1933DP3,2
+4as,1 b3 92,1 93,3P3,2 — 6a1,1a2,203 91,1 p2,2P3,2
—4ai1a22b3933p2,2p32 —2a1,10391,193,3DP3,3
+a2,1b3 92,193,333 — 201,1 a2,2b3 1,1 P2,2P3,3
— a1, a22b3933D22p3,3) =0
1 2 2

ZopP1 (120a1,1 by pa,1 939 + 30a1,1 b2 P22 939
—240a1,1 b3 g5 3 P31 + 120a2,1 b3 g5 5 P31
—360a1,1 a2 b3 g2,2 p2,1 P3,1
—360a1,1 az 2 b3 93,3 2,1 P3,1
—120a1,1 a2,2 b3 92,2 p2,2 P3.1

Y 4 —180a1,1 az,2 b3 g3,3 2,2 p3,1 — 60a1,1 bs g3 3 P32

+ 30a2,1 b3 932,,3 p3,2 — 180a1,1 az2 b3 g2.2 P2,1 P32
—120ay,1 a2,2 b3 g3,3 p2,1 P32 —60a1,1 a2 b3 922 P22 03,2
—60a1,1 a2,2 b3 93,3 p2,2 P32 — 12a1,1 b3 9:?,3 P3,3
+6a2,1b3 95 3p3,3 — 60a1,1 az2 b3 g2.2 p2,1 P33

—30a1,1 a2,2 b3 g3,3p2,1 3,3 — 20a1,1 az2 b3 g2 2 p2,2 p3.3
—15a1,1 a22b3g3,3p2,2P33) =0
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Tree Order Order Condition: B#(y, 1) — B#(y(t, +h)) =0

1
T (30b1 g3, —120ay1,1 ba g7 1 P21

—120a1,1 b2 g5 5 P21

— 180a1,1 b2 g1,1 3,2 P2,1

—60a1,1b2 g7 1 P2,2 — 30a1,1 b2 g5 5 2,2

—60a1,1 b2 91,1 93,2 P2,2

+240a4 1 b3 gil p31 — 120a2 1 b3 95,1 D31

+240ay,1 bs g5 3 P31 — 120a2,1 b3 g5 5 3.1

+360a1,1 b3 91,1 93,3 P31

— 180az,1 b3 g2,1 93,3 3,1

+360a1,1 az,2 b3 g1,1 p2,1 P3,1

+360a1,1 az,2 b3 g2,2 D21 P3,1

+360a1,1 az,2 b3 93,3 2,1 P3,1

+180a1,1 az,2 b3 91,1 2,2 P31

+120a1,1 az,2 b3 g2,2 2,2 P31

+180a1,1 az2 b3 93,3 p2,2 P3.1

+120a1,1 b3 g7, p3,2 — 60az,1 b3 g5 1 ps.2

W 4 +60a1 1 b3 9:?,3 p3,2 — 30as2,1 b3 95,3 D32
A +120a1,1 b3 91,1 93,3 P3,2

—60a2,1 b3 92,1 93,3 3,2

+ 180a1,1 a2,2 b3 91,1 p2,1 P3,2

+180a1,1 a2,2 b3 g2,2 p2.1 P3,2

+120a1,1 az 2 b3 93,3 p2,1 P32

+90a1,1 az,2b3 91,1 p2,2 P32

+60a1,1 az2 b3 g2.2 2,2 P32

+60a1,1 a2,2 b3 g3,3 P22 P3.2

+40a1,1 b3 g7 1 P33 — 20a2,1 b3 g5 1 P33

+12a;1 1 b3 95,3 p3,3 — 6az;1 b3 gg,s D33

+30a1,1 b3 91,1 93,3 P3,3

— 15a2,1 b3 92,1 93,3 3,3

+60a1,1 az,2 b3 91,1 p2,1 3,3

+60a1,1 a2,2 b3 g2,2 2,1 P3.3

+30a1,1 62,2 b3 g3,3 P21 P3,3

+30a1,1 62,203 g1,1 P2,2 3.3

+20a1,1 az,2 b3 g2.2 p2,2 P33

+ 15a1,1 az,2 b3 93,3 p2,2p3,3) =0
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3.2. Construction of practical EPIRK-W integrators
We will focus on constructing EPIRK-W methods with three stages. Such a method using an

approximate Jacobian reads:
Yi=yn +ai,1¥11(91,1 h An) hf(yn),
Yo = yn +az19%21(92,1 h Ay) hf(yn) + az2v022(922 h Ay) hAMr(y,,),
Ynt1 =Yn +01031(931 h An) hf(Yn) + b2 ¥32(g32 h Ap) RAWr(y,,)
+ b3 Us,3(g3,3 h An) hA®r(y,,).

(12)

An important observation from Table [3] is that the difference between the B-series coefficients of the
exact solution and of the numerical solution corresponding to 7/} is equal to —1/24 and cannot be zeroed
out. Since 7}§ has only meagre nodes it appears in the B-series expansions of both the exact solution and
the numerical solution. The conclusion is that three stage EPIRK-W methods with the simplified choice of
1;,j(2) given in equation @[) cannot achieve order four. Consequently , we will limit our solution procedure
to constructing third order EPIRK-W methods by zeroing out the first eight order conditions corresponding
to TW-trees of up to order three. We use Mathematica® to solve the order conditions using two different
approaches, as discussed next.

First approach to solving the order conditions. In the first approach we seek to make the terms of each order
condition as similar to another as possible. We start the solution process by noticing that the first order
condition trivially reduces to the substitution by — 1/p;1 1. The substitution ps s — —2ps 1 will zero out
the following four terms: —12a4 1 b3 p1,1 3,1 +6a2,1 b3 p1,1 3,1 —6a1,1 b3 p1,1 P32 +3az,1b3p11ps2, in order
conditions 73V and 74" and hence reducing the complexity of the two conditions. It is immediately observed
that g3 1 — 1 as all the other terms in order conditions 73V and 74V are the same. Additionally, we make a
choice that g3 3 — 0. After making the substitutions, we solve order condition 73" or 73V to get,
3(2a1,1b2p11 P21 +a1,1b2p11 P22 — 1)
bzp1,1 (2611 —ag1) '

P33

This substitution results in a number of terms in multiple order conditions having the expression (2a1,1 —az1)
in the denominator. So we arbitrarily choose az 1 — 2a;,1 — 1. The order conditions are far simpler now
with several terms having the factor (—1+ 2a1,1) and its powers in their expression. We choose a1 1 — 1/2.
Following this substitution, we can solve from order condition 7}" that p1,1 — 4/3. After plugging in the
value for py 1, order conditions 73V and 7¢V suggest that g; ; — 2/3. Now order conditions 73", 70V, 7V and
TSW have the following coefficients as part of their expressions: a2, p2.1, p2.2, 93,2 and ba. We arbitrarily

set pa 2 — 2p2,1 and solve for the remaining coefficients to obtain

12a22 p2.1

R 3az2p21 +1
5(3agz2pe1 +1)

ba
P)
8a2,2 P31

and g3.2 —

We now select arbitrary values for some of the remaining coefficients. We choose po.1 — 1, a22 — 1, b3 — 1,
ai2 — 0,a13 =+ 0,a23 = 0,p31 = 0,p23 =>0,p12 =0,p13 20,912 0,913 =0, 921 — 0,
g22 — O, and g23 — 0.

In order to solve for a second order embedded method we rewrite the final stage of the method with new
coefficients b;. Plugging in the substitutions that have been arrived at while solving the order conditions for
the third order method results in a set of new conditions in only the b;. It is again straightforward to observe

that by — 1/p11. We next solve the conditions for TW-trees up to order = 2. Solving order conditions 74"

and 73V we get by — —3 4+ 8Ds.

The resulting coefficients for a third-order EPIRK-W method (EPIRKW3A) with an embedded second-
order method are given in Figure[I] The choices that we have made for the coefficients a’s, b’s, ¢g’s and p’s
result in the sum of coefficients on trees 72V, 70V, 7V and 74V to sum to zero in the embedded method no

matter what value is chosen for by. And when we choose A,, = J,,, the exact Jacobian, trees 73", 7V, 7V

14



Figure 1: Coefficients for EPIRKW3A

2 4
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010 b 3 3 ¢
e 120 00 3%

and 73V are the same tree and it turns out that we incidentally solve the embedded method up to third
order as well. To work around this restriction, we need to have the a’s, g’s and p’s to be independent of the
b’s and to solve separately for the b’s to ensure that we get a second-order embedded method.

