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A b s t r a c t - - W e  consider the numerical integration of two types of systems of differential equations. 
We first consider Hamiltonian systems of differential equations with a Poisson structure. Vie show 
that symplectic Runge-Kutta methods preserve this structure when the Poisson tensor is constant. 
Using nonlinear changes of coordinates this structure can also be preserved for nonconstant Poi~son 
tensors, as exemplified on the Euler equations for the free rigid body. We also consider orthogonal 
flows and the closely related class of isospectral flows. To numerically preserve the orthogonality 
property we take the approach of formulating an equivalent system of differential-algebraic equations 
(DAEs) and of integrating the system with a special combination of a particular class of Runge-Kutta 
methods. This approach requires only matrix-matrix products and can preserve geometric properties 
of the flow such as reversibility. © 2004 Elsevier Ltd. All rights reserved. 
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1. I N T R O D U C T I O N  

T h i s  p a p e r  is conce rned  wi th  t h e  numer ica l  i n t eg ra t ion  of  two  types  of  sys tems  of  different ial  

equa t ions  hav ing  ce r t a in  in t r ins ic  s t ruc tures .  We  first cons ider  Poisson  sys tems .  T h e  preserva-  

t ion  o f  Po i sson  s t r u c t u r e  by numer ica l  i n t eg ra t ion  has  been  the  sub j ec t  of  several  ar t ic les  [1-5], 

espec ia l ly  for Poisson  sys tems  on Lie  groups ,  such as t h e  r ig id  b o d y  e q u a t i o n s  [6-10]. We  t h e n  

cons ider  o r t h o g o n a l  flows and  t h e  closely r e l a t ed  class of  i sospec t ra l  flows. T h e  numer i ca l  preser-  

va t i on  of  o r t h o g o n a l i t y  and  i sospec t ra l i ty  p roper t i es  has  also been  t h e  top ic  of  severa l  art icles,  
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e.g., [11-28] where most of the proposed methods do not preserve geometric properties of the 
flow, such as reversibility. 

This paper is organized as follows. In Section 2, we characterize Hamiltonian systems with 
a Poisson structure. In Section 3, we show that symplectic Runge-Kutta methods preserve 
the Poisson structure when the Poisson tensor is constant. We consider nonlinear changes of 
coordinates in Section 4 when the Poisson tensor is not constant. An application to the Euler 
equations for the free rigid body is given in details. Then in Section 5, we consider orthogonal and 
isospectral flows. To preserve the orthogonality property, we propose in Section 6 an approach 
based on integrating an equivalent system of differential-algebraic equations (DAEs) by a special 
class of Runge-Kutta type methods. This approach requires only matrix-matrix products and, 
is thus, amenable to paraUelization. Moreover, geometric properties of the flow can also be 
preserved. 

2. P O I S S O N  S Y S T E M S  

We consider the following Hamiltonian system of ordinary differential equations (ODEs) in R "~ 
with a given initial value Yo at to: 

y' = J(y)HT (y), y(to) := Y0. (i) 

Here, J(y) is a skew-symmetric matrix 

j(y) = _ j T ( y )  

satisfying the Jacobi identity 

l=l \ Oyl Jlk(Y) + Oyl Yl 
for i , j , k  = 1 , . . . ,m .  

The matrix J(y) is called a Poisson tensor and (1) is called a Poisson system. We can define the 
following operation between smooth functions F, G : R "~ ~ R:  

iF, C}(y) := 

defining another function iF,  G} : R "~ --* R. Under the above assumptions for J(y), this bilinear 
operation satisfies the properties of Poisson bracket: 

(1) Skew-symmet~: iF,  G} = - { G ,  F}; 
(2) Jacobi identity: {iF, G}, H} + {{G, H}, F} + {{H, F}, G} = 0; 
(3) Leibniz's rule: i F .  G, H} = F . {a, H} + G. iF, g} .  

A transformation @ : R m --* R "~ is said to be Poisson if it preserves the Poisson bracket, i.e., if 

{F,a}o@ = 

This is equivalent to the following condition: 

• = 

It can be shown that  the flow @h(y(t)) := y(t + h) of (1) is a Poisson transformation [29], i.e., we 

have 

Oy(t) ~ J(Yo) { Oy(t) ~ T 
0y0 ] k Oy0 ] = z(Kt)). (2) 



Preserving Poisson Structure and Orthogonality 239 

oy(t)~ 
Oyo ] 

For the standard symplectic matrix 

When J(y) is invertible this is equivalent to the condition 

T 
j_l(~(t)) { oy(t) ~ : z_~(yo) 

\ Oyo ] 

we have j~-i = - J s .  Hence, we obtain the equivalent symplecticness condition 

• = js. 

