DISCRETE VARIATIONAL METHODS AND SYMPLECTIC GENERALIZED
ADDITIVE RUNGE-KUTTA METHODS

ANTONELLA ZANNAfT

ABSTRACT. We consider a Lagrangian system L(q,q) = Zfil L1} (q, ¢), where the g-variable is
treated by a Generalized Additive Runge-Kutta (GARK) method. Applying the technique of
discrete variations, we show how to construct symplectic schemes. Assuming the diagonal meth-
ods for the GARK given, we present some techinques for constructing the transition matrices.
We address the problem of the order of the methods and discuss some semi-separable and sep-
arable problems, showing some interesting constructions of methods with non-square coefficient
matrices.

1. INTRODUCTION

In this paper we are interested in studying a family of variational method that are obtained
when considering a system with a Lagrangian

N
L(g,q) =Y L"(q.q), qeR?
=1

or a Hamiltonia system, split in elementary Hamiltonian systems,

N
H(g,p) =Y H"(q,p), qpeR’
=1

where each term is treated by a different method of Runge-Kutta (RK) type. The idea of treating
different terms with different methods is by no means new. Additive Runge-Kutta (ARK) methods
were introduced already in the 80’s [CS83] to deal with stiff ODEs, where the stiff term would be
treated by a different Runge-Kutta method than the non-stiff term, typically using an explicit
method for the non-stiff part and an implicit one for the stiff-part. In the mid-90’s, these methods
were studied in detail from the Hamiltonian viewpoint, and order conditions and conditions for
symplecticity were established [AMSS97]. The use of additivity, especially in the context of DAEs
was studied in [Jay98], and later in [Tanl8], the latter especially in the context of the formalism
of Generalized Additive Runge-Kutta (GARK) methods introduced in [SG15].

Parallel to the Hamiltonian approach, there is the Lagrangian approach, popular in the com-
munity of computational mechanics [MWO1] and optimal control [OBJM11]. In the Lagrangian
setting, the action integral is discretized by an appropriate quadrature, the variable is replaced
by an appropriate polynomial interpolant and discrete variational equations are derived. As the
discrete variational equations are essentially the same as generating functions, the resulting meth-
ods are automatically symplectic. Recently, a splitting of the Lagrangian, where each term was
treated by a different method, was used in the context of higher order variational integrators for
dynamical systems with holonomic constraints [WOBL17] and in order to devise mixed order in-
tegrators for systems with multiple scales [WOBL16]. The order analysis of these methods is not
straightforward.

Date: January 20, 2020.
T Matematisk institutt, Universitetet i Bergen, Norway, email: Antonella.Zanna@uib.no.

1
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It is known that there is an equivalence between symplectic Partitioned RK methods and some
discrete variational methods, see [EH06, MWO1], but it is not known whether more complicated
variational methods can be written in a RK-type formalism. The advantage a RK formalism is
that it would make order analysis of the methods considerably easier, as the order analysis of RK
and PRK methods is well understood (see [EH06] chapter III and references therein).

In a recent paper [Zan], we introduced a family of Runge-Kutta methods of additive type
for highly oscillatory problems. The methods were derived from a variational formulation, using
different quadrature formulas for different parts of the Lagrangian. In this paper we identify
those methods as a particular case of partitioned symplectic GARK methods, that are, in turn,
GARK methods. The main idea is that the g-variables are treated by a GARK method, thus
generating a discrete Lagrangian that uses a different RK for each part rather than the same
RK for all terms. Performing discrete variations, we arrive to a partioned GARK method that is
automatically symplectic. The GARK framework allows us to significantly simplify the formulation
of the methods, that can be written in a ready-to-use formalism, and the order analysis, as only
known algebraic relations for the coefficients need to be verified.

The paper is organized as follows. We commence by reviewing the formalism of GARK meth-
ods and the equivalence with ARK methods, see § 2. In Section 3 we use GARK methods for the
splitted Lagrangian to obtain variational equations and symplectic partitioned GARK methods.
In Section 4 we present the general form of the methods for both Lagrangian and Hamiltonian
problems, the latter split in Hamiltonian sub-problems. In Section 5 we review some results about
the order conditions for GARK methods and reformulate them in a simple and elegant way. In
section 6 we introduce two main techniques that can be used to construct the transfer matrices
between the different methods. The transfer matrices constructed in this way can be used as
generators for other transfer matrices. As the transfer matrices are not unique (in facts there
are infinitely many of those), this gives the possibility of tuning the methods to obey qualitative
properties which would be hard to obey in the classical setting. For instance, in [Zan] we con-
structed higher order symplectic methods that were P-stable using a diagonal method that was
not P-stable. In Section 7 we relate the order of the partitioned symplectic method to the order
of the underlying GARK method, thus simplifying the order analysis. In Section 8 we consider
the special case when the number of splitting terms is N = 2. We consider a semi-separable case
L(g,q) = L% (q,¢) + L1 (q), and a fully separable case, L(q,¢) = L1} () + L{?}(q), together
with the corresponding Hamiltonian cases. For this latter case, we show, as an example of the new
possibilites opened by this framework, a fourth order symplectic method with three stages for ¢
and two stages for p, thus having rectangular coefficient matrices. The method is constructed from
the Gauss—Legendre and Gauss—Lobatto of order four but is implicit only in the second stage Q2
for ¢. Finally, Section 9 is devoted to some concluding remarks.