Second approach to solving the order conditions. In this approach we impose a horizontal structure on the
g coefficients akin to the horizontally adaptive method described in [I5]. In order to impose a horizontal
structure on g we make the following substitutions: g1 2 — g1,1, 1.3 = 91,1, 92,2 — 92,1, 2.3 — 92,1,
932 — gs1, and gs3 — g¢31. We also note that the first order condition reduces to by — 1/p1,1 again.
Order-conditions 73V and 74" imply g31 — 1. We solve order-conditions 73" and 73V and get two possible
solutions for a subset of the variables. We plugin the first solution and solve order conditions 7}, 72V and
V. We again get multiple solutions and we use the first solution to substitute into the order conditions
and proceed to solve order conditions 77V and 74". We again get multiple solutions for the remaining
coefficients. One of the solutions returned by Mathematica® gives a non-singular system, and using it leads
to the following family of order three method coefficients:

g1,2 7 091,1,91,3 7 91,1,92,2 —7 921,923 — 92,1,93,2 — 93,1,93,3 — 93,1,

1 3 —4 3 4
by = —— by — _azp ( azz,lp;,l ),b3 SN a1 P11 7
P11 2a3,1 P11 a5, P71 (6p31 +3ps2 +p33)
az,1 2(3a2,1 911p10 —azapia —2¢911)  (13)

p2,1 — 0,011 —

931 — 1,921 —

b

2 3az,1p1,1 —4
2
2 (9a1,1 az;1 az2 p1ap2,1 —6aryaz1piy — 12a11 az2pay + 8ary + 6as 1 p11 — 4azy )

3a1,1a2,2 (3az,1p11 —4)

P22 — —

After making the above substitutions in the embedded method, we obtain the following solutions for the

embedded coefficients: ) 3 A
~ ~ a a -
by = ——, by — — 2,2( 22,1 p;,l )

P11 2a3 1 P74

3

with 33 a free parameter that can be chosen to obtain a second order embedded method.
A solution to the above family leads to the third order EPIRK-W method (EPIRKW3B) in Figure [2} with
a second order embedded method that overcomes the limitation of the embedded method of EPRIKW3A.

4. EPIRK-K methods

W-methods have the advantage that any approximation of the Jacobian that ensures stability can be
used, therefore they have the potential for attaining excellent computational efficiency in comparison to
methods that require exact Jacobians. The drawback of the W-methods, however, is the very large number
of order conditions that need to be solved for constructing the method [7, Section IV.7].

In order to reduce the number of order conditions Krylov-based methods (K-methods) were developed for
Rosenbrock integrators in [26] and for exponential integrators in [25]. K-methods are built in the framework
of W-methods and use a very specific approximation to the Jacobian constructed in the Krylov space. This
approximation allows T'W-trees with linear sub-trees having fat root to be re-colored (as meagre), leading
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Figure 2: Coefficients for EPIRKW3B

. [0.22824182961171620396 0 0
0.45648365922343240794  0.33161664063356950085 0|’
1 Ee
b= [2.0931591383832578214|
| 1.2623969257900804404 |
—_ 1 _T
b= |2.0931591383832578214|
- 1 -
[ 0 0 0
g = |0.34706341174296320958 0.34706341174296320958 0.34706341174296320958 | |
I 1 1 1
1 0 0
p= |0 2.0931604100438501004 0
1 1 1

to the new class of TK-trees. The recoloring results in substantially fewer trees, and therefore fewer order
conditions for the K-methods [26, Lemma 3.2, 3.3].
In this section we derive K-methods in the framework of EPIRK integrators.

4.1. Krylov-subspace approzximation of Jacobian

K-methods build the Krylov-subspace M-dimensional Krylov-subspace K, M < N, based on the exact
Jacobian J,, and the ODE function value f,, at the current time step ¢,:

ICI\/I:Span{fnﬂ]nfnv‘]ifna~‘~7J7];/I_1fn}' (14)

The modified Arnoldi iteration [27] computes an orthonormal basis V and upper-Hessenberg matrix H such
that:

Kar = span{ovy, ..., o}, V=[v1,...,on] €eRVM VIV =1, H=VTJ,VcRM*M (15)
Using H and V the approximation of the Jacobian matrix J,, in the Krylov sub-space is defined as
A, =VHVT =vVT], vVvT ¢ RV*N, (16)

This approximation of the Jacobian is used by K-methods. The important properties of this approximation
are given by the following Lemmas from [25].

Lemma 4.1 (Powers of A,, [25]). Powers of A,,: Ak = VHFVT for any k > 1.

Lemma 4.2 (Evaluation of ¢ functions on the approximate Jacobian [25]). We have that:
1
pr(hy An) = (In —VVD) + Vg (hyH) VT, k=1,2,....

In order to derive the Krylov formulation of the EPIRK methods we need to extend Lemma [4.2] to
the evaluation of v functions @ We have the following result.

Lemma 4.3 (Evaluation of ¢ functions @D on the approximate Jacobian )

J
Dj.k

k!
k=1

Vi(hyvAy) =p; In = VVT) +Vy; (hyH) VT, j=1,2,... where p;=

16



Proof. From the definition (E[) we have:

J
D (hyA) = pinkor(hy An)
k=1

J
1
— ij,k [k'(IN —VVT) + Vo (hyH) VT

j .
=(Iy - VVTh [ p]i,’“} + Vo, (hyH) VT
k=1

=p;(Iy = VVT) 4+ Vo, (hyH) VT,

4.2. Formulation of EPIRK-K methods

We now derive the Krylov-subspace formulation of the EPIRK methods, which will be called EPIRK-K
methods. For this we begin with the EPIRK-W formulation and use the Jacobian approximation .
The first step in the method derivation is to split all vectors appearing in the method formulation into
components within the Krylov-subspace and components orthogonal to it, as follows:

1. Splitting the internal stage vectors leads to:
Y;=VXN+Y":  where V'Vi=), (Ix-VV?)Y, =Y, (17)
where Yy = y,,.
2. Splitting the right-hand side function evaluated at the internal stage vectors gives:
fi= () =V + fi- where VIfi=mn, (Ix—VVT)f;i= [}, (18)
where fo = f(yn).

3. Splitting the non-linear Taylor remainder terms of the right-hand side functions yields:

r(¥:) = f(Yi) = f(un) = An (i —yn) = fi = fo = VAV (Vi —yn),
where VT r(Y;) = — 1o — H(A\i — o), (19)
(Iv = VVT) r(Y)) = fi" = f5-

4. Splitting the forward differences of the non-linear remainder terms leads to:

-1y = AV Dr(y,) = V) + 754,

’ o (20
where VT TGi—1) = dj—1), (IN *VVT) TG-1) = T(JE'—l)'

In the above equations, V\;, Vn; and Vd(;_;) are components of Y;, f; and AUV (y,) in the Krylov-
subspace, whereas Y-, fﬁ- and 'F(J;_l) lie in the orthogonal subspace.
Using the above equations and Lemma the intermediate stage equations of the method

Yi=yn +ai1¥1 (g1 hVHVT) hf(y,) + Zai,j ¥; (95, A VHVT) hAUTDr(y,), (21)
=2
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become:

V= VAHYE = a5 (o~ Vi) + Va0 F
+Zhai7j (ﬁj F?"V(J;-_l) +V’ll)j(hgi’j H) d(j_1)>, (22)
j=2

where 776371) and d(;_1) can be proved to be, as is done in appendix

din = S (0 (3 om0 ), (234)

k=0
ey = g ((‘Uk (j ; 1) (fi—1-k = V77j—1—k)>- (23b)

The reduced stage vector for the K-method is obtained by multiplying the full stage vector in equation
by VT from the left,

Xi = Xo+haivi(hgii H)no + Z ha;;i(hgi; H)d_1y, (24)

=2

and the component of the full stage vector, when multiplied by (I — VVT), in the orthogonal subspace is,

Vit = (Y = Vo) +haipi (fo— Vo) + D> hai; G ). (25)
j=2
The full-stage vector can be recovered by first projecting the reduced stage vector \; back into full space
and adding the piece that is orthogonal to it, Y;*, as done in equation (22).
Similarly, the computation of the next solution in the method

Yntl = Yn + b1 7/)571(9571 hAn) hf(yn) + Z bj ws,j (gs,j hAn) hA(j_l)r(yn)a (26)
j=2
becomes:
Yni1 = Vs + erL_—i-l, (27)
where .
Ao =X+ hby ¥y (hges H)no + Y hbjv;(hgs; H)dg ), (28)
j=2
and .
Y1 = (Un = VN0) + hbipi (fo— Vi) + > hb; B 751y (29)
j=2

One step of the resulting EPIRK-K method (for an autonomous system) is summarized in Algorithm

4.83. Order conditions theory for EPIRK-K methods

K-methods construct a single Krylov-subspace per timestep, and use it to approximate the Jacobian. All
stage vectors are also computed in this reduced space, before being projected back into the full space between
successive stages. The order condition theory accounts for this computational procedure [26, Theorem 3.6].

