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Diagonally Implicit Runge-Kutta Methods
for 3D Shallow Water Applications
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P.O. Box 94079, 1090 GB Amsterdam, The Netherlands

ABSTRACT

We construct A-stable and L-stable diagonally implicit Runge-Kutta methods of which the diagonal vector in the
Butcher matrix has a minimal maximum norm. If the implicit Runge-Kutta relations are iteratively solved by means of
the approximately factorized Newton process, then such iterated Runge-Kutta methods are suitable methods for
integrating shallow water problems in the sense that the stability boundary is relatively large and that the usually quite
fine vertical resolution of the discretized spatial domain is not involved in the stability condition.
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1. Introduction

If the hydrodynamical equations modelling shallow water flow or the transport equations modelling
transport of pollutants in shallow water are discretized in space, then the resulting system of ordinary
differential equations (ODEsSs) is highly stiff due to the relatively fine vertical resolution usually needed
in the spatial discretization of the physical domain. This requires an implicit time integrator in order to
cope with the stiff vertical terms. We shall focus on the family of A-stable and L-stable diagonally
implicit Runge-Kutta (DIRK) methods. The implicit relations will be solved by modified Newton
where the system matrix in the linear Newton systems is replaced by an approximate factorization
tuned to the shallow water application. The resulting approximately factorized Newton iteration
method (AFN iteration) was analysed in [4] and [2]. In these papers it was shown that for three-
dimensional problems a convergence condition has to be satisfied. Hence, the stability region of AFN
iterated DIRK methods is the intersection of the AFN convergence region and the DIRK stability
region. Thus, even if the underlying DIRK method is A-stable or L-stable, we have to satisfy a
stability condition on the time stéy. This condition is of the formit < 3 ¢ min{Ax1, AX2}, where

Axy andAxy denote the horizontal mesh sizes in the spatial grid, ¢ is a constant determined by the
problem and the spatial discretization formulas, @l the stability boundary determined by the
AFN-DIRK method. Note that this stability condition does not contain the usually quite small vertical
mesh sizé\xz. Furthermore, AFN iteration is highly parallel and vectorizable, so that it provides an
attractive approach for integrating the large systems of shallow water ODEs on parallel
supercomputers.

It turns out that the stability boundary is givenfby 0.65p-1(T), wherep(T) is the spectral radius

of the (lower triangular) Butcher matrix T of the DIRK method. Hence, the maximal stable time step
increases ap(T) is smaller. This motivated us to look for A- and L-stable DIRK methods with
minimal p(T).



2. Shallow water applications
We briefly describe two shallow water applications, viz. the hydrodynamical equations modelling
shallow water flow and the transport equations modelling transport of pollutants in shallow water.

2.1. Shallow water equations
The mathematical model describing the hydrodynamics in shallow water is defined by an initial-
boundary value problem for the system of three-dimensional partial differential equations (PDES)

ou )

ot = L(u, v, wu +wv - gTXlZ +11,

ov _ 0
(2.1) at = L(u, v, W)v- wu - 90721 + 12,

Z ¢
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Here, (u, v, w) represent the fluid velocities i, X2, x3 directions (¢ denotes the vertical
direction), w is defined by requiring that the velocity field is divergence {respresents the water
elevation, €1, T2) external forcing termsg{, €, €3) diffusion coefficients in x, X2, X3 directions, g

denotes the acceleration due to gravityhe Coriolis parameter, and d the depth function.

The boundary is assumed to consist of coastal and ocean parts which are both assumed to be vertical
The boundary conditions prescribe the water elevation at ocean boundaries and require the velocity
field to be normal to the coastal boundaries. Furthermore, at the sea surface and at the sea bed, we
impose the usual free surface and bottom friction conditions (see [9]).

2.2. Shallow water transport equations

The mathematical model describing transport processes of salinity, pollutants, etc., combined with
their bio-chemical interactions, is defined by an initial-boundary value problem for the system of
three-dimensional advection-diffusion-reaction equations

(2.2) %u =L(u, v, W)g, + gu(X1, X2, X3, t, ¢1,..., Gn), H=1, ..., m

where L(u, v, w) is the same operator as defined in (2.1) with (u, v, w) denoting the velocities
(assumed to be divergence free) and theepresent the concentrations of the contaminants. The
terms g describe chemical reactions, emissions from sources, etc., and therefore depend on the
concentrations. In shallow water applications, theagenonstiff The mutual coupling of the
equations in the system (2.2) is due to these functign3'tge boundary conditions are either of
Dirichlet type or of Neumann type. Both the velocities (u, v, w) and diffusion coefficEanes,(€3)

are assumed to be known in advance.



3. Time integration

First, the physical domain on which the PDEs are defined is replaced by a sibbisNCartesian

grid points with mesh size&xs, Axo, andAx3. On this grid, the spatial derivative terms can be
discretized by finite differences or finite element approximations. For the shallow water equations
(2.1) this results into a semidiscretaN¥(2N3 + 1) - dimensional initial value problem (briefly IVP)

for the system of ODEs

OclTLtJ = AU, V,W)U +wV - gB1Z +Ty(t),  U(tg) = Uy,
(3.1) OlT\t/ = AU, V,W)V - wU - gBZ +To(t),  V(tg) = Vo,

dz

& = AlU- A2V, Z(to) = Zo,

whereW is defined byw =- C,U - CV. Here,U, V contain the horizontal velocity components at

all N\N2N3 grid points,Z contains the elevation at theNb horizontal grid pointsT1 andT»
represent the external forces at the grid points including the inhomogeneous parts of the boundary
conditions, A, A, and A are matrices depending on the velocity or elevation values, aii),BCy

and G are constant matrices. The matrices A, and A also take the coastal, free surface and
bottom friction conditions into account.