2. GARK METHODS
A GARK method for the problem

N

(1) &= f(t,e) = Ut

=1

reads
N gim}
Xi{l} = z,+h Z Z a{l’m}f{m}(t{m} X{m}), i=1,...st 1=1,...,N,
m=1 j=1
N il
Tni1 = TpH+ hZZb]{l}f{l}(t;{l},X]{J}),

=1 j=1
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with tj{l} =t + c;{-l}h, and the corresponding generalized Butcher tableau of coefficients

A Aty o0 4{uNy
(2) : : . :
ANY | ANy o0 AN
‘ RO p{N}

[SG15]. The diagonal blocks of the type (A{LH bt} i) 1 = 1,... N, are usually chosen as
some standard RK methods, while the off-diagonal blocks A{b™} [ = m, are coupling (or transfer)
coefficients.

2.1. The equivalence of ARK and GARK. The formalism of the GARK methods is equivalent
to that of Additive RK methods, and RK method, providing a unified approach. For instance,
when N = 2, the ARK method

A1 42}

A 42

‘ p{1t  pi2}

c| A Az ¢
‘ STy 8 equivalent to the GARK method ¢

Vice versa, the GARK method
A | Al 4{12} A1 AL 0 Afn2}
2t | A2 A2 g equivalent to the ARK method ct2 A2 o 0 Alz2
‘ p{1} pi2} ‘ [b{l} 0] [0 b{2}]

The advantage of the GARK fomulation is that it clarifies the coupling between the various meth-
ods, in addition to eliminating zero quadrature weights in the ARK formalism, hence the analysis
of special cases.

2.2. Partitioned Runge—Kutta methods are GARK methods. Consider a generic problem
with a partitioning of the variables of the type

¢ = vigp)

p = f(gp),

and a Partitioned Runge-Kutta method (A%, p{1} ci1}) (A2} p{2} c12}). Tt is usual to choose
b2 = b1} = b and 12 = {1} = ¢. Let variable y = [¢,p]” and the splitting

g =Fly) = F B (y) + F(y) = [v(qdp)} N {f(o }

p)
It is easy to see that the PRK method corresponds to the GARK method
c| A1 a2}
c| A 402
‘ b b

In facts, by virtue of the fact that the g-part of F{2} is zero, one has Q;»{l} = Q;-{z} for all the stages

of the methods. By a similar argument, Pl-{l} = Pi{z} and the statement follows. In particular, if
the problem is Hamiltonian, that is

_ 0H(q,p) _ 0H(q,p)
and if the PRK is symplectic, then the above GARK becomes (A{'} = A)
c| A

A
clA A,
b b
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with the symplectic condition b;b; = b,a; ; + bja; ;.

3. VARIATIONAL DERIVATION OF PARTITIONED SYMPLECTIC GARK METHODS

Assume a Lagrangian L(q,q) = Zz]i1 L1 (g, ) given. We consider a discrete action approxi-
mation

h N
3) / Lgd~hy
=1

where we assume that the g-variables are resolved by a GARK method

S

{1}
l l {1

k=1

N stm}
(4) QM = w+hY Y aliMOM, =180 =1 N
m=1 j=1
N st
(5) a o= q+hd > b,
=1 i=1

corresponding to the GARK tableau for the ¢ variables,

A1 | atvy Lo 4Ny
Q: ol
c AtV o0 g{N N}
pir .. pIN}Y

with b;-{l} £0fori=1,...,st 1 =1,...,N. We construct the augmented discrete Lagrangian by
taking

N gt} N s}
Ealaona) =03 SO L@, Q) Ay — a0 - 0SS IO
1=1 k=1 =1 i=1

The augmentation of the Lagrangian takes care of the linear dependence in the variables. Proceding

{m}

in a manner similar to the derivation of symplectic PRK, we use the Q]— ,i=1,..., stmd m =

1,..., N as the principal variables. Taking derivative with respect to Q}m}, we obtain the following
st oo sIN} conditions
N sl 8@ GQ
{l} {1} 9%k k {m} _ o {m} _
6) by Y b (P {m}—i—P olm P A =0, =1, m=1 N,
1=1 k=1 9Q); Qi

where we have denoted

-1 0 0o ! 0 1} A
B = St o, Bl =S r @ o).
dq dq
{1}
sing the fact that —£—~ = ha; and substituting into , we obtain
Using the f hgg{k} haf""™ I and substituting into (6 btai
N sl
l 5{1 lm m m m .
7 RN o B hal ) + h2 I P bt =0, =1, m=1,. N
=1 k=1

The symplectic numerical method is obtained by considering the discrete Euler equations for
Lx(q0,q1)

0 0
L bl + L — 1 - O’
o0 A(q0, q1) o0 A(g-1,90)



DISCRETE VARIATIONAL METHODS AND SYMPLECTIC GENERALIZED ADDITIVE RUNGE-KUTTA METHODS

(variations are zero at the endpoint of integration) and eliminating the Lagrange multiplier A,
giving a two-step type method in ¢_1, qg, ¢1. The method can be reduced to a one-step method by
using the the Legendre transform

0 0
Po = —T%LA(QO,(J& p1= afqlLA(QO,(h)’
and we shall consider the latter approach. We have
oL N aQ a0 N 00l
A {l} {l} I {l} Ok {1} O~
=hy > b J+AT+hY D b ),
a0 1=1 k=1 040 1=1 k=1 940
and, taking into account that
{m}
) {l} N s {l }GQ
— [Jrh m ,
w12 2
together with (7), we obtain
N sl
(8) po=—h>_ Y oA -
=1 k=1
Similarly,
L\ _ i 2{: P99 0% pl} QY }) AT
aQ1 - B oq ’
and, again, expanding in terms of Q and using (7), we obtain
b1 = _)\Ia
from which,
N st}
p=po+hd > oA
I1=1 k=1
The internal stages for the Pi{l}s can now be retrieved combining (7) and (8):
N sgim?} m}
i _ {m} _ k {m I pimy (3
(9) P; = po—i—hZZb {l} )P j=1,...,s
m=1 k=1
thus obtaining a Partitioned Symplectic GARK method
A oAl Lo 4{LNd AL | AlLy Lo ALY
(10) Q- ; : : 7 p- : i CE ’
AN | oAV L 4NN ANY | AV L 4NN}
B plly ... piN}
where!
(11) A\{l,m} _ (]l{l,m} . (B{l})—l(A{m,l})T)B{m}7 I,m=1,...,N,