Before we discuss the order conditions for the K-methods, we define the trees that arise in the expansion
of their solutions. Recalling that a linear tree is one where each node has only one child, consider the
following definition:

18



Algorithm 2 EPIRK-K

10:

11:
12:
13:

14:

15:

16:

17:

0= f(yn) > Repeat for every timestep in the timespan
J, = J(yn)
[H, V] = Arnoldi(J,, fo)
)\0 = VTyn
m=VTf
fori=1:s5—1do > Do for each stage of the method
0 ifi=1
A1) = { <2 i~ 1 i — 1
=0 Z ((‘Uk (l I )ni—l—k -H ((—1)k (Z i ) Ai—l—k)) yifi>2
k=0
0 Jifi=1
~L' i—1

ﬁ
o~
|
=
|

2 ((—1)k (l ; 1) (ficiok — Vm1k)> Jifi>2

Ai =X+ hai,l d’l(h i1 H) o + Z haw' 1/1](h Gij H) d(j—l)

=2

Yi=VXi+ (Y — V) +haiipi(fo _Vn0)+zhai’jﬁj?é_l)

j=2
fi=f(¥%)
ni=V"f;
end for
s—1 s—1 s—1
ds-1 =) ((1)k ( . ) Ns—1—k — H <(1)k ( & ) /\s—l—k>)
k=0
s—1 s—1
T(J_s—l) = Z ((Dk < k ) (fs—1-k — Vﬂs—l—k)>
k=0
As =X+ hb; ¢1(hgs,1 H) o + Z hb] ’l/fj(h Gs.j H) d(j—l)
j=2
YUni1 =V A+ (Yn — Vo) +hbipi (fo— Vo) + > hbi B 75y

=2
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Definition 4.4 (TK-Trees [20]).

TK = {TW-trees: no linear sub-tree has a fat (empty) root}.

TK(k) = {TW—tTees: no linear sub-tree of order less than or equal to k has a fat (empty) root}.

Theorem 4.5. Trees corresponding to series expansion of the numerical solution of K-method with Krylov-
subspace dimension M are TK(M).

Proof. Using lemmas and [25], Lemmas 3, 4] we arrive at the desired result. O

The order conditions are derived from matching the coefficients of the B-series expansion of the numerical
solution to those of the B-series expansion of the exact solution. If the expansion is made in the elementary
differentials corresponding to the TK trees, then for a fourth order method there is a single additional tree
(&) in the numerical solution having both meagre and fat nodes in comparison to the T-trees up to order
four for a classical EPIRK method. In contrast with the W-method that had twenty-one order conditions,
the K-method has just nine for a fourth order method, which is almost the same as a classical EPIRK
having eight.

As mentioned earlier, TK-trees come from re-coloring all the linear sub-trees with a fat root as meagre
in the TW-trees. This significantly reduces the number of order conditions for the K-method since groups
of TW-trees become isomorphic to one another after recoloring. TK-trees up to order four are given in
[25]. This also indicates that the coefficients in front of these TK-trees in the B-series expansion can be
obtained by summing together the coefficients of T'W-trees, which become isomorphic to one another, from
the corresponding expansion.

The order four conditions for EPIRK-K methods with three stages are discussed next and are
summarized in Table @

Table 4: Order conditions for the three stage EPIRK-K method

| Tree # | Order | Order Condition: B (y, 1) — B#(y(t, +h)) =0

o 1 bipin —1=0

K

2 1
E 5(brgzaipra — 1)=0
1

. 5 (6af 1 b2 pi 1 P21 +3aTy bapt P22 — 1247, b3 pt | p3a
T. 3

’ - 6@%1 bs p%,l D32 — 2‘1%,1 bs p%,l P33 + 6“3,1 bs pil P31

+3a3 1 b3pi P32 + a3, b3t psz —2) =0

K
7, 3 1

4 6 (b 95,1 pia—1)=0
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‘ Tree # ‘ Order Order Condition: B#(y, 1) — B#(y(t, +h)) =0

1
— (12ai1 by 10:1)’,1 P21 + 6a:13,1 b p‘;’,1 D22 — 24@13,1 b3 p‘;’,1 D3,1

K 12
U 4
5 —12a3 1 b3 p}  p32 —4ai b3 pt pss + 12a3 1 b3 Pl | p3a
+ 602,1 b?) p?,l P32 + 2a§’1 b3 p:ilp&g _ 3) =0
1 ) ) , )
24 (12@1,1 b2 g11 Piip21 + 6(11,1 b2 g11 Pi D22
o 4 — 2407 | b3 1.1 P} 1 psa — 12af b3 g1 pY P32
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Corollary 4.6. Any EPIRK-K-method of order p gives rise to a classical EPIRK method of order p (with
the same coefficients).

Proof. The proof follows directly from comparing the set of T-trees to TK-trees. O

Corollary 4.7. Any classical EPIRK method of order p > 3 gives rise to an equivalent K-method of order
at least three (with the same coefficients).

Proof. The proof follows directly from comparing the set of T-trees to TK-trees. O

4.4. Construction of practical EPIRK-K integrators

Note that order condition 7 is the additional order condition that was mentioned earlier whose TW -
tree could not be re-colored according to [26, Lemma 3.2, 3.3]. This is the only tree that is not present in
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T-trees up to order 4, and therefore we impose that the associated coefficient is equal to zero. To solve
the order conditions we use Mathematica® and the solution procedure described for the first variant of
EPIRK-W method where we make terms of each order condition similar to one another by making suitable
substitutions. We arrive at the EPIRK-K method (EPIRKK4) of order four in Figure |3} with an embedded
method of order three.

Figure 3: Coefficients for EPIRKK4
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The theory of K-methods gives a lower bound on the Krylov-subspace size that guarantees the order of
convergence |26, Theorem 3.6]. This bound dependents only on the order of convergence of the method and
not on the dimension of the ODE system.

Here we have constructed a fourth order EPIRK-K method in Figure[3] which requires a Krylov-subspace
of dimension four [26, Theorem 3.6]. All expensive operations such as computing products of ¢ function
of matrices with vectors are performed in this reduced space. Significant computational advantages are
obtained if the Krylov-subspace captures all the stiff eigenmodes of the system. If not all stiff eigenmodes
are captured, stability requirements will force the integrator to take smaller timesteps, which will increase
the overall cost of integration. In such cases we typically observe that adding more vectors to the Krylov-
subspace can improve the performance of the K-type integrator.

5. Implementation strategies for exponential integrators

An important part of the implementation of exponential integrators is the computation of products of
@ or 1 functions of matrices with vectors. The choice of approximation used depends on the properties
of the matrix and the type of exponential method under consideration. In this section, we briefly review
the strategies used to evaluate these products in the context of the methods discussed in this paper. Table
lists these methods and the implementation framework used in each case. It includes the W-methods
presented in Section [3] a fourth order K-method presented in Section [d and several classical methods
that have been implemented to perform comparative studies. In the following discussion we will use the
terms implementation and integrator interchangeably, and the term method should be understood as the
formulation along with the set of coefficients.

We first discuss the computation of these products for classical exponential integrators listed in Table
For EPIRKK4-CLASSICAL and EPIRKS [2I Table 4, Equation 28] the evaluation of products of ¢ functions
with vectors proceeds by first approximating the individual ¢ function products in the Krylov-subspace as
illustrated in [20, sec 3.1], i.e. @i (hy Ap)b = ||b]|Ver(hyH)ei. The ¢ function products associated with the
approximation, ¢ (hvyH)e;, are computed by constructing an augmented matrix and exponentiating it as
described in [I8, Theorem 1]. Finally taking a linear combination of columns of the resulting matrix gives the
1 function product. In the augmented matrix approach, an Arnoldi iteration is needed for each new vector
in the formulation given in equation ([10). Each of the classical integrators listed above has three stages
that work with three different vectors b, requiring three Arnoldi iterations per timestep. EPIRKSP1BVAR [23]
and ERow4 [111 22], which we include in our numerical experiments, also perform three Arnoldi projections
per timestep. While EROW4 uses the augmented matrix approach to compute the ¢ function products,
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EPIRKSP1BVAR takes a completely different approach to evaluating the v function products. It combines
the Arnoldi process and the evaluation of 1 function products by sub-stepping, to make it adaptive, into a
single computation process as described in [14].

Next we will discuss how we compute the ¥ function products in the context of W-methods as they are
closely related to classical methods in the computation of these products. Recall that W-methods admit
arbitrary Jacobian approximations while maintaining full convergence order. In order to demonstrate this,
we have alternate implementations that use different approximations to the Jacobian, namely, the Jacobian
itself; the identity matrix; the zero matrix, which reduces the EPIRKW scheme to an explicit Runge-
Kutta scheme; and lastly, the diagonal of the Jacobian. We will refer to these methods as EPIRKW3 in the
paper and highlight the approximation in the context. Figure [4] in the following section shows that these
alternative implementations retain full order when we use an approximation to J,, as expected. It is to be
noted, however, that in the case of W-methods, A,, = J,, might be needed to assure stability, and some
discussion in this regard when A,, = J,, or when ||A,, — J,|| is small, is done in [7, Sec IV.7, IV.11] and [19].

The different implementations of the W-method vary in the way the v function products are computed.
Among the many possible combinations, we will restrict our discussion of the evaluation of these products
to the following cases:

1. A, = diag(J,,). We compute the individual ¢, functions with successively higher subscripts using the
recursive definition given in @, where g is computed as point-wise exponential of the entries along
the diagonal. Next, we take the linear combination of the ¢ functions to evaluate the 1 function as
defined in equation @ Finally, the product of % function of matrix times vector is evaluated as a
matrix-vector product. A similar procedure is adapted for other approximations where A, is either
zero or identity.