In a similar way the transport equations (2.2) can be approximated by the system of ODEs (cf. [4])

(3.2) dC(t)

=F(t,C() + G(t,C(1), C(to) = Co,

where C contains the m concentrationg at all N\N2N3 grid points,F(t,C(t)) contains the
discretization of the operator L, ari@i(t,C(t)) contains the reaction terms and emissions from
sources.

In the description of methods for integrating the IVPs (3.1) and (3.2) it is convenient to write them in
the compact form

(3.3) dy =f(ty), f(ty) =fa(ty) +fa(ty) +f3(ty) +fa(ty), y(to) =yo, vy, fk O RN,

wherey contains the N = MN2(2N3 + 1) components ofU, V, Z) in the case (3.1) or the

N = mN;N2N3 concentrationsC in the case (3.2). In both caség,f, andf3 contain the spatial
derivative terms with respect to the xo and x directions, respectively, represents the forcing
terms(T1, T2) or the reaction/emission ter@. Hence, the functiofy is nonstiff. Furthermore, the
functionf3 corresponding with the vertical spatial direction is highly stiff, whereas the fun€tions
andfy corresponding with the horizontal spatial directions are less stiff. As a consequence, the
spectral radius of the Jacobian matfx/dy is much larger than the spectral radiugfafdy and

0f2/dy. The reason is that in shallow seas the gridsize in the vertical direction is several orders of
magnitude smaller than in the horizontal directions.



3.1. Implicit integration methods

In order to cope with the stiffness of the IVP (3.3), we shall use for the time discretizaitopliarn
integration formula. Since the PDEs (2.1) and (2.2) are convection dominated, this implicit formula
should at least be A-stable and preferably L-stable.

Our approach is based on the iterative solution of the implicit relations by the approximately factorized
Newton (AFN) method analysed in [4] and [2]. This approach applies to a large class of implicit
integration methods. In this paper, we shall consider methods that can be written in the form

(3.4) Rn(At, Yn+1) =0, Yn+1=Yn +At Op(At, Yn+1),

whereR and®p, are given functions depending @&t andY n+1, and whereRp, is such that its
Jacobian satisfies the relation

0Rn _
aYn+1 -

(3.5) - at(To afg;'r?’”)) + (A2

Here, At denotes the timestep+t - ty andY p+1 = (yn+1,1T, ,yn+1,ST)T is the so-called stage
vector with s componentg+1 j representing approximations to the solutyt) of (3.3) at the points

th + GAt, where the ¢ i = 1,..., s, are given numbers. Furthermaregenotes the Kronecker
product (direct matrix product), T is an arbitrary diagondbwrer triangular s-by-s matrix with
nonnegative diagonal entries, and | is the sN-by-sN identity matrix (in the sequel, identity matrices of
arbitrary order will be denoted by I, but its order will always be clear from the context). The class of
methods {(3.4),(3.5)} contains all linear multistep and all diagonally implicit Runge-Kutta methods,
and many other useful integration methods.

In applying (3.4), the main effort goes in the iterative solution of the equR#@, Y n+1) =0 (note

that the formula for the step point valae:1 is explicit). In the AFN method used in this paper, the
matrix T, and in particular its spectral radpd), plays a crucial role. For future reference, we
present T for a few triangularly implicit methods from the literature which are at least A-stable.

3.1.1. LM method. We start with a one-parameter family of zero-stable and L-stable linear
multistep (LM) methods

(36)  Yne1 - boAt f(tnrayned) = (2- bo)yn + (- Lyn, 2 Sbo<2.

Evidently, this method is of the form {(3.4),(3.5)} withn+1=yn+1and T = lp. For % <bg<2

these methods have order of accuracy p = 1. Eorébthe method reduces to the second-order
accurate backward differentiation formula (BDF). In practice, the BDF is the recommended method,
but in Section 3.3 we shall use (3.6) With#% in order to illustrate the effect ofl= p(T) on the
stability of the iterated LM method.

3.1.2. Ngrsett method Another example of a second-order, L-stable method is provided by the
DIRK method of Ngrsett [6]



Yn+c - (At f(tn+c,yn+c) :yn’
(3.7)  Yn+ic - (1-20Atf(thscyYn+d - At f(tn+1-cyn+1-d =yn, C=1% % V2,

Yn+1=Yn + %At f(th+cYn+d + %At f(th+1-cYn+1-9-

This method is of the form {(3.4),(3.5)} with

Yn+c c o0
_ 0 0 _
Y= Oyn+1-c U = ( 1-2¢ C) '

3.1.3. DIM method. A method designed for integrating stiff IVPs on parallel computers [8] is the
third-order, strongly A-stable, diagonally implicit (DIM) method

Yneo = gaolt fltneayned =yn +At (gegflnec-aynecd) + goof(tayn), €= 75 .