Bk} = diag(b{k}) are required to be invertible, and 1{tm} = 1,03 stmy is the matrix of ones of
dimension st x s{™}, It is easy to see that

Aty — (qtm} _(glmhy=1(gUmhTygllh 1 ;= 1,... N,

IFor consistency, we will require Ay = Altmyg{m}
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From the relation (11) above, it is clear that, once the GARK method for the g-variables is chosen,
the matrices g{l’m}, I,m = 1,...,N, exist and are uniquely defined, as long as the weights in
b1}, bim} are all nonzero. Moreover the correspondence is one to one. As the p-variables are
conjugate to the ¢ variables, the one-to-one relation (11) justifies the following definition.

Definition 3.1 (Symplectic conjugate GARK methods). The couple of GARK methods (Atbm} pimd i}y,
(A\{l’m}, bimd A I m=1,...,N, with Allm} defined as in (11) and bl{l} £0,i=1,...,st 1=
1,..., N, will be called a symplectic conjugate GARK method and denoted by (Albm} Albm} pim} o)
I,m=1,...,N.

The relation (11) can be written as a generalization of the well known symplectic condition
Viom=1,...,N.
Note that the diagonal blocks of the @) and P variables are precisely symplectic conjugate PRK
pairs (AL 2{“}7 pild ctihy,

In what follows, we will use consistently the wide hat notation ~ to denote a matrix that is
constructed using (11).

p{plm = piallmt yptmiaim =1 s =1, st

)

4. GENERAL FORMAT OF THE METHODS: THE LAGRANGIAN AND HAMILTONIAN SETTING

The Symplectic Partitioned GARK methods read as follows:
N S{'m}
Q;{l} ZQO+hZ Z al{f;m}Q;m}, i=1,...,s" 1=1,... N

m=1 j=1
N il
q1=qo+ hzzb;‘“}Q?}»

(12) =1el

P =po+h Y DAl i1 s 1= N

m=1 j=1
N sftd

p1=po+h Z Z bil}f),;{l}.
1=1 k=1
where P} = %L{l}(Q{l},Q{l}) (Legendre transform) and Allm} defined as in (11). Assuming
the latter to be invertible, we can solve for Q{l} to obtain
QU = v pith,
so that

Py — agL{l}(Q{l},Q{l}) — Pl QW piihy.
q

Thus, the method can be written as a one step method (qo,po) — (g1,p1) in the form

N sim}
l l,m m m m .
QU =q+n Y S allmvimi@im pimhy =1, s =1, N
m=1 j=1
N sgl}

@ =qo+ hzzb;{l}v{l}(Q;{l}api{l})

) T,
N s
l ~{l,m m m m .
P —po+ 0 30 S @l ptmi @t plmhy =1 s =1, N
m=1 j=1
N sgl}
p1=po+ hz Z b;-{l}F{l}(Q;.{l}, Pz’{l})~

=1 i=1
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Note that the above formulation yields a symplectic method in the Hamiltonian setting, when

N
ot oH
H(q,p)=>_ H(qp), V(gp) = o (¢,p), F{”(qvp):*iaq (¢,p)-
=1

Next, consider a partitioning of the system

N N
=70 =70+ 70 =3[ [t |

We consider first the case when N = 2. We have a splitting in four additive vector fields,

{V{l}o(q,p)] n {V{Q}éq,m} n [F{l}o(q,p)} + {F{z}(zw)] ,

where, under the assumption that F = VH is Hamiltonian, we take H(q,p) = H3(q,p) +
H®)(g,p), and

~ 0H"}(q,p)

V{l}(q,P) = T? F{l}(q7p) =

{1
_OHTap) )
dp

The method (10) coefficients ALm} gatisfying (11) is then equivalent to a (symplectic) GARK
method

A | oaln1y 412y g{n1y g2}
A2y | Atz gl22y {21y Z{22)
(14) A | oaln1y 412 {11y g{n2) |
A2y | A2y g{22y {21} g{22}
‘ p{1} p{2} p{1} p{2}

Also in this scheme we have redundancy, as Q}?’} = Qi{l} for i = 1,...,st" and Q§4} = Q;@}
for i = 1,...,s12}, being the 3rd, 4th additive terms of the g-vector fields zero; similarly, one has
Pi{l} = Pi{s}, i=1,...,s1} and Pi{2} = Pi{4}7 i =1,...,512} being the 1st, 2nd part of the
p-vector field zero.