2. A,, = J,,. The evaluation of products of ¢ function of Jacobian with vectors is similar to the classical
integrators. Three Arnoldi iterations are required for each new vector in the three stage formulation
given in equation . An implementation involving a non-trivial approximation of the Jacobian may
use a similar strategy to compute the 1 function products.

In addition to classical integrators and W-type integrators, we have implemented EPIRKK4, a fourth-
order K-type integrator, and EPIRK5-K [2I] Table 4], a classical fifth-order method implemented in the
K-framework. These integrators use the reduced space formulation for stage values as shown in Algorithm
The reduced space is constructed using a single Arnoldi iteration per timestep. [26] proves that K-
methods require only as many basis vectors in the reduced space as the order of the method to guarantee
same order of convergence. This is in direct contrast to other methods considered in this paper that perform
Arnoldi iteration where the basis size is variable and is dependent on the residual being below a chosen
tolerance. EPIRKK4, being a fourth order K-method, theoretically requires only four vectors in the Krylov-
subspace. Since the stage values of EPIRKK4 are computed in this reduced space, the size of the matrices
used in the computation of 1 function products is usually smaller than the size of the ODE system under
consideration. As a result, in our implementation of EPIRKK4, quantities @i (h~yH) are directly computed
using the recursive definition given in @, they are stored independently and linearly combined to compute
the ¢ function. The product of a v function of a matrix with a vector is computed as a matrix-vector
product. Despite using a similar procedure with five basis vectors in the Krylov-subspace, EPIRK5-K does
not attain its theoretical order of convergence; the reason for this will become clear in the following section.

6. Numerical results

The integrators discussed in Section [ were evaluated by running fixed-step convergence experiments on
the Lorenz-96 system and variable time-stepping experiments on Lorenz-96, Shallow Water Equations, and
Allen-Cahn system. In order to run variable time-stepping experiments, we used the MATLODE® framework
[2], a MATLAB® -based ODE solver suite developed by the co-authors.
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6.1. Lorenz-96 system
Lorenz-96 model [I2] is described by the system of ODEs:

dy, .

T;Z—yj—l(yj—2—yj+1)—yj+Fa Jj=1...N, y1=yn. (30)
Here N denotes the number of states and F is the forcing term. For our experiments we let N = 40, and
F = 8. The initial condition for the model was obtained by integrating over [0, 0.3] time units using MATLAB’s

ODE45 integrator. Note also that the boundary condition is periodic.
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Figure 4: Convergence plot for different methods applied to Lorenz-96 model .

The Lorenz-96 system was used to perform fixed-step convergence experiments on a subset of integrators
listed in Table [}] The reference solution was computed using ODE45 with absolute and relative tolerances
set to le—12. The convergence plots for fixed-step experiments are shown in Figure |4l The results for each
implementation and coefficient combination are summarized in Table[5| These results support the following
conclusions:

1. The numerical experiments verify the order of the methods derived in the paper. Both EPIRKK4 and
EPIRKW3 show the theoretical order of convergence.

2. The theory of W-methods is validated through testing different approximations to the Jacobian. In-
deed, EPIRKW3 consistently shows third order convergence irrespective of the approximation used for
the Jacobian.

3. The results demonstrate that every K-method can be implemented as a classical method of the same
order. Here we test EPIRKK4-CLASSICAL, the implementation of the method EPIRKK4 in the classical
framework as discussed in Section [5] It has the same order of convergence as EPIRKK4 since the
coefficients derived for EPIRKK4 method satisfies all the order conditions of a fourth order classical
method. This is particularly true for every K-method.

4. In general, classical methods implemented as a K-methods do not preserve the order and may suffer
from order reduction. Here EPIRK5 and EPIRK5-K were implemented for this specific purpose where
EPIRK5-K is a K-type implementation of the fifth order classical method EPIRKS derived in [21].
Clearly, from Table[5] we see that the K-type implementation shows order reduction as the coefficient
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in front of the elementary differential corresponding to 74 is non-zero in the K-type method. In

general, solving the order conditions for a K-type method is more restrictive than solving for a classical
method due to the additional order conditions that arise from approximating the Jacobian in the
Krylov-subspace. As a result, not all classical methods lead to K-type integrators of the same order.

The last two observations are in line with Corollaries [4.6] and .71

Implementation . Derived Fixed Step
Integrator Coefficients Convergence
Framework Order

Order
EPIRKK4 K-Type Figure (3] 4 4.018722
EPIRKK4-CLASSICAL Classical Figure (3 4 4.009777
I EPIRKS Classical [21, Table 4] 5 5.016092
I EPIRK5-K K-Type [21, Table 4] 5 3.051511
EPIRKW3 [A,, = J,] W-Type Figure [2 3 2.994241
EPIRKW3 [A,, = diag(J,,)] W-Type Figure [2 3 2.967430
I EPIRKW3 [A,, =1 W-Type Figure [2 3 2.987911
I EPIRKW3 [A,, = 0] W-Type Figure |2 3 2.977000
EROW4 Classical [T, Section 5] 4 -
EPIRK5P1BVAR Classical [23, Table 3] 5 -

Table 5: Comparative study of various exponential integrators. The convergence orders shown are obtained
from fixed step size experiments with the Lorenz-96 model . Integrators implemented only for studying
fixed step convergence behavior are excluded from variable timestep experiments and these are prefixed with
T in column 1.
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Figure 5: Work-precision diagrams for different methods applied to Lorenz-96 problem .

To evaluate the relative computational efficiency of the integrators — EPIRKK4, EPIRKW3, and EPIRKK4-
CLASSICAL — we perform variable time-stepping experiments with the Lorenz-96 system, the Shallow Water
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Figure 6: Work-precision and convergence diagrams for different methods applied to Lorenz-96 problem.

Equations, and the Allen-Cahn system. We also include known exponential schemes such as EPIRK5P1BVAR
[23] and ErROW4 [IT],[22] as benchmark for the performance of the methods derived in this paper. Experiments
are run for different relative tolerances [le—1,1le—2, ..., 1le—8]|; the error controller [0, Section II.4], which is
the same across all methods, adjusts the stepsize to ensure that the solution meets the tolerance requirement.
The relative tolerance for the Arnoldi algorithm was set to le—12 for EPIRKK4, EPIRKK4-CLASSICAL and
EROW4; le—9 for EPIRKW3 (A, = J,,) and to experimental tolerance for EPIRKGP1BVAR. As in the case
of fixed-step convergence experiments, the reference solution is computed using ODE45 with absolute and
relative tolerances equal to le—12.

To aid the interpretation of the results, we organize the performance diagrams by subgroups of inte-
grators. The work-precision diagrams for the Lorenz-96 system integrated over the time interval [0, 1.8]
[units], are shown in Figures and I@ Figure [6b| shows the convergence diagram for varying solution
tolerances and plots the global error with respect to reference solution against the number of accepted steps.
Table |§| reports the (root mean square) number of Krylov vectors used by each integrator per projection at
each tolerance level. Table [7] gives the number of rejected time steps for each integrator at each tolerance
level. Lastly, Table [8| interprets the global error at the end of the timespan and the timing results for each
tolerance setting as the best CPU time in which certain level of accuracy is achieved by each integrator.

Figures and [6a] indicate that EPIRKK4 is more efficient than both EPIRKW3 (A, = J,) and the
classical integrators on the Lorenz-96 system . This is because EPIRKK4 integrators use a single Krylov
projection per timestep with a fixed number of basis vectors, not needing to compute any residuals along
the way. On the other hand, each of the classical integrators and EPIRKW3 (A,, = J,,) need three Krylov
projections per timestep and compute residuals to make Arnoldi adaptive. EPIRKK4-CLASSICAL, EROW4
and EPIRKW3 (A, = J,,) build larger bases for high tolerance values, as can be seen from results reported
in Table

Between different fixed subspace sizes, EPIRKK4 with the basis size of four (M = 4) or eight (M = 8)
performs better than those fixed at sixteen and thirty-two. The increased cost of performing Arnoldi for
larger basis sizes does not give a proportionate advantage in terms of stability as all the EPIRKK4 runs end
up taking approximately the same number of timesteps as indicated in Figure [fb] However, runs with larger
basis size do more work per timestep.
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Tolerance | 1 | g2 | 19-3 | 104 | 10-5 | 10-6 | 107 | 10-8

Integrator

EPIRKK4-CLASSICAL 18 16 13 12 10 9 7 7
EPIRKK4 [M = 4] 4 4 4 4 4 4 4 4
EPIRKK4 [M = §] 8 8 8 8 8 8 8 8
EPIRKK4 [M = 16] 16 16 16 16 16 16 1 16
EPIRKK4 [M = 32] 32 32 32 32 32 32 32 32
EPIRKW3 [A,, = J,)] 20 14 10 7 6 5 4 3
EPIRKW3 [A,, = diag(J,)] 0 0 0 0 0 0 0 0
EROW4 20 15 12 10 8 7 7 5
EPIRK5P1BVAR 13 8 6 5 5 4 4 4

Table 6:

Root mean square number of Krylov vectors per projection for each integrator applied applied to
Lorenz-96 problem . EPIRKK4 uses a fixed number of basis vectors in the Arnoldi process (indicated by
the value m in brackets). EPIRKW3 with A,, = diag(J,,) computes the 1 function product directly, without
the need to perform Arnoldi. Both EPIRKW3 with A, = J,, and the classical methods use an adaptive

Arnoldi process to approximate the v function product.