(3.8)
Yn+1 ~ %gm f(th+1.Yn+1) =yn +At (' %f(tmc-LYnm-]) + %gf(tn,Yn)),
which takes the form {(3.4),(3.5)} by defining

Yn+c 1
_pY™eg p-o 1 462 0 [
M Oyn+1 O =660 O 0 14300

3.1.4. EBDF method.The third-order, L-stable method from the family of so-called extended
backward differentiation formulas (EBDFs) proposed by Cash [1] is given by

Un+1 - %At f(th+1.Un+1) = %Yn - %Yn-l,
(3.9) Un+2 - %At f(th+2Un+2) - gUn+1 =- %Yn,

4 22 28 5
Yn+1 t E)At f(th+2.Un+2) - Z))At f(th+1Yn+1) = 23Yn = 53Yn-1.

This method can be cast into the form {(3.4),(3.5)} with

O'n+in 00 5 0 oD
Yn+1= qjn+2§ c= EZE T= % % 0 E
%’ml 1 D - zi;g%lj

3.2. lterative solution of the implicit relations
Our starting point for solvini n+1 from (3.4) is the modified Newton process

@100 (1 -atTo afgt;’ny”))(vj - Yi1) =-Rp(At, Y1), j=1,

whereY?O is an initial approximation to be provided by some predictor formula. The solution of the
linear Newton systems in (3.10) is extremely costly. Therefore, we replace (3.10) by

n(yi-vit) =-Ry(at, i), j21,
(3.11)
ofk(tn,yn)

n:=(1-atpody) (1 -atbok) (1 - At Dok), k= oy



where D :=diag(d ... , &), d denoting the diagonal entries of T. The maltixs an approximate
factorization of the matrix = At T O df(th,yn)/0yn. Since the functiofy in (3.3) is either independ-

ent ofy or nonstiff, we have ignored its contribution to the approximate factorization. The iteration
method (3.11) defines tlaproximately factorized Newton iteratiamethod. brieflyAFN iteration

Although AFN iteration requires the solution of three linear systems instead of the single linear
Newton system in (3.10), the block structure of the system matriadsDEJy, k = 1, 2, 3, is such

that solving these linear systemaot costly. Moreover, there is much scope for parallelism and
vectorization. For example, for the transport problem (3.2), we have

o - At di . K1 .
| -At Do) =U 0 3=0 .. O

where the dare the diagonal entries of D, the matriceat¢ of dimension @ and M(1) := mNNg3,

M(2) := mN1N3, M(3) := mNyN2. The matrices Kcorresponding withJonly depend on the
coordinate direction g so that they can all be reduced to band matrices with small band width.
Hence, there is a considerable amount of intrinsic parallelism in the AFN algorithm. For details, we
refer to [7].

The AFN iteration process (3.11) was proposed in [4] and analysed in [2] and [5], where a number of
convergence results have been derived for the test model

(3.12) % =4y + by + Jgy, k commuting.

For our purpose, the following two results are important (eigenvalues and the spectral radius of
matrices will be denoted by(.) andp(.), respectively).

Theorem 3.1.The iteration error of the AFN iteration process (3.11) applied to the model problem
(3.12) satisfies the relations
Yi-Yne1=0((A0)2), j=1 if T is diagonal,

Yi —Yn+1:{ O((At)J) for 1<j<s-1

O((At)2i*1-5) forj=s if T is lower triangulars

Theorem 3.2.The AFN iteration process (3.11) applied to (3.12) converges in the region
¢ = { (A AMR)AD): REMI)) <0, k=1,2,3; [MI)| < k=1,%,

Atp(T)
yi= % (2 + (26 + 6733)1/3 - 8(26 + 6733)_1/3) = 0.65 .¢

From this second result we immediately have the convergence condition

(3.13) Ats< y ~ 0.65.

oMymax{ p0 @)} | |
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If the underlying integration method is A-stable (as we shall always use), then this convergence
condition also ensures the linear stability of the method. In such cases, the @agdity ypYT)
may be considered as timaginarystability boundaryof the AFN iterated method.
Let us apply (3.13) to convection dominated shallow water problems wplidde= O((Axk)1).
Then, we obtain the convergence / stability condition

(3.14) At < Bimag € min{ Ax1, Axo}, Bimag := pZT) , Y= 0.65,
where c is a constant determined by the problem and the spatial discretization formulas. Note that this
time step condition does not depend on the vertical resolfxtigin

3.3. Numerical illustration

In order to illustrate the stability of AFN iterated integration methods, we have applied the LM method
(3.6) to a three-dimensional transport test problem of the form (2.2) with two pollutants. A detailed
description of this problem and its spatial discretization can be found in [7]. Here, we only mention
that the vertical gridsizAxz = 3.2 m. and that the horizontal gridsizeg andAx» varied from about

220 m until 110 m. The resulting ODE system (3.2) consists of 922000 equations. We integrated this
system by the LM method (3.6) witl bg, bo :% and lp :% from t = 0 until t = 10 hrs.