A generic N-terms symplectic partitioned GARK method (10) can, in turn, be written as a
GARK method (with lots of redundancy) in a similar manner, by taking 2 copies of each set of g
and p variables, so that Q;{HN} = Q;-{l} and Pi{l} = PZ-{HN}7 i=1,...,st, 1=1,..., N, resulting
in a 2N symplectic GARK method

AL | oalny Lo 4fLNy 4y L 4{LnN}
ANY | ANy L AN Ny ZiINa} L 4NN
(15) A | oalny o gfnNy o Ay L0 A{LNy
ANY | ANy 0 AINNY NIy L QNN
p{it . pIN? RO p{N?

where A{™) is defined as in (11). The benefit of the above formulation is that we can take
advantage of the existing order analysis already developed for GARK methods.
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5. ORDER CONDITIONS FOR GARK METHODS

In this section we consider a generic GARK method,

A o4lny Lo 4{LNd
16 : : :
(16) AN | ANy o0 p{NN}
‘ p{1} p{N}
for the differential equation
N
g=F) =Y Fly), F:R'>R%
=1

A study of the order conditions of ARK (which are equivalent to GARK) was carried out in
[AMSS97]. The generalization to the GARK formalism was treated in [SG15] mostly with focus on
implicit-explicit methods. A further treatment, especially with focus on DAEs and stiff systems,
can be found in [Tanl8]. All these methods use expansion in elementary differentials and colored
trees (N-trees). For completeness, we summarize the order analysis in this section.

The order conditions for GARK methods can be derived in a similar manner to those of standard
RK methods. The trees that define the order conditions are exactly those of RK methods, except
for the fact that one has to consider all the possible combinations of colors 1,..., N associated to
each of the vector field. The set NT of N-trees consists of all Butcher trees with colored vertices.
The order of a N-tree uw € NT, denoted as p(u), is the number vertices in u. The empty tree is
denoted as () and to emphasize that a N-tree u has root of color v, we will write ul*!. Note that
ul) = [ugy... 7um][”], where u1, ..., U, are the non-empty N-subtrees obtained removing the root
of u. The set of N-trees with root v is denoted by NT,,. As in the setting of Butcher trees, we will
denote by o(u) the number of symmetries of « € NT and by 7(u) its density, which is defined in a
recursive manner as

@) = 1
vy = 1, v=1,...,N,
yw) = plu)y(ur) - v(um),  w=ul = (g, )

where 71! denotes the single vertex of color v.

For each tree u € NT there is an elementary differential F(u) : R? — R? associated to it.
Elementary differentials are multilinear maps and are recursively defined for each component ¢ =
1,...,d of the vector field F as

F'0)y) = v
Fiirhy) = FWhi), v=1,...,N
d

. gm Fivki ) .
7 _ 7 R 2t 2 . (v]
Fluy) = X By oy WF () () For(un) (), w=ul = [ug, ... ).

T1yeeeslm=
Thus, defining ¢ : NT — R, a mapping assigning to each N-tree a real number, the exact solution
y(t + h) can be written as a formal power expansion,

hP(w)

y(t+h) = NB(e,y(t) = MC(U)F(U)(y(t)),

with
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A similar expansion holds for the numerical method,

Yn4+1 = NB(d7 yn)~

Thus:
Theorem 5.1 (Order of GARK methods, [SG15]). A GARK method is of order r iff
1
u) = —
) ()

for all uw € NT with 1 < p(u) <r

We sketch the main moments of the proof. The mapping d : NT — R depends on the GARK
method and is also defined in a recursive manner using the internal stages of the method. One has

v = NB@",y.)

hF ) = NB(g!™, ),

hence
N it}

) =336 w),  weNT - {0},
=1 i=1
and, similarly,
N gim?}

ad (u (Lm) g (m
= 2 a ().

m=1 j=1

Using these in a recursive manner, one finds that, for u = [ug, ... ,ul][”],

{m} w) = Gy Z Z a;{znlm} ) ;{Zf;nz}gj{lnl}( 1) g;l}( ),

SN J1see01

) =

where 0, ,,, = 1 for v = m and zero otherwise, implying that g = 0 whenever u = () is the

empty tree or u has root v # m. When u = 7™, then g{ }( )=1.
In this paper, we proceed in a manner similar to [Bor01]. We introduce the following notation:

(17) A = {0 for u = 711,

(18) Al = (A{LW}A[M]) ®-0 (A{lvl’m}A[“m]) for u = [uy, ... ’um][l]

where v, ...,V are the root colors of the subtrees uy,...,u,, respectively and ® is the compo-
nentwise vector multiplication. Thus, if u = [ug, ... ,um][”, then

sty

Denoting by NT; the set of N-trees with root ! and matching for all the roots I € {1,..., N}, the
numerical method can be written as

yn—l—l*yn“i“thZ Z 7b{l}TA[u F(u) + O(h™).

= =1 uENTl
p(u)=

Performing a similar ordering for the trees in the exact solution, the order conditions can be written
elegantly as

1
(19) b{l}TAM:W, weNT;, l=1,...,N,

for trees of order p(u) =1,...,r.
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RK-tree u | Order p(u) | y(u) GARK order condition e{l,...,N}
1 1 U TU VI

2 P b7 Altmigim) = 1 Vi, m

3 3 s T ((AlmI{m}y @ (Almdp{nd)) = L Vi, m, n

3 6 b0 T At} glmanyyin} = 1 Vi, m,m

T m m,n n U U —
4 8 b ((Aaltmigtmnipindy @ (Albwlplul)) =4 Vi, m,n,u

4 12 BT AlLmy((Almnd e}y o (Almadgluly)y = L | vl m,n,u

[ J
Y 4 4| b (Altmpmhy @ (Al 1) @ (Al 1)) = 1| Wl m,

4 24 b1 T Altm} glman g{naud g} — L VI, m,n, u

TABLE 1. Order conditions for GARK methods up to order 4. The symbol ©®
denotes componentwise vector multiplication.