Tolerance | 1,1 | 15-2 | 19-3 | 10~ | 10-5 | 10-6 | 10-7 | 10-8

Integrator

EPIRKK4-CLASSICAL 5 6 7 ) 4 1 0 0
EPIRKK4 [M = 4] 5 7 6 5 3 1 0 0
EPIRKK4 [M = §] 4 7 9 8 2 0 0 0
EPIRKK4 [M = 16] 3 5 9 6 5 0 0 0
EPIRKK4 [M = 32] 5 5 8 11 12 3 0 0
EPIRKW3 [A,, = J,] 6 6 9 7 0 0 0 0
EPIRKW3 [A,, = diag(J,)] 5 6 9 2 0 0 0 0
EROW4 4 7 6 6 1 0 0 0
EPIRKSP1BVAR 5 4 ) 7 4 4 1 0

Table 7:

Total number of rejected timesteps for each integrator applied to Lorenz-96 problem . EPIRKK4
[M = 32] attempts to take large steps in the high tolerance region, but the stepsize controller rejects them

and forces it to take about the same number of steps as other methods.

Accuracy |1 1072 1073 10~* 107° 106 1077
Integrator
EPIRKK4-CLASSICAL .025 — .032 .061 .083 129 —
EPIRKK4 [M = 4] .007 .015 .017 .03 .054 .095 —
EPIRKK4 [M = §] .008 .012 .019 .031 .057 101 —
EPIRKK4 [M = 16] .01 .014 .023 .039 .07 122 —
EPIRKK4 [M = 32] — .015 .024 .059 .104 .186 —
EPIRKW3 [A, = J,] .031 .045 .078 .146 .301 .535 —
EPIRKW3 [A,, = diag(J,)] .013 .027 .06 132 283 — —
EROW4 .027 .034 .05 073 116 .202 31
EPIRKHP1BVAR .039 .054 .074 101 .149 .223 —

Table 8: CPU time in which accuracy is achieved by different integrators applied to Lorenz-96 problem .
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The difference in performance between the classical integrators can be attributed to the way the com-
putation of ¢ function products is carried out. EPIRKK4-CLASSICAL and EROW4 use the augmented matrix
approach described in Section [5]and only compute the residual at specific indices, where the cost of comput-
ing the residual equals the total cost of computing the basis vectors up to that point [9, Section 6.4]. On the
other hand, EPIRK5P1BVAR computes the 1 function product according to [I4], which involves sub-stepping
and other complex arithmetic operations that do not pay off in the case of Lorenz-96 system.

As seen in Figure EPIRKW3 (A, = J,) behaves like a classical exponential method. The implemen-
tation uses three Krylov projections per timestep and does mathematical operations involving matrices of
approximately the same size as classical exponential methods, except it only has third order convergence.
As a consequence, its performance is similar to that of classical exponential methods in the low-to-medium
accuracy regime. In the medium-to-high accuracy regime the performance is less competitive, and Figure
shows that this is due to the many more steps taken by the integrator EPIRKW3 (A, = J,,), as enforced
by the stepsize controller.

In contrast, EPIRKW3 (A, = diag(J,,)) does not need any Arnoldi iterations. Moreover, computations
do not involve operations on large matrices. This makes EPIRKW3 (A, = diag(J,)) very inexpensive
per timestep. Even though the method appears to be efficient for low accuracy solutions, relative error
in the region is O(1) as is for all other methods. For medium-to-high accuracy solutions, the method
takes significantly more number of timesteps, as is shown in Figure [6b] explaining the tilt towards higher
CPU time. In the case of EPIRKW3 (A, = diag(J,)), we note that the larger number of timesteps for
high accuracy solutions is due to a combination of lower order of the W-method and insufficient stability
as the approximation to the exact Jacobian is not fully representative of its structure. Good Jacobian
approximations for the problem at hand are important in order to take full advantage of the capabilities of
EPIRK-W methods.

6.2. Shallow water equations on the sphere
The Shallow Water Equations (SWE) on the sphere [5l 13| [16] are given by:

ou 1 ou ou U g Oh
E—'_acosﬁ {uﬁ)\—i—vcoseae}_(f+atan9)v+acost98>\ =0
v 1 ou v U goh
a—’_acosG {ua/\—i—vcosﬁae}—|—<f+atan0>u+aae = 0, (31)
oh 1 O(hu) n O(hv cosf) 0
Ot  acosf | OA a0 7

where f is the Coriolis parameter given by f = 2Q2sin 6, with (2 being the angular speed of the rotation of
the earth, h is the height of the atmosphere, v and v are zonal and meridional wind components, a is the
radius of the earth and ¢ is the gravitational constant, § and A are latitudinal and longitudinal directions
respectively. Initial conditions for the shallow water equations are same as those that appear in [I3] Section
6]. The model was discretized in space with 72 gridpoints along each latitude and 36 gridpoints along each
longitude. The system has three variables, u, v and h, that need to be computed at each grid point making
the total dimension of the semi-discrete system N = 7776.

We ran variable time-stepping experiments on the shallow water equations model over the integration
window [0, 28800] time units, which roughly corresponds to one day of real time. The work precision diagrams
appear in Figures[Ta] [7b] and [Ba] Figure[8D]is the convergence diagram for varying solution tolerances and
plots the global error with respect to reference solution against the number of accepted steps. Table [ details
the (root mean square) number of Krylov vectors per projection used by each integrator at each tolerance
level. Table [10] specifies the number of rejected timesteps for each integrator at each tolerance level.

Figure [7a] suggests that for the Shallow Water Equations on sphere problem, EPIRKK4 with basis size
set to eight (sixteen) is able to achieve solutions in the high tolerance region unlike the classical integrators,
and in appropriately less amount of time. EPIRKK4 with sixteen basis vectors continues to be atleast 23%
more efficient until a solution accuracy of le—5 before becoming slightly more expensive than the classical
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Tolerance

10t | 1072 1072 | 107* | 1075 | 1076 | 10°7 | 1078

Integrator

EPIRKK4-CLASSICAL 25 25 25 27 26 21 16 12
EPIRKK4 [M = 4] 4 4 4 4 4 4 4 4
EPIRKK4 [M = §] 8 8 8 8 8 8 8 8
EPIRKK4 [M = 16] 16 16 16 16 16 16 16 16
EPIRKK4 [M = 32] 32 32 32 32 32 32 32 32
EPIRKW3 [A,, = J,] 21 21 21 20 14 8 5 4
EROW4 30 30 22 22 16 12 8 7
EPIRKSP1IBVAR 57 53 38 30 23 19 16 14

Table 9: Root mean square number of Krylov vectors per projection for each integrator applied to Shallow
EPIRKK4 uses fixed number of basis vectors in the Arnoldi process as
indicated in brackets succeeding the name of the method. EPIRKW3 with A,, = diag(J,,) directly computes
the ¢ function product not needing to perform Arnoldi. All other methods, both EPIRKW3 with A,, = J,

Water Equations problem (31)).

and the classical methods use an adaptive Arnoldi process to approximate the ¢ function product.

Tolerance

1071 1072 | 1073 | 107* | 107> | 107 | 1077 | 1078

Integrator

EPIRKK4-CLASSICAL 0 0 0 2 1 2 2 4
EPIRKK4 [M = 4] 12 6 7 5 8 11 13 10
EPIRKK4 [M = §] 15 3 3 6 6 6 7 6
EPIRKK4 [M = 16] 3 2 2 2 4 6 7 18
EPIRKK4 [M = 32] 1 0 1 2 6 7 9 16
EPIRKW3 [A,, = J,] 0 0 0 1 3 3 7 2
EROW4 0 0 1 0 3 6 9 8
EPIRKSP1IBVAR 0 0 0 0 1 2 6 )

Table 10: Total number of rejected timesteps for each integrator applied to Shallow Water Equations problem

B1).