0y0]  J ~ k 0 y 0 ]  

Note that  this relation is generally not satisfied when J(y) is not the standard symplectic ma- 
trix (3), since we have for a constant matrix J 

0-7 \ \ 0y0 ] J ] : \ Oyo ] \ Oyo ] (J2Huy(Y(t))-Huy(Y(t))J2) (Oy(t)~ \ Oyo ] 

and the matrix J2Hyy(y) - Hw(y)J  2 does not vanish in general. From the skew-symmetry of 
the Poisson tensor it can be seen that  the Hamiltonian remains constant, i.e., H(y(t)) = Const. 
A function C(y) such that  C~(y)J(y) : O is called a Casimir function and remains also constant 
under the flow. Note that  the Hamiltonian H(y) is generally not a Casimir function. 

3. R U N G E - K U T T A  M E T H O D S  F O R  
C O N S T A N T  P O I S S O N  T E N S O R  

In this section, we consider the application of Runge-Kutta methods to (1) when J is a constant 
skew-symmetric matrix. 

DEFINITION 1. Oile step of aza s-stage implicit Runge-Kutta (IRK) method applied to the sys- 
tem y' = f(y), with initial values Yo at to and step-size h reads 

8 

Y ~ = y o + h E a ~ j f ( Y j ,  for i = 1 , . . . , s ,  (4a) 
j=l 

$ 

yl = y0 + h ~ bj(~) .  (4b) 
i = l  

We are interested in characterizing methods which preserve the Poisson structure (2) of (1), 
i.e., satisfying 

• 

Oyo ] J \ Oyo ] = J (5) 

When J is the standard symplectic matrix (3) well-known fundamental conditions on the Runge- 
Kut ta  coefficients have been derived to preserve the Poisson and symplectic structure of the 
flow [30-32], they are 

b~aij + bjaj~ - b~bj = O, for i, j -- 1 , . . . ,  s. (6) 

A question that  we address here is to know if these conditions are sufficient to preserve the Poisson 
structure of the flow in the slightly more generM situation when J is a constant skew-symmetric 
matrix. In the following theorem, we show that  this is indeed the case, clarifying the response [33] 
to the comments [34] on the m~ticle [5]. 
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THEOREM 2. For a constant skew-symmetric matrix J, the Poisson structure (2) o[ the flow 
of (1) is preserved by Runge-Kutta methods satisfying (6). 

PROOF. Since the matrix J is skew-symmetric, there exists an orthogonal matrix U such that 

o) 
U JUT = 0 

with J skew-symmetric of the form 

:(oo 
where D := diag ( d l , . . . ,  dn) is a diagonal matrix with di > 0. This is a standard result in linear 
algebra, see, e.g., [35]. We consider the linear change of variables z = (v, w) :-- KUy with 

and C := diag (d~l/2, . . . ,  d~ 1/2, d~1/2,.. . ,  d~1/2). In the new coordinates, we have 

where J8 is the standard symplectic matrix (3) and h(z) := H((KU)- lz) ,  see also [36, Proposi- 
tion 3.1.2]. Runge-Kutta methods are invariant under linear changes of coordinates, hence, since 
the variables w are left constant the Poisson condition (5) becomes equivalent to 

OVo ] J~ \ OVo ] 

This also corresponds to the preservation of the symplectic structure for (7) which can be seen 
as a Hamiltonian system for the variables v only. Runge-Kutta methods satisfying (6) are known 
to be symplectic [30-32]. This argument ends the proof. | 

Theorem 2 generalizes the result given in [5] for quadratic Hamiltonian functions to general 
Hamiltonian functions, and also the result given in [6] for the implicit midpoint rule to symplectic 
Runge-Kutta methods. If the Poisson tensor J is of the form (o 

- E  r 0 

0 0 

for a matrix E,  we can also consider the application of partitioned Runge-Kutta methods [3"/]. 
With a proof similar to the one given above, it can be shown that  symplectic partitioned Runge- 
Kut ta  methods also preserve the Poisson structure in this situation. 

! 