We first tried a fixed number of AFN iterations per step. For three iterations per step, Table 3.1
presents the end point accuracies of the two pollutants expressed in terms of significant correct digits
(that is, the endpoint accuracy is written as scédlog(absolute error)). These results show that all

three methods produce quite reasonable results for stepsizes that are extremely large with repect to the
spatial discretization (the higher accuracies obtaineg assimaller is due to a smaller error constant).
However, these results are misleading. In fact, for larger stepsizes, a fixed-number-of-iterations
strategy gradually becomes unstable as more steps are performed. The reason is that the resulting
integration method is a (complicated) splitting method and like many noniterative time integration
methods based on splitting, instabilities develop quite slowly, because the error amplification factors
are often only slightly greater than 1. To illustrate this we continued the integration until negative scd-
values were produced. FAt = 2 hrs. this happened at t = 26 hrs. f@l‘:l% and at t = 36 hrs for

bo=2 andlp= 2 .

Table 3.1.Values of scd for 3 AFN iterations per step att = 10 hrs.

T -3 -3 -2
At in min. p > =2 =3
120 0.9 /0.6 1.5/0.9 1.5/0.9
60 25 /1.7 2.71/1.9 28/2.0
30 29 /2.1 35/23 3.6/24

A remedy for this unsatisfactory situation is a dynamic iteration strategy guaranteeing that the implicit
relations in the underlying integration method are solved within a given tolerance. With such a
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strategy, we may rely on the stability condition (3.14). In the case of the LM method (3.6) with

bo = % 0] =% and by :g , the imaginary stability boundaBimagin (3.14) is approximately given

by 0.43, 0.86 and 0.97, respectively. Thus, our stability theory predicts that the methods
{(3.6), p = §} and{ (3.6), lp = %} will become stable for time steps of comparable size, whereas
{(3.6), p = g} Is predicted to require time steps that are twice as small. Table 3.2 (left part) presents
the scd-values obtained at t = 10 hrs. in the case of iteration until convergence (negative scd - values
are indicated by *). The results in this table show that the methodso/\ri:tg,bbo = % and lp :%

produce about 90% of the attainable accuracy for steps of 5, 10 and 12 min., respectively. This is in
full agreement with the theory; that is, the maximal stable stepsize is proportionpti{ith= by L.

In order to show that these stepsizes are more or less 'safe’, we again continued the integration over &

ten times longer integration interval. The right part of Table 3.2 presents the results.

Table 3.2.Values of scd att = 10 hrs. and t = 100 hrs. when iterated until convergence.

15 * * * * * *

12 * 19/20 46/4.1 * * 281/1.4
10 * 41/3.6 4.714.4 * 4.71/3.8 54145
6 * 4.3/3.9 50/4.7 *

5 3.7 /3.2 4.31/3.9 5.0/4.7 4.4/3.5

4. Stability functions with minimal p(T) values

The preceding considerations strongly suggest the use of A-stable or L-stable integration methods of
the form {(3.4),(3.5)} with minimalp(T), so tha3imag is maximized. We shall focus on one-step
methods. The linear stability of these methods is determined by their stability function. Here, we
consider stability functions of the form

P(2) >
(4.1)  R@)=gE. Q@ =[] Q- d2),
i=1

where P is a polynomial of degrges and where thej édre the diagonal entries of the matrix T in
(3.5). Stability functions with minimad(T) will be calledoptimal For future reference, the following
subsection presents various optimal stability functions taken from [3]. A comparison of values of
p(T) (rounded to two decimals) and 'safe' valuegipfag is given in Table 6.1 at the end of the
paper.

4.1. Optimal stability functions from the literature
For the case wherg & ... = d = d, one can find in Hairer and Wanner [3, p. 103 ff.] a number of
stability functions together with the range of d-values for which these functions are
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A-stable and L-stable. Since in shallow water problems we do not need more than second-order or
third-order accuracy, we restrict our considerations to second-order and third-order consistent stability
functions (we call Ronsistenbf order p if dR(0Ydz = 1 fori =0, ..., p).

The optimal, A-acceptable stability functions with s = p-1, p and p = 2, 3 from [3] are given by

1+3 A
(42) R(Z) = 1 ) p(T) = 5! p= 2!
1- EZ

1+ (1-2d)z + (5 - 2d + P)z2
(1- dz)2

(4.3) R(z) =

pM=d=10 p=2 pM=d=1+Vs 0 p=3,

1 -,_1_3

627 " 277

(1-123
3

1-
(4.4) R(z) =

’ p(T):%’ p:31

and the optimal, L-acceptable stability functions with s = p, p+1 and p = 2, 3 from [3] are given by

1+ (1-2d)z a1 _

(45) R = - 42  p(M=d=1-v2 0 p=2.
1+ (1-3d)z + (5 - 3d + 3#)z2

(4.6) R(z) = :

(1-dz)3

p(T) =d =1 (9+3V3 ~V72+42V3) O p=2,
p(T)=d= 1—%?/2(cos@p) -V3sin@), ¢:= % arctan(%?/z) 0 p=3,

1+ (1-4d)z +(%— 4d +6d2)z2 + (%— 2d+ 6d2 - 4d3) 23
(1-dzy ’
p(T) = d=0.223648[] p = 3.