Accuracy |- 1073 10~ 1075 1076 1077 1078 107°
Integrator
EPIRKK4-CLASSICAL — — 135 157 183 .264 — —
EPIRKK4 [M = 4] — 131 123 .185 .249 .342 — —
EPIRKK4 [M = §] — .086 .095 — 123 .161 247 .378
EPIRKK4 [M = 16] .07 — .082 .092 134 .19 497 —
EPIRKK4 [M = 32] — .08 .078 .13 .23 .329 .534 .882
EPIRKW3 [A, = J,] — 158 117 .186 — .232 .685 —
EROW4 — — — 114 124 173 .238 .37
EPIRKSP1BVAR — — — 123 176 .225 .33 .399

Table 11: CPU time in which accuracy is achieved by different integrators applied to Shallow Water Equa-

tions problem . In our experiments, only EROW4 achieves an accuracy of le-10 in 0.515 seconds.
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Figure 7: Work-precision diagrams for different methods applied to Shallow Water Equations problem .
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Figure 8: Work-precision and convergence diagrams for different methods applied to Shallow Water Equa-

tions problem .

methods. On the other hand, EPIRKK4 with basis size eight remains to be about as good as the classical
methods for the entire tolerance spectrum. It is rather interesting that increasing the basis size to sixteen or
thirty-two does not significantly improve the performance of EPIRKK4 integrators and in some cases makes
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them perform poorly. This can be explained based on Figure where executions with eight, sixteen and
thirty-two basis vectors end up taking approximately the same number of timesteps beyond a tolerance
setting of 1le—6 making executions with larger basis size cost more per timestep. For these runs of EPIRKK4,
attempts to increase the stepsize are faced with step rejections as shown in Table [I0]

Among different executions of EPIRKK4, one with four basis vectors performs the poorest as seen in
Figure [7a] and This is because four basis vectors in the Krylov-subspace is insufficient to capture the
dynamics of the ODE system under consideration forcing the integrator to take significantly more timesteps
than other executions of EPIRKK4 (see Figure [3b)).

EPIRKW3 method with A,, = J,, performs like classical exponential integrators as shown in Figure[7b]and
this is explained in Section We notice that the error controller forces the method to take larger number
of time steps as accuracy increases (see Figure explaining the devitation from the classical integrators
for lower tolerances.

For the Shallow Water Equation system, EPIRKW3 with A,, = diag(J,,) did not converge for any tolerance
setting as the method was highly unstable. This can be explained by the structure of the exact Jacobian
versus that of the approximate Jacobian. The exact Jacobian is not diagonally dominant and has an
incomplete banded structure. On the other hand, the approximation only includes the diagonal and is
diagonally dominant. Therefore, we exclude EPIRKW3 with A,, = diag(J,) from our current discussion.

Table [11] presents an alternative approach to interpreting the work precision diagrams. It shows the best
CPU time by which each integrator could achieve a certain level of accuracy.

6.3. The Allen-Cahn problem
We consider the Allen-Cahn equation [1]:

% =aVu+vyu—1u®), (z,y)€0,1] x[0,1] (space units), t € [0,1.2] (time units). (32)
For our experiments we set « = 0.01 and v = 1.0. The model has homogeneous Neumann boundary
conditions and the initial conditions are u(t = 0) = 0.4+ 0.1 (x 4+ y) + 0.1 sin(10z) sin(20y). Discretization
is done in the spatial domain using finite difference for two different grid sizes — 64 x 64 and 256 x 256. The
work-precision diagrams from variable time-stepping are shown in Figures [9a] [0b] and for grid of size
64 x 64. Figure[I0b|shows the corresponding convergence diagram and plots the global error with respect to
the reference against the number of accepted steps. Tableshows the (root mean square) number of Krylov
vectors per projection used by each method at different tolerance levels. Table is a reinterpretation of
the work precision diagrams in a tabular form where each entry represents the best CPU time in which the
solution at the end of the timespan attains a certain level of accuracy. Figures and and
Tables and [17] correspond to results from performing the same experiment on a grid of size 256 x 256.

Figure[9a]demonstrates that EPIRKK4 with basis size set to either sixteen (m = 16) or thirty-two (m = 32)
is more efficient than classical exponential methods for the Allen-Cahn problem on a spatial grid of
size 64 x 64. EPIRKK4 with basis size four requires a large number of timesteps relative to both classical
and EPIRKK4 executions with larger basis sizes, as shown in Figure It also suffers from step rejections
as indicated in Table As a consequence, despite being very cheap per timestep, EPIRKK4 performs the
poorest among all EPIRKK4 executions.

As the tolerance is tightened, all integrators, barring a few, are forced to take small steps that are
approximately of the same size as seen in Figure As a consequence, integrators that are cheap per
timestep are more efficient for high accuracy solutions. EPIRKK4 with eight basis vectors (m = 8) comes out
on top in this regard.

EPIRKW3 with A, = J, behaves like a classical method, but takes more steps in the high accuracy
region due to its lower order, as shown in Figure The same figure illustrates that EPIRKW3 with
A,, = diag(J,,) takes significantly more steps than all other integrators and also suffers from step rejections
in the low accuracy region (Table. Both step rejection and small step size contribute to a poor performing
integrator in its case.

As the grid resolution is increased to 256 x 256, the picture is similar with some notable exceptions
(see Figures and . EPIRKK4 with basis size set to sixteen is no longer performing as well
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Tolerance | 1,1 | 15-2 | 19-3 | 10~ | 10-5 | 10-6 | 10-7 | 10-8
Integrator
EPIRKK4-CLASSICAL 49 49 42 37 30 23 19 16
EPIRKK4 [M = 4] 4 4 4 4 4 4 4 4
EPIRKK4 [M = §] 8 8 8 8 8 8 8 8
EPIRKK4 [M = 16] 16 16 16 16 16 16 16 16
EPIRKK4 [M = 32] 32 32 32 32 32 32 32 32
EPIRKW3 [A,, = J,] 48 48 37 26 17 11 7 5
EPIRKW3 [A,, = diag(J,)] 0 0 0 0 0 0 0 0
EROW4 57 57 47 39 29 21 15 12
EPIRKSP1BVAR 32 47 52 43 31 21 18 15

Table 12: Root mean square number of Krylov vectors per projection for each integrator applied to Allen-
Cahn problem on a 64 x 64 grid.EPIRKK4 uses fixed number of basis vectors in the Arnoldi process as
indicated in brackets succeeding the name of the method. EPIRKW3 with A,, = diag(J,,) directly computes
the v function product not needing to perform Arnoldi. All other methods, both EPIRKW3 with A,, = J,
and the classical methods use an adaptive Arnoldi process to approximate the ¢ function product.

Tolerance | 1,1 | 15-2 | 10-3 | 10~ | 10-5 | 10-5 | 10-7 | 10-8

Integrator

EPIRKK4-CLASSICAL 0 0 1 0 0 1 0 0
EPIRKK4 [M = 4] 4 2 2 11 3 6 14 8
EPIRKK4 [M = §] 6 1 1 3 6 5 0 0
EPIRKK4 [M = 16] 1 1 2 2 0 0 0 0
EPIRKK4 [M = 32] 0 0 0 0 0 0 0 0
EPIRKW3 [A,, = J,] 0 0 0 0 0 0 0 0
EPIRKW3 [A,, = diag(J,)] 0 15 15 13 11 0 0 0
EROW4 0 0 0 1 0 0 0 0
EPIRKSP1BVAR 0 0 0 0 0 1 0 0

Table 13: Total number of rejected timesteps for each integrator applied to Allen-Cahn problem on a
64 x 64 grid.EPIRKK4 executions with basis sizes set to four or eight suffer from step rejections and take
large number of timesteps for all different tolerance levels. EPIRKW3 with A,, = diag(J,,) also shows similar
behavior. This hints at the poor stability of these methods.

Accuracy | oot | g2 | 103 | 074 | 10° | 106 | 107 | 107
Integrator
EPIRKK4-CLASSICAL — — .045 .078 .081 .104 112 —
EPIRKK4 [M = 4] — .044 .048 — .076 .081 131 —
EPIRKK4 [M = §] .023 .02 — .032 .041 .044 .045 .072
EPIRKK4 [M = 16] — .014 .019 .022 .021 .032 .059 .094
EPIRKK4 [M = 32] — — .009 .024 .036 .052 .097 .143
EPIRKW3 [A,, = J,] — .045 .047 .071 .082 128 212 414
EPIRKW3 [A,, = diag(J,)] .16 — .254 .683 1.583 — — —
EROW4 — .054 .063 .103 .106 121 159 .193
EPIRKHP1BVAR — — .018 — .047 .081 .089 .106

Table 14: CPU time in which accuracy is achieved by different integrators applied to Allen-Cahn problem
on a 64 x 64 grid.
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Figure 9: Work-precision diagrams for different methods applied to Allen-Cahn problem on

grid.
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Figure 10: Work-precision diagrams and convergence diagrams for different methods applied to Allen-Cahn

problem on a 64 x 64 grid.

as before. Larger basis sizes are required to gain enough stability while remaining cheap per timestep.
Although choosing the basis size adaptively for K-methods seems to be a natural next step, this has not
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Figure 11: Work-precision diagrams for different methods applied to Allen-Cahn problem on a 256 x 256

grid.