4. P O I S S O N  M E T H O D S  F O R  

N O N C O N S T A N T  P O I S S O N  T E N S O R  

When the Poisson tensor J(y) is not constant, the Poisson structure is generally not preserved 
even by Runge-Kutta methods satisfying assumption (6), see, e.g., [6] for the midpoint rule. One 
way to circumvent this problem is to consider one-to-one nonlinear transformations v -- k(y) 
such that  the corresponding system in the new coordinates has a constant Poisson tensor. By 
Darboux's theorem [38], such transformations are known to exist locally. The main difficulty 
is obviously to obtain them. We give, in Section 4.1, an example with various explicit global 
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transformations leading to constant Poisson tensors. Denoting the inverse transformation by y = 
g(v) and defining h(v) := H(g(v)), from v' = ky(y)y' and (1), we get 

. '  = y(~)h:(~),  

where 

j(~) = k~(g(vl)J(g(~llk~(g(~)) 

is the Poisson tensor for v. Multiplying (2) from the left by ky(y(t)) and from the right by k~ (y(t)) 
we obtain 

/0 0 T 
Ovo ] \Oyo] J(yo) \Oyo] \ Ovo.] = j(.(t)). 

Since 0vo = ky(y0), we get 
Oyo 

{ 0v(t) h T 
( ~ ) ~ ( ~ o )  \ ovo ] =j(~(t)). 

Hence, the original Poisson structure is preserved if and only if it is preserved in the new co- 
ordinates. We are interested in transformations v = k(y), such that  the corresponding Poisson 
tensor j(v) for v is constant. When such a transformation k(y) can be obtained explicitly, we can 
apply for example a Poisson-symplectic Runge-Kutta method to the corresponding Hamiltonian 
system in order to preserve the Poisson structure of the flow. Actually, this application can be 
done purely formally, since we can re-express the method in terms of the original variables y~ and 
this is equivalent to apply the method directly to the following implicit system of ODEs: 

k(y)'=k~(y)Z(y)H/(y). 

The application of implicit Runge-Kutta methods to this system is defined as follows. 

DEFINITION 3. One step of an s-stage implicit Runge-Kutta (IRK) method applied to the implicit 
system of ODEs k(yy = d(y) with initial values Yo at to and step-size h reads 

s 

k(Yi) = k(yo) + h E aijd(Yj), 
j = l  

s 

k(yl) = k(yo) + h ~ b~e(v~). 
j = l  

f o r i = l ~ . . . ~ s ~  

An equivalent definition is to consider the inverse transformation k -1 of k, leading to 

Yi = k -1 k(yo) + h aijd , 

(k(  ) + h ff~_lb d(Y~)) yl = k-1 yo i , 

for i = 1 , .o . , s ,  

and which can be seen as a nonlinear generalization of Runge-Kutta methods applied to y~ = ] (y)  
when having d(y) := ky(y)f(y), k --- id corresponding to the usual definition (4). 
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4.1. The  Eule r  Equa t ions  for the  Free Rigid  B o d y  

We consider the Hamiltonian system (1) in Na with Poisson tensor 

0 --Y3 Y2 ) 
J(v) = Y3 0 - y l  . (8) 

-Y2 Yl 0 

For g ( y )  = ~3=1 y2/I~ we obtain the Zuler equations for the free rigid body 

, 12 - / 3  , /3 - 11 11 -- 12 
Y~ = 1213 y2y,, Y2 = iai--'---~-ysyl, y ' 3 -  1112 yly2, (9) 

where the constants Ii are the moments of inertia about the coordinate axes and the variables Yi 
are the corresponding body angular momenta. We are looking for a transformation v = k(y), 
such that 

= o . 

0 

We must, therefore, determine k(y), such that the following system of partial differential equations 
is satisfied: 

1 = Ys(kly~ k2v, - klya k2u,) + Y2 (klua kay3 - klys k2m ) + Yl (klv3 k2m - klv2 k2va), 

0 = y3 (klv, k3m - klyx kay2 ) + y2 (klm kay3 - klv3 kam ) + Yl (klv3 kay2 - kly2 kava), 

0 = y3 (k2v2 kava - k2m kay2 ) + Y2 (k2ya kava - k2y3 kava ) + yl (k2va k3v2 - k2v2 kava ). 

Since (ka(y))' = 0, k3(y) is an invariant and we can take the Casimir function 

1 k3(y) = L(y) := ~ (y2 + y2 + y2).  

Hence, the above last two equations are satisfied and we are left with the first one. 
ing kl(y)  := yl we must find a function k2(y) satisfying 

Tak- 

1 = y2k2yz - yak2y2. 