(4.7) R(z) =

4.2. Distinct diagonal entries ¢

The question arises whether we can decrease the vgl(E) dify using distinct diagonal entries in the
matrix T. We conjecture that this is not possible. The reason is that the A-acceptability condition
OR(z)J< 1 leads to conditions like C{d.. , &) < 0, where C is symmetric in its argumenitsTdis
enables us to use the following result.

Theorem 4.1. Let ¢ satisfy the condition Cd... , &) = 0, where C is symmetric in its
arguments, and let the graph of €(d. , &) = O be outside the region 0 <<dd,i=1, ..., s,
where d is the smallest positive zero of C(d,d). Then, mafd;} is minimized ford = ... = d;.¢
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For s = 2 the assertion of the theorem immediately follows from a plot @f @jd= 0. For s > 2 it
follows from the symmetry of C with respect to its arguments.

We illustrate the use of Theorem 4.1 for s=2and s = 3.

If s =2 and if R has order of consistency P, then

1+ (1-dg-dy)z + % (1 - 2dq - 2dy + 2chd2)z2
R(z) = )
@ (1 -d12)(1 - d22)

so that the A-acceptability conditionR(z)d < 1 requires that the so-called E-polynomial
E(y) :=0Q(iy)® - OP(iy)2 = 0 for all real values of y (cf. e.g. [3, p. 43]). Hence,

E(y) = 4 (412022 - (1- 201 - 2cp + 2010) )y 2 0

for all y. This leads tod+ dp > % K 2(ch + db) - 4d1d2 - 1 < 0. Using Theorem 4.1 we conclude
thatp(T) = max{dy,dz} is minimized for d = d yielding the functions in (4.3) and (4.5).
Likewise, we find for s =3 and®2

1+ (1-01)z +%(1 - 201 + 202)z2 + p3z3

(4.8) R(z) = (1-d12)(1 - d2z)(1 - d32) |

whereo1 :=dh + th + g, 02 := dhdo + d1d3 + dod3 and 3 is a free parameter. This leads to the
E-polynomial

Ey) = y* (04 y2 - ; N(d1,02.05) + 2ps(1 - 01),
N(d1,dz,d3) := (1~ 207 + 202)2 - 405,

whereoy := (didd3)? - p32 andos := di2dy2 + dh2d32 + th2d32. Thus, the parameteg ghould be
such thato4 = 0 and N(d,d,d3) < 8p3(1 - 01). Assuming that; < 1, we find for g the inequalities

N(dy,d2,d3) _
8(1 - d1 - d2 - d3)

(4.9) Opzd< chdods X p3 2

This leads to the condition

(4.10) N(ch,d2,d3) - 8d1d2d3(1 - d1 - dp - d3) < 0.

Again, using Theorem 4.1, we conclude tb@t) = max{di,do,ds} is minimized for d = b = .
In the following, we restrict our considerations to stability functions with d. = ¢ = d.

4.3. Stability functions with still smaller p(T)

Among the stability functions listed in Section 4.1, we miss the A-acceptable stability functions with
(s,p) = (3,2), (4,2), (4,3) and the L-acceptable stability function with (s,p) = (4,2). These functions
possess still smallgx(T) - values and will be derived in the present section.
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4.3.1. The A-acceptable case (s,p) = (3,2).s = 3, then the stability function is of the form

(4.8) for which the A-acceptability condition was shown to be given by (4.9) and (4.10). Setting
d1 = b = b = d, condition (4.10) becomes

(4.11)  N(d,d,d)- 863(1 - 3d) = (6d- 1)(2d- 1)3< 0, d<

Wi

Hence, we have A- acceptabllltyéf < d< = and if g satisfies (4.9) withid= d This yields p = 216
and d = Ieadlng to the A-acceptable, optlmal stability function

1
1+tz + 2724+ 1 53
(4.12) R(@z)=— 212 216 om=1 p=2
(1-7523 °

4.3.2. The A-acceptable cases (s,p) = (4,2) and (s,p) = (4R s = 4, p= 2 we have

1+ (1-4d)z +(% - 4d +6d2) z2 + p3z3 + pyz4
(413) R(2) = ,
(1 - dz2)

where p and p are free parameters. The E-polynomial takes the form

E(y) = Y*((cB - pa2)y? + eny? + &),
(4.14) g = 4cP- p32 + 12,d2 - 8md +
€2 1= - 30ct + 4808 - 22cP + 4(1- 2pa)d + 2B - 204 -5 -

Hence, we have A-acceptability if one of the following two conditions is satisfied:

(4.15a) OpaO<d* X g(d,@.pa) = €12 - 4ex(d® - pg?) < 0,
(4.15b) CpaO=c* & e=0°A &30

For a given value of d, (4.15a) determines a region in igafplane. We verified numerically that
this region converges to a single point in the,@§-plane as d % For d =1 , this point is
determined by the equatlon@( P3, p4) = 0, which is satisfied ifjps0- d* = g = ez 0 (note that
these equatlons |mpIy that (4.15b) is fulfilled). From (4.14) it follows thaHj rs obtained if

p3 = 128 and p = leading to the A-acceptable, optimal stability function

4096
3 1 1
1+tz2+3224+ 1734 1 54
2 32 128 4096 1
(4.16) R(2) = , P(M=5, P=2
(1 - §2)4