10" o T 10! - T
=~ o =A- EPIRKK4 [m = 4] = ~a —P- EPIRKK4-Classical
S~a —- EPIRKK4 [m = 8] S~a o =A-EPIRKK4 [m = 4]
ob S~ o —0- EPIRKK4 [m = 16] 4 ol ~ <. EPIRKK4 [m = 8] 4
10 S~ 7P“-EP|RKKA [m=32] 10 S ~a ﬁEPI‘Q@ [m=16]
=~ EPIRKK4 [m = 64] EPIRKK4 [m = 32]
104k ¢ F P epfram=s0) ] 101k * ¢ 2 = [m=64] ]
Y / 1 -o-gleKM [m = 96] \ 1 1 ~ax~ EPIRKKA [m = 80]
é 1 -o-EPIRKWATA, =3 ] ® 1 -0l EpIRKkAM = 96]
102k Srofd B! s eBrawsa " Diag )1 10?2 00 *“ \ o -GlEPIRKWS R =1, | ]
9 no ey 1 \ AN \ & —xLEPIRKW3 A =Qiag(d )]
! \ 17 1 AN o 1 .*% & ¢ N L EROW4 N
102k T 7 P | N 1098 N I' * 7 PIRKSP1ENar 4
N * \, V) ! | X 1 ¥
_ . s ¥ \ s ¥
2107t ) & ‘ol A E-RTE) SN » 1 . A |
i | L T o Sg Vedy B \ ! " A 4
{ ' b [ \ x »\\\* S, \ & \ \
10°F \ \ | b N E 10°F o \\ A\ N, \ \ \ E
s ® #% | xR v 1 *
10 W\ 1 1 1 1 106 . |\ N R Q\ 1 II 1
L i 3 2 N 3
+* 0@ vody \ ‘k\‘ % u ! > 1
\\Q \ 4 N b | X Q- ¢ . b !
107F v i E 107 F NR: D N > ) 4
\ o\ S
]K* Q\l 1] {\ )2 1
\ 1 N R
o R A Yo W o A
108 ® E 10°F o ’\ 1
* K
10 . . 107 . . .
10 10° 10t 10t 102 10°
CPU Time

(a) W-type versus K-type methods

Accepted Steps

(b) Convergence diagram

Figure 12: Work-precision diagrams and convergence diagrams for different methods applied to Allen-Cahn
problem on a 256 x 256 grid.

been investigated as part of current work and will be considered as future extension.
Tables [14] and [I7] summarize the results of the work precision diagrams in a tabular fashion where
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Tolerance | 1,1 | 15-2 | 19-3 | 10~ | 10-5 | 10-5 | 10-7 | 10-8
Integrator
EPIRKK4-CLASSICAL 192 192 211 177 131 118 92 75
EPIRKK4 [M = 4] 4 4 4 4 4 4 4 4
EPIRKK4 [M = §] 8 8 8 8 8 8 8 8
EPIRKK4 [M = 16] 16 16 16 16 16 16 16 16
EPIRKK4 [M = 32] 32 32 32 32 32 32 32 32
EPIRKK4 [M = 64] 64 64 64 64 64 64 64 64
EPIRKK4 [M = 80] 80 80 80 80 80 80 80 80
EPIRKK4 [M = 96] 96 96 96 96 96 96 96 96
EPIRKW3 [A,, = J,] 186 186 204 125 93 61 41 28
EPIRKW3 [A,, = diag(J,)] 0 0 0 0 0 0 0 0
EROW4 231 254 215 170 133 100 71 54
EPIRKSP1BVAR 328 358 410 475 420 331 234 205

Table 15: Root mean square number of Krylov vectors per projection for each integrator applied to Allen-
Cahn problem on a 256 x 256 grid. EPIRKK4 uses fixed number of basis vectors in the Arnoldi process as
indicated in brackets succeeding the name of the method. EPIRKW3 with A,, = diag(J,) directly computes
the 1 function product not needing to perform Arnoldi. All other methods, both EPIRKW3 with A,, = J,
and the classical methods use an adaptive Arnoldi process to approximate the ¢ function product.

Tolerance | -1 | 1g-2 | 19-3 | 10-4 | 10-5 | 10~ | 10-7 | 10-%
Integrator
EPIRKK4-CLASSICAL 0 0 0 0 1 1 1 1
EPIRKK4 [M = 4] 76 70 36 7 80 53 8 168
EPIRKK4 [M = §] 110 36 49 46 81 84 87 106
EPIRKK4 [M = 16] 56 24 22 6 37 36 43 49
EPIRKK4 [M = 32] 16 3 10 11 13 14 14 1
EPIRKK4 [M = 64] 5 5 3 4 4 0 0 0
EPIRKK4 [M = 80] 6 4 2 2 2 0 0 0
EPIRKK4 [M = 96] 3 2 1 2 0 0 0 0
EPIRKW3 [A,, = J,] 0 0 0 2 1 1 0 0
EPIRKW3 [A,, = diag(J,,)] 0 46 | 156 | 181 | 169 | 169 | 164 | 41
EROW4 0 0 0 0 0 0 0 0
EPIRKSP1BVAR 0 0 0 0 0 0 0 0

Table 16: Total number of rejected timesteps for each integrator applied to Allen-Cahn problem (32)) on a
256 x 256 grid. EPIRKK4 executions with smaller basis sizes suffer severely from step rejections and take large
number of timesteps for all different tolerance levels and so does EPIRKW3 with A,, = diag(J,,), signaling
the poor stability of these methods.

they show the best CPU time in which the integrators attain certain prescribed levels of accuracy for the
Allen-Cahn problem on a 64 x 64 and 256 x 256 grid, respectively.

We also performed additional experiments with variable time stepping on the Allen-Cahn problem
(64 x 64 grid) for different time spans ranging between [0, 0.2] units to [0, 9.6] units. Those results are not
reported here in detail. We noticed that the relative performance of the classical methods and K-methods
depends on the time span: in some instances the classical methods perform as well as the K-methods,
while in other instances they perform more poorly than for the cases shown in the paper. We could not
conclusively point to the cause of this variability in the relative performance.
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Accuracy | 41 1072 1073 1074 1075 106 107 | 1078
Integrator
EPIRKK4-CLASSICAL — 2.567 4.754 4.465 5.201 4.784 5.216 —
EPIRKK4 [M = 4] 8.984 — 9.422 9.333 13.949 — 16.353 —
EPIRKK4 [M = §] — 3.899 3.903 — 5.907 6.03 — —
EPIRKK4 [M = 16] 1.683 1.729 — 2.337 2.518 2.901 3.202 —
EPIRKK4 [M = 32] .867 1.067 — 1.158 1.357 1.499 1.526 —
EPIRKK4 [M = 64] — 761 — .967 1.025 912 1.609 —
EPIRKK4 [M = 80] 1.373 755 — .888 .97 1.192 2.033 3.222
EPIRKK4 [M = 96] — .841 784 .967 978 1.742 2.635 4.172
EPIRKW3 [A, = J,] 2.444 4.522 4.712 3.952 4.26 4.727 6.932 —
EPIRKW3 [A,, = diag(J,)] — — 62.205 | 62.858 — — — —
EROW4 — 3.641 6.308 6.093 6.3 6.45 6.57 6.772
EPIRKSP1BVAR — — 672 1.928 2.248 2.423 3.76 —

Table 17: CPU time in which accuracy is achieved by different integrators applied to Allen-Cahn problem
(32)) on a 256 x 256 grid.

7. Conclusions

Exponential Propagation Iterative Methods of Runge-Kutta type (EPIRK) rely on the computation
of exponential-like matrix functions of the Jacobian times vector products. This paper develops two new
classes of EPIRK methods that allow the use of inexact Jacobians as arguments of the matrix functions.
We derive a general order conditions theory for EPIRK-W-methods, which admit arbitrary approximations
of the Jacobian, and for EPIRK-K-methods, which use a specific Krylov-subspace based approximation of
the Jacobian. We also provide a computational procedure to derive order conditions for methods with an
arbitrary number of stages, and solve the order conditions of a three stage formulation to obtain coefficients
for two third order EPIRK-W-methods, named EPIRKW3, and a fourth order EPIRK-K-method, named
EPIRKK4. Several alternative implementations of W-methods and K-methods are discussed, and their
properties are studied.

Numerical experiments are conducted with three different test problems to study the performance of the
new methods. The results confirm empirically that EPIRKW3-method retains third order of convergence with
different Jacobian approximations. The EPIRKK4-method is computationally more efficient than EPIRKW3
and performs better than classical methods in a number of different scenarios considered in the paper.
In particular EPIRKK4 outperforms EPIRKK4-CLASSICAL, a method with the same set of coefficients, but
implemented in the classical framework for exponential integrators. More numerical experiments are needed
to asses how these results generalize to different applications.

It was also observed that increasing the basis size can make EPIRKK4 more stable, but there is a cost to
pay for it and that it is important to balance gains in stability against the increased computational cost. An
adaptive approach to basis size selection for the K-methods is relevant in this regard and will be considered
in future work.
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A. Derivation of K-methods

The EPIRKK method is derived from EPIRKW method, where a specific Krylov-subspace approximation
of the Jacobian is used instead of an arbitrary approximate Jacobian as admitted by the W-method. We
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start the derivation by first stating the general form of the EPIRKW method:

Yi = yn + a1 $ia(gin hAR) Rf(yn) + Y iy ij(gi5 h An) RAV Dr(y,), i=1,...,s—1,
=2

Yntl = Yn + b1 "/}8,1(95,1 hAn) hf(yn) + Z bj ws’j (gs’j hAn) hA(j_l)T(yn)'
=2

In the above equation, the v function is as defined in equation and the following simplifying assumption
is made about it:

vij(2) = i(2) =Y piker(2),
=1

where ¢ function is as defined in equation (5)), (6). Additionally, the remainder function (r(y)) and the
forward difference operator (AW r(Y;)) are defined accordingly below:

7n(y) = f(y) - f(yn) —A, (y - yn)7 (Al)
A(J')T(Yi) - A(jfl)r(yiﬂ) _ A(jq)r(yi)’
AUr(Y) = r(Yigr) = ().