We note that if the diagonal methods (A{“}, bitd, c{l}) have order r}, then the corresponding
order conditions for [ = m =n = wu = ... (all the indices equal) are satisfied up to order i as
they are the same as the underlying order conditions for the RK method. Moreover, for consistency,
it is also reasonable to require that

(20) Albmigdmt — A3y,
This condition is automatically satisfied for m = [, as long as the underlying RK method (A{“}, AU c{l})

is consistent. Using the consistency condition (20), one recovers exactly the order condition listed
in [SG15].

Definition 5.1 (Simplifying conditions for GARK methods, [Tanl8)). Simplifying conditions for
GARK methods: forl,m =1,... N, where N is the number of methods,

(21)

S )

l l —
By ;b;?}(cj})k t=oo k=1l

(22)

s{m? {1} \k
ctbm (thmy . Z aflbm(clmdyk —(C"k) ,i=1 s k=1, gl
(23)

st {m}

b;
D{l,m}(g{l,m}): Zb{l} {l} k=1, {lm} _ - (1_(C{m})k)’ j=1,...,sm k=1, ¢ltm

7]

Note that C{b™}(1) is the same as (20), required for consistency. The above conditions are
generalization of the corresponding B, C, D conditions for RK methods, which are recovered when
N = 1. The B condition (21) implies that that the quadrature formula with weights b;{l} and nodes

c;-{l} has order pt" and, provided that the diagonal methods are consistent so that (20) holds, it
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is equivalent to state that the order conditions for the bushy trees like u = \I/. with k vertices
(v(u) = k) are automatically satisfied up to p{t. The C condition (22) is related to the notion
of the stage order of the method, that is the order of approximation at the internal stages. The
D condition (23) is a simplifying condition, that guarantees the order conditions for trees of type

u = are also satisfied.
The theorem below generalizes an important theorem due to Butcher, who used the RK simpli-
fying assumptions B, C, D to obtain an estimate of the order of the underlying method.

Theorem 5.2 (Simplifying Assumption Theorem, [Tan18]). If B (r{1}) Clbm} (pilmdy  pllm}(citml)
are satisfied for l,m =1,..., N, then the order of the GARK method is at least

min{r,2n +2,§ +1,n+ ¢ + 1},
where r = minl{r{l}}, n= minl,m{n{l’m}}, (= minl,m{({l’m}} and £ = minlﬁm{n{l’m} + ({l’m}},

Definition (5.1) and Theorem (5.2) are originally stated for N = 2 but extention to a general
N-terms case is immediate.

6. SOME TECHNIQUES TO CONSTRUCT THE TRANSFER MATRICES A} FOR [ #m

As the variational methods discussed in this paper are a more general case of the methods
proposed in [Zan], we generalize the approach in [Zan] for the construction of the coefficients and
use rather the order conditions to establish the order of the resulting GARK method.

Assume the primary (diagonal) methods, (A{™ ™} plm} clmb) 'y =1, N, are given. Denote

{m} _ {771}
by »Cim} (t) = H;zl,#k C;n}cﬁ the kth Lagrange interpolating polynomial based on the ™}
¢ J
nodes that we assume to be distinct. We wish to construct A%} corresponding to the ¢t} nodes
(also distinct).

6.1. Collocation. An obvious choice of the coefficients is by a technique similar to collocation,
i.e. by taking

ot
(24) al™ = /O i ryar,  1#£m

If ¢t} = ¢t} then AU} is the matrix of the collocation RK method based on the quadrature
(b} 1), However, in general, At} £ Almm} unless (A17m} pimd 7)) is itself a collocation
RK method.

This collocation construction is equivalent to the construction for some SPARK methods in
[Jay98] and GARK methods in [Tanl18] developed in the DAEs context.

Example: Consider A1} to be a Gauss-Legendre RK and A2} to be a Lobatto ITIA method,
both of order 4. The corresponding GARK based on collocation is:

1 1 1 1 1 1 1 1 4 1
3 gV3 1 i—sY3  s-meV3 3+mvE Ve
1 1 1 1 1 1 1 1 4 1
3teV3 |tV 1 stsV3 3-mV3 —Vs
0 0 0 0 0 0
1 1 1 1 5 1
3 TtsVv3 1-5Vv3 24 3 ~31
1 1 1 1 2 i
2 2 6 3 6
1 T 1 P T
2 2 6 3 6
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Its symplectic conjugate methods is

1 1 1 1 1 1 1 1
7 gV3 1 I—§V3 5 3-5V3 0
1 1 1 1 1 1 1 1
3tsV3 | 1+5V3 1 s 3tV 0
1 1 1 1
1 1 1 1 1 1 1
2 1tV 1-5v3 5 3 0
1 1 1 1 5 0
2 2 6 6
T 1 T z T
2 2 6 3 6

6.2. Interpolation. Another choice is interpolation for the [-variables using an interpolating poly-
nomial based on the method A{”} for the m variables. Interpolating the results given by the m
method on the ¢} nodes gives

(25) Albmy — pmd(Aihy gimm}
where £17} (I is the s1} x s} matrix with element (4, 5) given as E;{m} (c;-{l}). If i = clm},

£im(cdh)y = 1, and Albm} = Almm}
Example: Let A1 A{122} 45 above. The corresponding GARK based on interpolation is:

1 1 1 1 1 1 1 1 1
3 gV3 1 —5V3 s %V3 3-gV3 58
1 1 1 1 1 1 1 1 1 1
3HgV3| 1V3 1 stV3 3+5V3 V3
1 1
0 V3 -LV3 0 0 0
1 1 1 1 1 5 1 1
3 itY3 1-1V3 21 3 ~5d
1 1 1 1 1 2 1
1 stHV3 3 1V3 5 3 5
T T T 2 T
2 2 6 3 6
Similarly, its symplectic conjugate is
1 1 1 1 1 1 1 1 1 1
7 5V3 1 I-8V3 V3 3-5v3 538
1 1 1 1 1 1 1 1 1 1
3tgV3| 153 1 stV3 3tV V3
1 1 1 1
0 BV3 V3 5 ~%5 0
1 1 1 1 1 1 1
2 TtsV3 1o Ve 5 3 0
1 1 1 1 1 5
1 st HV3 - 1V3 3 6 0
T T T 2 T
2 2 6 3 6

The methods in § 6.1-6.2 all have order 4, as it can be checked directly from the order conditions
in Section 5.