It can be seen that  k2 (y) := arctan(va/Y2) satisfies this equation. The original variables (Yl, y2, Ya) 
are related to the symplectically conjugate variables (vl, v2) by 

Yl = vl, Y2 = V / ~ - -  vl 2 cos(v2), Ya = ~ / 2 L -  v~ sin(v2). 

For the Euler equations (9) we obtain the standard Hamiltonian system 

v i = ~ l  (113 ~21)(2L-  v12)sin(2v2), 
/ COS2__(Vl) sin2(vl) ) 

= v l  \ z2 /1 

corresponding to the Hamiltonian function 

h(Vl,V2) = ~ ~I1 

Two other similar transformations and implicit systems of ODEs can be obtained by permutation 
of Yl, Y2, and Y3- The preservation of the Poisson structure (8) is ensured for each of these systems 
by applying a Runge-Kutta method satisfying (6). 
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We now present another global transformation leading to a constant Poisson structure. As- 
suming 0 < I1 < /2 < /3, there is an infinite number of ways to write the Euler equa- 
tions (9) as a Hamiltonian system (1) with a Poisson structure. Considering the linear com- 
binations K(y) := all(y) + bL(y) and N(y) := cH(y) + dL(y) with real constants a, b, c, and d 
satisfying ad - bc = 1, we can express the Euler equations as 

y' = - K [  (y) x N [  (y), 

where x denotes the cross product of two vectors in ~3. N(y) corresponds to a Hamiltonian 
function and - K ~  (y) x . to a Poisson tensor. For the choice 

1 C 1 
a = l ,  b = - ~ ,  c = - C ,  d = - -  w i t h C : =  

3 I1' (1/11) - (1/ /3) '  

we obtain the transformation given by Holm and Marsden in [39] (see also [29, Chapter 15]), i.e., 

1 ( 1 1 )  1 ( 1 1 )  
g(y) =-~ ~ "];3 y~ + 2 G ~ y22' (lOa) 

C ( 1  1 )  1 2 
N(y) = -~ ~ -[2 y2 + -2 Y3, (lOb) 

with -K~(y)  x . corresponding to the Poisson tensor 

[ ,)j 1 1 
0 0 ~ Yl 

( 1 1 )  / 1  

which is a lineax combination of (8) corresponding to Lv T (y) × • and of 

0 Ys Y2 \ 
13 /2 

Y_~s 0 YI 
Is I1 

Y2 Yl 0 
12 I1 

corresponding to Hv -r (y) x .. Defining the new variables 

(11) 

(12) 

where 

( KlY2 ~ vl(v)  := aretan ' v2(y) 

1 1 
K1 := K2 := 

X/(1/II) - (1/I~' V/(1/I2) - (1/I3) '  

the variable vl and v2 are symplectically conjugate and satisfy 

where 

, 1 , K2R 2 
Vl = K1K2 v2, v2 = 2K1K# sin(2v0' 

1 g 3 : =  
v ' 0 ( ( 1 / I 1 )  - (i/h))' 

(13) 
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These equations correspond up to a scale factor to the pendulum equations with constant Poisson 
structure (o 
and with Hamiltonian h(vi,v2) = (1/2)v 2 + (K~R2/2K~)sin2(vl) = N .  Note that the above 
Hamiltonian system is separable and can, thus, be integrated by explicit symplectic meth- 
ods [37,40]. The original variables (Yi, Y2, Y3) are related to the variables (vi, v2) by 

yl ---- K1Reos(vl),  Y2 = K2Rsin(vi), Ya = v2. (14) 

Note that by using these relations the Casimir function K(y) (10a) is automatically preserved by 
any integration method applied to (13). If the constant symplectic structure of (13) is preserved 
in terms of the variables (Vl, v2) then the Poisson structure (11) is preserved in terms of the 
variables (Yl, Y2, Y3), but generally not any other Poisson structure such as the ones corresponding 
to (8) or (12). We conjecture that the numerical flow of a method able to preserve two linearly 
independent combinations of the Poisson structures (8) and (12) of the Euler equations (9) must 
necessarily be the exact flow up to a reparametrization of time. A way to preserve all the Poisson 
structures of the Euler equations (9) is actually to express directly its analytical solution in terms 
of Jacobi's elliptic functions cn, sn, and dn [29, Chapter 15], assuming that  these functions can 
be computed exactly. 