The K-method uses a specific Krylov-subspace based approximation of the Jacobian (J,). An M-dimensional
Krylov-subspace is built as,

ICZM :Span{fnaJnfanifny-~-aJ7]§4_1fn}a (AQ)

whose basis is the orthonormal matrix V and H is the upper-Hessenberg matrix obtained from Arnoldi
iteration defined as

H = Vi, V. (A.3)
The corresponding Krylov-subspace based approximation of the Jacobian is built as
A, = VHVT =vvTy, vvT, (A.4)

The use of Krylov-subspace based approximation of the Jacobian reduces the ¢ and 1 function in accordance
with lemma [£.2] and [£.3] to the following

or(hyA,) = % (I-VVT) + Ve (hyH)VT, (A.5)
Vi(hyA,) = Py (I=VVT) + Vo, (hyH) VT, (A.6)

where p; is defined as

J
~ Dy,
b=y (A7)

k!
k=1

In order to derive the reduced stage formulation of the EPIRKK method we need to resolve the vectors in
the formulation into components in the Krylov-subspace and orthogonal to it. Repeating the splittings from
the main text:

e Splitting the internal stage vectors noting that Yy = y,:
Yi=VXN+Y"  where V'Vi=)\, (I-VV')Y,=Yv" (A.8)

37



e Splitting the right-hand side function evaluated at internal stage vectors while noting that fo = f(yn):
fi=fY:)=Vn+f+ where VIfi=n, ([I-VVT)f,=f" (A.9)
e Splitting the non-linear Taylor remainder of the right-hand side functions:

r(Yi) = f(Yi) = f(yn) = An (Yi —yn) = fi = fo — VHV” (Yi — yn),
where V' r(Yi) =n; —no — H (X — o), (A.10)
(I-VVT)r(Yi) = £ - fi-
e Splitting the forward differences of the non-linear remainder terms:

1) = AV r(y,) = Vo) + 754y,

~ ~ ~ (A.11)

where VT ’/’(j_]_) = d(j—l)’ (I — VVT) T(j—l) = T’(J_j_l).

Using these each internal stage of the EPIRKK method can be expressed as below:
VA +Yh = yn +hai (;51 (I-VVT) +Vii(hgi H)VT> <V770 + f&)
+ Z ha; (ﬁj I-VVD)+Vy;(hg; H)VT> <Vd(j_1) + ?(lj_l))
j=2
= yn +ha; (171 fo+Vibr(hgia H)770>
- ~ =1
+Zham- (pj r(j—l) +V’¢)J(hgz’J H) d(]_1)> (A].Q)

=2

The reduced stage formulation of the EPIRKK method is obtained by multiplying the above equation by V7
from the left

Ai = VTy, +haiiti(hgin Hn Jrzhai,j Yj(hgi; H)d-1)

j=2
= )\() + hai,lwl(hgi,l H)'I7() —l—Zham- /wj(hgi,j H) d(j—l)' (A13)
Jj=2

And the full stage vector can be recovered by first computing the reduced stage vector and adding the
orthogonal piece Y+ obtained when multiplying equation (A.12)) by (I — VVT)

3
Vit = (I-VV')y, +haipi fo + Z hai; p; ?(Lj—l)
j=2
= (Yo — Vo) +hai1pi fi +Zhai-,j pj Fé—l)' (A-14)
=2

The final stage can also be written in the above form with multipliers b; in place of a;;. Notice that
the expensive computations are performed in the reduced space, i.e. the v function is computed in the
reduced space instead of the full space offering potential computational savings. In the above equations, the
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P

quantities d(;_1) and G

d(j-1)

~1
T(j-1)

_1) can be shown to be

k0<(nk(jkl>n%4‘kII((Uk<Jk1>Ar4—k)>, (A.15)
k_o <<_”k<j;1> ﬁl_’“)’ (A.16)

as is done in the following appendix.

B. Proofs

In order to prove equations (23al) and (23bf), we start with the definition of the remainder function and

forward difference.

J

Lemma B.1. AWr(Y;) = Z(*l)k
k=

T(y) = f(y) - f(yn) - An(y - yn)v (Bl)
AWr(y)) = AUDr(v,) - AUYr(Y), (B.2a)
AV = 7(Yig1) —r(V5). (B.2b)

(

)

0

Proof. In order to prove the lemma, we resort to mathematical induction. Base case j =1,

AWr(Y;)

S
k=0
r(Yig1) = r(Yi).

The base case is true by definition. We now assume that the proposition holds true for all 7 up to k — 1.

We have,
k—1
Aty = Y (")t (B.3)
=0
k—1
A ) = S0 (] e (B.4)
=0
Then for j =k,
ABY) = AFDr(Yig,) - AFDr(Y)
— k-1 - k-1
i (P KRB SV (g LT
k—1 k=2
= o+ 0 (i) - S0 (F ] ) + 1,
=1 =0

We perform a change of variable for the second summation, m =141 = [ = (m — 1),
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m—1

k—1 k—1
2®r(r) = i)+ (" e = X e0m (B0 )t + o)
=1

= 3
==

k—1 —_
= r(Yigr) + »_(=1)! (k , l)rmk_l) + Z(l)m(k - 1)r<mk_m> + (—=1)*r(Yh).
=1

m—1
m=1

The summations run between the same start and end indices, and can be collapsed.

ABNY) = oV + 3 (1) (79 (320)) i + (veorn.

=1

We use the identity,

and arrive at the desired result,

k—1
AW = o)+ 1) (] ) + (<1040

— (1) ('g)r(mk) D3 <’;> F(Yienot) + (-1)F <:>7‘(Yz)
k

= S ()i (B.5)
=0

Lemma B.2. Given

AU r(y,) = Vd_1) + 51y, (B.6)

we need to prove

dgj-1) = ZZ_:: ((1)’“ <j ; 1)nj—1_k — H<(1)’“ <j ; 1) Aj_l_k>), (B.7)
-1 = S ((—1)‘“ (j i 1) flk). (B.8)

k=0

Proof. We start with lemma where we have proven that

ADr(v) =3 (-1)* (‘;)r(i’i+jk)~
=0

k

We plugin the value i = 0 which corresponds to AW7r(Yy) = AWr(y,) and we get,

j (D ey
A0 = S ()00

0
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WLOG replacing j by j — 1 yields

j—1 .
o j—1
AT r(y) = S0 () (8.9
k=0
Since the left-hand side of equation can be written as
AVDr(y,) = V(1) + 71,
we have the following result
i-1 i1
V(o) + 7 = Z(—l)k< f )T(lek) (B.10)
k=0
The remainder function r(Y;) is defined as
r(Yi) = f(Yi) = f(yn) — Ap x (Yi — yn).
Plugging in the definition of remainder function in (B.10]) and observing that r(y,) = 0, we get
=2 i1
Vi 4+ = S0 (P00 - £ - A (Yo m))
k=0
j—2 )
k(-1
= > (-1 p )\ imok) = Anx Yo | —
k=0
j—2 )
k(J—1
(_1) k f(yn) - An *Yn |- (B'll)
k=0
Consider the identity involving alternating sum and difference of binomial coefficients,
Lk
S (=i ) =0 (B.12)
i=0 !
Applying (B.12)) to (B.11)) we get,
=2 i1
Vd 1) + 75 = (—1)k< f ) <f(lek) — f(yn) — An * ( i1k — yn>)
k=0
j—2 )
k(J—1
= DR ) (k) = A Yimw ) =
k=0
(090 (1)~ A v
=2 i1
_ (—1)k( ] ) (f(lek) AL lek) .
k=0
, i1
000 (170 () - Aw )
j—1
j—1 )
k(-1
= > (-1 i )\ imion) = An Yo . (B.13)
k=0
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Additionally, since we are replacing the Jacobian by the approximation in the Krylov-subspace, i.e. A, =
VHVT we have

j—1 .
~ -1
Vd_iy+75. = > (-1 <J L ) (f(Yj_l_k) -~ VHVT % Yj_l_k>. (B.14)
k=0
We get the expression for d(;_1) by multiplying equation (B.14)) from the left by V7 and that for ?(Lj_l) by

multiplying by (I - VV7T).
O

C. Structure of Jacobian evaluated at yo for the test problems

e

Figure C.13: Structure of Jacobian evaluated at yo for the Lorenz-96 system
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Figure C.14: Structure of Jacobian evaluated at yy for the Shallow Water Equations
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Figure C.15: Structure of Jacobian evaluated at yg for the Allen-Cahn Equations on a 64 x 64 grid.
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