Third-order consistent stability functions are obtained by setg'ngén 2d+6d2 - 4d3. Substitution

into (4.15a) and plotting the region of admissible {d;pvalues reveals that d becomes smaller as
Ops0 approaches4d This leads us to use condition (4.15b). This straightforwardly yields that
d= % - %?/3 , resulting in the A-acceptable, optimal stability function

1+(1- 4d)z +(3- 4d +60d2)z2 + (- 2d+ 602 - 4d3) 23 - d4z4
(1-dz) ’

R(z) =
(4.17)

p(M=d=3-3:V3, p=3.
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4.3.3. The L-acceptable case (s,p) = (4,2)he corresponding stability function is given by
(4.13) with @ = 0, so that the conditions (4.15) should be imposed with §. Since now only
(4.15a) is relevant, we obtain the condition gé¢dp< 0. The smallest value of d for which this
inequality is fulfilled should satisfy the equations g&lp = 0 anddg(d,ps,0)/0p3 = 0O, leading to
1-16d +80d4-128B +32d=0, B :% - %d + 5 - 4dB. The solution (d, g with minimal d
yields the L-acceptable, optimal stability function:

1+ (1- 4d)z + (3- 4d +60d2) 22 + (3 - >d + 5d2- 4dS) 23
(1-dzy ’

R(z) =
(4.18)
p(T):d:1+%T/2 - %Vzo+ 14/2, p=2.

This d-value £ 0.13) is only slightly larger than the lower bound%j ebtained in (4.16), but (4.18)
is L-acceptable and (4.16) is only A-acceptable.

4.4. Conjecture
The stability functions (4.2), (4.3), (4.12) and (4.16) are second-order consistent and A-acceptable
with the property thafR(iy)J= 1 for all y. More generally, we have:

Theorem 4.2.Let

P(z) _ 1+ mz+ pz2+pgz3+ .. +pzS
Q@) (1- d2)s
Then, (@ OR(iy)U=1forallrealy and & O, if and only if p= (‘S) d.

(b) The A-acceptable stability functiori @) defined by{ (4.19), p := (f) d, d>0} is
second-order consistent for (%S:

(4.19) R(2) = P£Q, s>1.

Proof. Evidently,

P(y) = (1 - poy2 + pay4 - ..) +iy(p1- pay2 + poy4-..),
Qiy) = (1 -idyp=(1- ay?+ qay* - ..) +iy(dy - day?+ agy* - ..), ¢ := (f) (-dy .

Hence, p:= (JS) d implies thaflP(iy)d = 0Q(iy) [, or equivalentl{IR(iy)0 = 1, for all real y and

d= 0, and all positive integers s. Conversely,F(iy)ll = 0Q(iy)U for all y, then p= g for j even

and p=-q for j odd, so thatjo= (JS) d. This proves Part (a).

From Part (a) it follows that the functiof§4.19), p := (JS) d} are A-acceptable for all g 0.
Furthermore, from the definition of consistency (cf. Section 4.1) it follows that these functions are
second-order consistent if P'(0) 3 p 1 - sd, P"(0) = 2p=1- 2sd + s(s-1)¢, s= 1. On
substitution of p = (i) d = sd and p= (2) d2 = %s(s-l)e’l'f, we find d :2%’ proving Part (b)e

The question now arises whether the functioh@Rlefined in this theorem are optimal, that is, do
there exist A-acceptable and second-order consistent stability functions of the form (4.19) with still
smallervalues for d. In fact, the functions (4.2), (4.3), (4.12) and (4.16), which are special cases of
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R*(z) for s< 4, show that R(z) is optimal for < 4. Since the functions*Rz) possess the weakest
possible form of A-acceptability for all s, we conjecture tHgzRs also optimal for all 3 5.

5. Construction of DIRK methods with prescribed stability function

Having available a number of optimal stability functions, we can construct corresponding families of
one-step methods like the methods of Runge-Kutta, Rosenbrock, Obreschkov, etc. In this paper, we
consider DIRK methods. These methods are of the form (3.4) and are generated by the Butcher
tableau

wherec := Te with e denoting the s-dimensional vector with unit entries a given s-dimensional
vector and where the Butcher matrix T is a lower triangular s-by-s matrix with nonnegative diagonal
entries. Any DIRK method is second-order accurate if its stability function R(z) is second-order
consistent and third-order accurate if R(z) is third-order consistent and if T satisfies

(5.1) DT(Te)2 = 1.

For a given optimal stability function R(z), we shall construct DIRK methods with a minimal number
of stages s. Furthermore, in view of the shallow water applications we have in mind, we shall try to
construct DIRK methods with a storage saving Butcher tableau. DIRK methods with an optimal
stability function will also be calledptimal.

5.1. L-stable methods with s = 2
For two-stage L-stable methods,blrand the stability function are given by

~p9 0y _pag 1+ (a-d)z
(G-28)  T=H, ¢f °7 Haf R®= (1- d2)2

Hence, we can only identify this function with the function (4.5). This yields

_1- —q1_ 15
(5.2b) a—2\/2, d=1 2\/2.

The method {(5.2a),(5.2b)} defines a second-order accurate, L-stable optimal method.