6.3. Consistency and simplifying conditions for transfer matrices by collocation and
interpolation. In this section we assume the diagonal methods (A{l’l}7 U c{l}), l=1,...,N,
given, and study how the construction of the transfer matrices, by collocation or interpolation,
contributes to the simplifying assumptions.

Proposition 6.1. Assume that the diagonal methods are consistent. Then the matrices A1™} in
(24) and (25) satisfy A{l’m}]l{m} =t and so do the corresponding AU}, as well as

(26) Albmd = pafind pmaliied AL +n AL =1

interp colloc interp colloc?

Proof. For the collocation-coefficients: taking the ith component, Z a{l m} = Z fo jm} )dT =
;-{ }, by exchanging the order of sum and integration and using the fact that ) j E}m}( ) = 1. For
the interpolation-type coefficients, A{bm1imt — gimd(dth) glmmiqg{m} — pim}(Aid)elmd | pe-
cause of the assumption AUmii{m} — clm} - The last passage, £ (clh)clmt = i} follows
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from the the fact that Y., E;{m} (t)cz{m} =t (identity function), hence evaluations in the ¢t} does
the trick. For A{t™} both in the collocation and interpolation case, it follows from the consistency
of the method, which is a consequence of Theorem 7.2 in Section 7 below. The statement for
(26) it follows immediately from the same property of the individual matrices and the type of the
combination. O

The consequence of the above result is that any choice (26), with transfer coefficients constructed
as in this section, will give a consistent GARK method.

In [Zan] we developed some results specific to the case with VIt (q,p) = p, V2 (q,p) = 0,
Fitt = plid(g), F12} = F{}(g). The following results generalize those findings with the notation
of this paper.

Lemma 6.2. Assume that AU™ (m + 1) is constructed either by interpolation or collocation.
Then

SR (el
(27) cibm} (pibmly . Za{ b elmhyh—1 25 g st

fork=1,.. .,min{n{m’m},s{m} — 1} in the interpolation setting and k = 1,.. st — 1 in the
collocation setting.

Proof. The proof is essentially the same as in [Zan]. We simplify it and put it in the formalism of
GARK methods. Consider the interpolation setting first.

lm} lm} g{m} Sim} lm}

lm m — m m,m m — m l m,m m
Sl = 33 el = 3 2 Y el
j=1 j=1 n=1 n=1 j=1

{m} { })k
_ Zc{m} e from Clmmd (lmmd) =1, plmm}

{l}
= Lik ) k= min{n{m’m}, stmd 1}

where last passage follows from the fact that Z E{m}( t)fn is the interpolating polynomial
based on st} nodes and is exact for polynomials up do degree sim} — 1.
Next, for the collocation setting,

gtm} stmy A} A gtm}
l,m — ’ m m — * m m —
Z a{ } - Z / L';% }(T)(C§ })k 1d7':/ Z E;{- }(T)(cj- })k Ldr
j=1"0 0 j=1
Y {3k
= kaldT:(Ci ) , k=1,...,stm -1
0 k
where the third passage follows from the fact that the unique interpolant to (¢ {m}) ! with nodes
;-{ ™} is the function 751, O

Corollary 6.2.1. Let AlbmE g A{l m} be the coefficients of the secondary method based on

interp
interpolation and collocation. Then the method

Albmy — o pltmy o gllm) m+m=1,

interp coll

satisfies C1m (nibmd) where nibmt = min{nim ™t stmd 11 for any 7 € R.
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There is no immediate way to extend the above results to the symplectic conjugate method.
However, if the conjugate method also satisfies C15™} (i} then so does At = TlA{l’m} +

interp
AL 4 AT 4 AU when i+ 4 = 1

The D™} properties are more difficult to generalize [Tanl8]. However, it is reasonable to
expect that, with both transfer matrix as in § 6.1-6.2, the resulting method will have order equal
to the minimum of the order of the diagonal methods. This is not obvious for superconvergent
diagonal methods (like Gauss-Legendre, Lobatto, etc.) but the constructions in § 6.1-6.2 seem to
indicate that it is generally true. The same was observed for some methods with transfer matrices

constructed by collocation in [Tanl8].

7. ORDER OF THE VARIATIONAL GARK METHODS

We have seen that Lagrangian (variational) formalism leads automatically to partitioned sym-
plectic GARK methods (13) which can be written as the (redundant) GARK method (15). Check-
ing the GARK order condition for the full (15) is a cumbersome task. However, since the method
(13) is symplectic, many of the order conditions are superfluous. In facts, because of the symplectic
conjugacy of the methods, we claim that it is sufficient to look at the order condition of the GARK
method for the ¢ (or for the p) variables only. The order conditions for the conjugate method and
the application of the GARK method and its symplectic conjugate to a Lagrangian/Hamiltonian
system will follow by virtue of the symplectic conjugacy.

Theorem 7.1. Let (A,b,c) be a RK method of order r with b; # 0. Then its symplectic conjugate
method (A, b, c) has also order r.