5.2. A-stable methods with s = 2
The arrays Th and the stability function are given by

_pd9 0% Pn _ 1+ (b+c-2d)z + (ac- bd - cd + ®)z2
©3 T Ha afy °7 B ROT (1- 42)? -

Identification with{ (4.3), d :%1} yields a family of second-order accurate, A-stable optimal methods

1o _1
(5.3b) a=,, b=1-c, d—4
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with free parameter c (note that in this case there is no storage saving value for the free parameter).
Likewise, we can identify R(z) witfi(4.3), d :% + %\73 }, to obtain a = é:\_/3 and b =1 c,

again with free parameter c. In order to make the method third-order accurate, we have to impose
condition (5.1). This yields c%—‘. Hence, (5.3a) with

(5.3¢) a=-

1- _~_1 -1 17
5\/3, b—c-2, d= +6\/3

2

defines a third-order accurate, strongly A-stable, optimal method. In fact, this method is identical with
one of the third-order DIRK methods of Ngrsett [6].

5.3. L-stable methods with s = 3
If we allow an s = 3 method to have three implicit stages, then

 ° 90 Bgn

_ _ _ 1+ (b+c-2d)z + (ac- bd- cd + ®)z?
5.4 T=a d 0[] b= . R(2) =
(5.4a) Dac d% E‘F% (2) (1-d2)3

so that we can identify R(z) with (4.6). This leads to a one-parameter family of second-order accurate,
L-stable, optimal DIRK methods defined by

(5.4b) a:1"4gc+ 2d?, b=1-c-d, d:%z(9+3?/3 —\_/72+42\_/3).

The choice ¢ = £ d (i.e. b = 0) saves storage in an actual implementation.
For third-order accuracy, we impose condition (5.1). This determines the free parameter ¢ and leads
to a third-order accurate, L-stable, optimal method defined by

_1-4d+ 22
- 2C

3(1- 4d+ 2d2)2
4(1- 6d + 9@ - 3d3)

a , b=1-c-d, c=
(5.4¢)

d= 1—%?/2(003@) -V3sin@), @:= % arctan(%?/z).

5.4. A-stable methods with s = 3
To construct methods with the stability functions (4.4) and (4.12), we consider

R(z) = 1+ r1z + rpz2 + rzz3
f°°0 OO (1-d2)?
(5.5a) T=[p d O[]} b=[1[] ri = o - 3d
EbcdD @D ro =as- 2a01d + 3@
r3=o3-02d +01d2 - d3

(5.6a) ap:=e+f+g az:=af+g(b+c), az:=acg.

We write the numerator of the prescribed stability function in the form P(z) =11 + pz2 + paz3.
Identification with the numerator of R(z) in (5.5a) leads to



15
(5.6b) ap=p+3d, ax=pp+2pd+ 3k, az=p3+ pd + prd? + B,

so that the quantities; are completely determined by the prescribed stability function. Thus, if this
stability function is second-order consistent, then {(5.5a),(5.6)} defines a three-parameter family of
second-order methods whose stability function is given in (5.5a).

If the given stability function is third-order consistent, then we can make the method (5.5a) third-
order accurate by imposing the condition (5.1). Using (5.6a), this additional condition becomes

(5.7) fe+gb+c¥=04 o4 ::% - 0102 - 200d.
Solving (5.6a) and (5.7) for e = 0, we obtain

oo - af a 0104 - 002
=—2-% _ ¢ 3 e=0, f= 174~ =2

9 ’ ag’ 0182 - 2004 + 04

(5.8) b , g=a1-f.

The formulas {(5.5a),(5.8)} define a one-parameter family of third-order methods with stability
function R(z) as is given in (5.5a). We are now ready to identify R(z) with (4.12) and (4.4).

In the case (4.12) we hawg = 1,07 :% andagz :2%. We propose to choose b = e = =0 yielding

a storage saving method. Then, it follows from (5.6a) that

(55b0) a=i, c=i d=1, g=1, b=e=f=0.

o

The formulas {(5.5a),(5.5b)} define a second-order accurate, A-stable, optimal method.
For the third-order consistent stability function (4.4), we have 1, a2 :% andogz = - %8. On
substitution into (5.8) we obtain a family of third-order accurate, A-stable, optimal methods with free

parameter a. For example, a% yields the method

b

_ -2 _1 - -1 -3
(5.5¢) a= , €= d—3, e—O,f—4, g=7-

1
9

W=

5.5. L-stable methods with s = 4
To construct methods with the stability functions (4.7) and (4.18) we consider

Dd 00 OD IjD R(z) = 1+rlz+r2224+ ryz3
1-d
(5.9a) T:DadOOD b:IjD, rlzal—éd ?
%b Cf: d 3% %% rp =0 -2a1d + 3R
e g

r3=os3-02d +0a1d2 - d3

wherea 1, a2 andagz are defined in (5.6a). Writing the numerator of the prescribed stability functions

in the form P(z) = 1 + 4z + pz2 + p3z3 and identifying P with the numerator of R(z) in (5.9a) again
leads to the equations (5.6b). Thus, if the prescribed stability function is second-order consistent,
then {(5.9a),(5.6)} defines a three-parameter family of second-order methods whose stability
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function is given in (5.9a). If the prescribed stability function is third-order consistent, then we
achieve third-order accuracy by imposing the condition (5.1), i.e.

(5.10) f@+g(b+cf=as asi=; - a1d?2- 20pd - d(ay + df.

Solving (5.6a) and (5.10) for e = 0 yields the relations (5.8), so that the formulas {(5.9a),(5.8)}
define a one-parameter family of third-order methods with the stability function R(z) of (5.9a).

In the case (4.18) we hawg = 1-d,a> :% - 2d + & andas :% -d + 2 + B, so that solving
(5.6a) with b =e =f=0 leads to
1 1
5 —d+2d2+ a3 5 -2d+d?
a:81 , c=%2 dzl%?/z-%ﬂzo+14\72,
2 2d + 1-d
(5.9b)

g=1-d, b=e=f=0.

The method {(5.9a),(5.9b)} defines a second-order accurate, L-stable, optimal method.

In the case (4.7), where=d0.22364801 = 1-d, a> =% -2d+dand o3 :% - % d+3k-d3, we
find on substitution into (5.8) a family of third-order accurate, L-stable, optimal methods with free
parameter a. For example, %and d =% (which is only slightly greater than d = 0.223648) yields

(59c) a =% p =12589505881 6039885655 4 _17  _ 11552 . _ 8157603

70677472392 © T~ 70677472392 Y " 76" 153145" 9 T11639020

The method {(5.9a),(5.9¢)} defines a third-order accurate, L-stable, optimal method.

5.6. A-stable methods with s = 4
Finally, we construct methods with the stability functions (4.16) and (4.17). Consider the method

%% g

(5.11a) T:Da d 0 OD b = DO D’ R(Z):l+I‘12+r222+r3z3+r4z4 |
[0 b d 0[] (e O (1- d2)4
Lo 0 ¢ ¢U Lol

where
ri:=1-4d rp:=be+c(l-e)-3d + 64,
r3 := be(1- e) + abe- 2(be + c(1- e))d + 3 - 4B,
r4 := abc(1- e) - (abe +bc(1- e)d + (be+c(1-e)d2-d3 + d* .
Identification of R(z) with (4.16) and setting e = 0 yields a second-order accurate, A-stable, optimal

method of the form (5.11a) with

-1 -1 -3 -1 -
(5.11b) a=ig, b—6, c=3 d—8, e =0,

and identification of R(z) with (4.17) yields a third-order accurate, A-stable, optimal method of the
form (5.11a) with
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(5.11c) a= -C b:\/3—9c+6@\/3 g=1

_ 1 o = 1-4c/3+ 12¢
1-4d/3+ 12  3(1-4c/3 + 128 2 6

2- 483 + 1222

where c is a real zero of the equation

(5.11d) 432&-360&4/3 + 1825 + 2/3) c3- 12(3 + 8/3)c2 + 24c-V3 = 0.

This equation possesses one real zero which is given by ¢ = 0.545717 ... .

6. Summary of results

In this paper, we considered A-stable and L-stable DIRK methods of which the diagonal vector in the
Butcher matrix has a minimal maximum norm. If the implicit relations are iteratively solved by means
of the approximately factorized Newton process (3.11), then such DIRK methods possess stability
properties which enable us to solve shallow water problems with relatively large time steps. Table 6.1
lists the main characteristics of all methods discussed in this paper. In particular, this table presents
the value ofp(T) and the resulting imaginary stability bound@gnag occurring in the stability
condition (3.14). For the DIRK methods in this table, we see that for fixed order, the V8| $f
increases strongly with s, the order 2 values being substantially larger than the order 3 values.
Furthermore, for given order and number of stafiggag decreases only slightly when changing

from A-stability to L-stability, so that it is recommended to use an L-stable method.

Table 6.1.Characteristics implicit integration methods

Order Method s  Stability function Stability p(M) = Bimag=
2 BDF{(3.6)l=2} 1 - L-stable 0.67  0.97
Ngrsett (3.7) 2 (4.5) L-stable 0.29 2.21
{(5.2a),(5.2b)} 2 (4.5) L-stable 0.29 2.21
{(5.3a),(5.3b)} 2 (4.3) A-stable 0.25 2.59
{(5.4a),(5.4b)} 3 (4.6) L-stable 0.18 3.59
{(5.5a),(5.5b)} 3 (4.12) A-stable 0.17 3.88
{(5.9a),(5.9¢)} 4 (4.18) L-stable 0.13 4.98
{(5.11a),(5.11b)} 4 (4.16) A-stable 0.13 5.18

3 DIM (3.8) 2 - strongly A-stable 2.17 0.29
Cash (3.9) 3 - L-stable 0.96 0.67

Ngrsett {(5.3a),(5.3¢)} 2 (4.3) strongly A-stable 0.79 0.82
{(5.4a),(5.4c)} 3 (4.6) L-stable 0.44 1.48
{(5.5a),(5.5¢)} 3 (4.4) A-stable 0.33 1.94
{(5.9a),(5.9¢)} 4 4.7) L-stable 0.22 2.89

{(5.11a),(5.11c),(5.11d)} 4 (4.17) A-stable 021  3.06
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