Proof. We wish to show that the method (121\7 b, c) applied to a differential equation p = f(p), with

f sufficiently differentiable, has also order r. It is sufficient to prove the result when p and f are

scalar functions. We introduce H(q,p) = g(p) — f(p)g with g(q) a function to be determined. We
oH

see that p = —%—ZI, in turn we let ¢ = 3= = ¢'(p) — f'(p)g. The system is thus a Hamiltonian

system. We choose the function g(p) so that 8%(g’(p) — f'(p)q) # 0, hence
i=9'(p)— f'(P)a

is invertible, therefore we can write p = h(q,¢). We then construct the Lagrangian L(q,{) =
p¢ — H(q,p), which is now a function of (g, ¢) since p = h(q, ¢). By construction, this Lagrangian
is such that

B B
p= aqu(q,d)y p= a*qL(q,q') = f(p)-

We next apply the method (A, b, c) of order r to the ¢ variables, resulting in an approximation of
order r for the solution of the system. Because of the variational derivation, this is equivalent to

applying the methow (K, b,c) to the p variables, therefore this must also have order r, as the p
variables are only a result of the Legendre transform. 0

The result above generalizes to GARK methods:

Theorem 7.2 (Order of symplectic conjugate partitioned GARK methods). Consider a GARK
method (2) (AL} pimd A) 1 m =1,..., N of order r with weights b;»{m} £0, fori=1,...,sU"},
m=1,...,N. Then the GARK method (g{l’m}, bimd A 1m =1,..., N with coefficients Altmy
as in (11) has also orderr, and so has the application of the symplectic pair (A{L™} ﬁ{l*m}, pimt i)
to a Lagrangian or Hamiltonian system (split in Hamiltonian terms).
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Proof. It is similar to the proof above. Let p = f(p) = Zzzl Fim}(p) and let H(q,p) =

SN H™ (g, p) where H™} (g, p) = g™} (p) — FU™} (p)g. We set

N
. m! ! ) .
g=> (g () - FU" (p)g) = Q1 + -+ Qn.
m=1

Once again, we choose the g™} (p) so that Qm = g{m}/(Pm) — F{’”}/(Pm)q is invertible, so that
P, = hn(q, Qm) Similarly, we construct the Lagrangian L(q, ¢) = ZTanl(PQO—H{m}(q, P,)) =
27]:71:1 L™} (¢, ¢). By construction, we have B%L{m} (q,4) = FU™}(p) and by the same argument as
above, the application of the GARK method of order r to the split Lagrangian Zgzl L™ (q,q),

implies that the symplectic conjugate method has also the same order, as it is just a consequence
of the Legendre transformation. O

Example 7.1. Consider f(p) = p+p? = FU(p)+F12(p). We take H(q,p) = Dom=12 Hi™}(q,p)
as above. To make the Q; invertible, we can choose g{l}(p) = %pz and ¢g12Y = 0. This results
in PL = Q1 +q and P, = —%. The Lagrangian is constructed as L(q,q) = Zm:l72(PQO -

H{™}(q, P,,)), corresponding to L1} (¢, ¢) = %(q—i—q)2 and L1} (q,¢) = —%. This is the Lagrangian
splitting corresponding to the partitioned symplectic GARK method. Using the GARK method of
order r on the q variables will automatically result in the symplectic conjugate method on the p
variables, and this must also be of order r.

As a consequence of Theorem 7.2, when considering symplectic conjugate partitioned GARK
methods (A{l’m}7 Albm} pim} c{l}) applied to a Lagrangian or Hamiltonian system?, it is sufficient
to study the order of only one of the GARK methods (A{Lm} plm} clldy (or (Albm} pimd oAy,

8. SPECIAL CASES FOR N =2
We consider two main special cases, the first one when
L(g,q) = L™ (q,9) + LN (q),  H(g,p) = HM (q,p) + HP(g)

that we call a semi-separable case, and the fully separable case

. 1.4, 1
L(g,q) = §qTq —Ulgq), H(q,p)= Qpr +Ul(q),

for a potential function U. Some examples of the semi-separable case are mechanical systems in
which the mass matrix depends on the generalized variable ¢, while L{?}(q) = —U(q), with U a
potential depending on the generalized variable g only. Other example are the case of systems with
holonomic constraints or stiff systems [Jay98, Tanl8, Zan]. In the separable case, we assume that
the mass matrix is constant and invertible, and, without loss of generality, we set it equal to 1.

8.1. The semi-separable case. The variational derivation is the same as in [Zan], see also Sec-
tion 3. Let

L(q.4) = L1 (q,9) + L1# (q).

One has
(1} {1}
{1y _ 0L {1} {1} {13 _ 0L (1} {1}
{2} {2}
{2y _ OL 2} _ o2} _ OL {2}
P; —Tq.(@j )=0 P; _Tq(Qj )

2Split in Hamiltonian parts.
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The constraint condition reads

S{1} A2
{1} p{1} _ {1} {1} {11} p{1} {2} {12} p{2}
b P =N = n Yy o al VP - n Y b al PP
i=1 i=1
As there is no P{2}, the above relation requires only bj-l} to be nonzero, j = 1...,st1. The

symplecticity conditions are
AtLid (]1{171'} _ (B{l})*l(A{i,l})TB{i}’ i=1,2.

Since P12} is not defined, the ¢ variables are recovered simply by inverting the Legendre trans-
form Pj{l} = %(Q;l}, Qj{l}), implying that the ¢ variable is only direct function of P11}, and
therefore there is no need for A2}, for [ = 1,2. Eventually, the tables can be completed by choos-
ing an appropriate A{22} compatible with the nodes ¢t2} and the weights 512}, Such matrix A122}
can also be useful in constructing the A1} coefficients, if, for instance, one uses the methods
proposed in Section 6. The method, in a partitioned GARK formalism reads

A | A1

ot} ‘ AfL1y o a{n2y
‘ p{1} b2}

where, in the Hamiltonian formalism introduced earlier,
vt pith =i, v =y,
1} iy plihy _ p{1} 2y ni2h _ pl{2}
FUQ;Y Py =P FBQ)Y) =P,

the first line being obtained by inverting the Legendre transform for Q;l}. In the Hamiltonian
formalism, the methods read

${11
QMY = g+nY alyvIN QM P
j=1
st
2 2,1 1 1
Q= w+hd o V@Y, P
j=1
${11
@ = a+hy sVIQM, P
=1
s $(2
P = powndoali @ P+ n Y el P Q)
j=1 j=1
G{1 o2}
pro= po+h S VM FEOQM P 40 Y b EEN Q)

i=1 i=1

8.2. The fully separable case. Proceding as above,

{1} 8 {1} .{1} '{1}
P = “gi;‘*(c?j ) P =0
oL(2} e

(2} _ 5{2} _
P =0 P == @)
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The constraint condition reads
o2}
{1} p{1} _ {1} {2} {1.2} p{2}
by P =N =Ry b el P

i=1
where, as before, we require the b{l} to be nonzero. In the Hamiltonian setting, taking

the system reads

{1}

2 2,1 1
QY = w+hd oG VEEM),
j=1
s{1
o = qo+hzb§1}V{l}(Pi{1})
i=1
$(2}

P{l} = o +hz {1 2}Fl{2} {2})

5{2}
P = P0+hzbz{2}F{2}(Qi{2})-
i=1
The scheme has tableau
{2} | A4f2.1} {1} | Afr.2}
c c
Q: A P A

and the matrices need not be square, as in the usual setting. For instance one could choose the
symplectic method

0 0 0 1 1 1 1 1
3—V3|g 3-8V3 0
Fliei 41 el
(28) Q: B h P: L4+iV3|L 1+LV3 0
2 2 T 2 I
% % 6 3 6

see Section 6 (collocation example). We observe that it is allowed to use different weights bt} and
b2} for the Q and the P part respectively. The symplecticity condition is

AtL2h = (g 12) _ (BUH~1(A2hT) {2}

which coincides with the well known sufficient symplecticity condition for PRK for the separable

case,
B — (G2 | (2]

[EHO06, SSC94, AMSS97]. Note, however, that there must be some form of compatibility as the
weights of the g-part must be compatible with the nodes of the p-part and viceversa. The rectangu-
lar scheme (28) is essentially implicit only in the Q2 stage only, it has order four, as it follows from
our error analysis, shares many of the benefits of Gauss-Legendre and Gauss-Lobatto methods,
in addition to being slightly computationally less expensive than both the underlying methods
methods.

In the general setting (non-separable) the weights used in the GARK method for the @ and P
part must be the same set of weights, as it is clear from the variational derivation in Section 3.
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FIGURE 1. Error in the total energy (left) in [0,10?] with stepsize h = § and log-
log order plot (right) for the unconventional method (28) applied to the harmonic
oscillator. The red line is the reference line for order four.

9. CONCLUSIONS AND FURTHER REMARKS

We have presented a variational framework that allows for the treatment of different Lagrangian
terms by different RK methods. The framework uses GARK methods and leads to symplectic
partitioned numerical methods that can be put in a GARK formalism. Since the methods for the
q and p variables are conjugate by virtue of the symplectic condition imposed by the Legendre
transform, we have shown that the order analysis needs only be carried out on one of the methods,
thus significantly simplifying the analysis task. Further, we have proposed two ways of constructing
transfer coefficients AU} which, in turn, allow for an infinite family of coefficients satisfying the
same order conditions. The main idea is to use as diagonal methods one’s favourite methods, with
good properties, and to derive transfer conditions that share these properties and possibly other
desirable properties, by tuning the free parameters, see for instance [Zan].

We have also discussed in more detail the special case N = 2, for semiseparable and separa-
ble problems. For the separable case, we have given an example of an unconventional scheme,
constructed from Gauss—Legendre and Gauss—Lobatto, with rectangular matrices. The method is
symplectic, fourth order, and essentially only implicit in one variable.

The following topics were not addressed in this paper, as they are more natural in a Hamiltonian
setting rather than Lagrangian setting.

e The case of zero weights, as we have assumed b;-{m} £0,4=1,...,s" for all m =
1,...,N.

e The case of redundant stages. In several proofs we use the uniqueness and the order
of Lagrange interpolation, and for this purpose we have assumed Ci{m} #* cim}, i # g,

i,j=1,...,sU} forallm=1,...,N. When some of the nodes coincide, extra conditions
on derivatives might be required.

e The number of order conditions for an arbitrary symplectic partitioned GARK method for
Hamiltonian vector fields. If it is desirable to derive all the coefficients of a symplectic
partitioned GARK method for both the ¢ and p variables imposing symplecticity of the
vector field, there is a reduction in number of total order conditions due to the fact that
the underlying vector field is not arbitrary, hence some of the order conditions fall out and
need not be satisfied, see also [AMSS97] .

These three topics are more relevant in the context of the derivation of new coefficients (also for the
diagonal methods) directly from the order conditions, rather than using one’s favourite diagonal
methods, that already has some desirable properties, as it has been the main focus of this paper.
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