As a numerical experiment we have applied the two-stage Lobatto IIIA-B partitioned Runge- 
Kut ta  method [41-43], more commonly known as the Verlet method [44], with a constant step- 
size h = 0.1 to system (13). The values (Ii,I2,Ia) T = (2, 1,2/3) T for the moments of inertia 
and the initial values y(0) = (cos(1.1),0, sin(1.1)) T for the body angular momenta have been 
taken. We plot in Figure 1 the error in the quantities H(y), L(y), K(y), and N(y) over the 
interval [0, 100] using the inverse transformations (14). As is expected for a Poisson-symplectic 
integrator we observe that the errors for these quantities remain bounded. The quantity K(y) is 
actually preserved up to close to machine precision. The above integrator is not only simple to 
implement, but is also extremely fast since it is explicit. Higher-order explicit methods can be 
obtained by composition [45]. 

5.  O R T H O G O N A L  A N D  I S O S P E C T R A L  F L O W S  

In this section, we consider orthogonal flows and the closely related class of isospectral flows. 
First, we consider systems of matrix ODEs in R mx'~ 

Y' = F(t, Y) 05)  

having the property of preserving orthogonality, i.e., we assume that  

yTyo = I ==~ YT(t)Y(t)  = I. (16) 

The flow is said to be orthogonal and the quantity y T y  is called a weak invariant of (15) [46]. 
Generally the quantity y T y  is not a strong invariant, also called first integral, which is a quan- 
ti ty I(Y) with the stronger property that Iy(Y)F(t ,  Y) = 0 for any Y. Examples of systems of 
matrix ODEs having the property (16) are given by 

Y' = J(t, Y)Y 07) 

and 
Y'  = YJ(t ,  Y), (lS) 

where J : • x R mxm --* R mxm is for fixed t a function mapping orthogonal matrices to skew- 
symmetric matrices. We stress the fact that the right-hand side of systems of matrix ODEs 
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t t 
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Figure 1. Errors of conserved quantities for the Euler equations using the two-stage 
Lobatto IIIA-B P~K method applied to (13) with step-size h = 0.1. 

preserving orthogonali ty are not necessarily directly expressed in one of these forms as a function 
o f t  and Y, unless (15) is explicitly multiplied from the right by y - 1 y  or from the left by y y - 1 .  
Theorem 1 of [24], also cited as [22, Theorem 1.1] may be somehow misleading: a system of 
matrix ODEs preserving orthogonali ty is generally not directly expressed in the form (17) as the 
one-dimensional example y '  = y2 _ 1 simply shows. I 

A class of systems closely related to orthogonal flows is given by isospectral flows. The flow 
in R "~xm of systems of the form 

X '  = K(t ,  X ) X  - X K ( t ,  X) ,  X(to) = Xo (19) 
with K(t ,  X )  skew-symmetric possesses the property of isospectrality, i.e., the eigenvalues of the 

solution matr ix X(t )  are invariant under the action of the flow. This can be easily seen by 
defining Y(t)  as the solution of the associated system (17) with J ( t , Y )  :=  K(t ,  Y X o Y  T) and 
initial condition Y0 = I .  The solutions X( t )  and Y(t )  are related by X( t )  = Y ( t ) x o y T ( t ) ,  
hence the eigenvalues of X( t )  are preserved since Y( t )  remains orthogonal.  Thus, instead of 

solving (19) directly, we can solve the associated system for Y( t )  and then form X( t )  by using 

ZThe proof of Theorem 1 of [24] is slightly incorrect. To have the factorization F(t, Y) = J(t, Y)Y not only for 
orthogonal matrices, the matrix function J(t, Y) must satisfy J(t, Y) = Fit, y ) y - z  not J(t, Y) = F(t, y ) y T  Of 
course, since an orthogonal solution Y(t) satisfies Y-1 (t) = yT (t), it also verifies that F(t, Y(t)) = J(t, Yit))Y(t) 
for some nonunique matrix function J(t, Y), for example J(t, Y) := F(t, y )y -1  or J(t, Y) := Fit, y )yT.  How- 
ever, for nonorthogonal matrices the matrix functions Fit , Y) and F($,Y)YTY are generally distinct. Simply 
multiplying (15) from the right by y T y  changes the matrix differential equations. 
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the aforementioned relation between X ( t )  and Y ( t ) .  Hence, to preserve the isospectrality of X ( t )  
we can simply preserve the orthogonality of Y( t ) .  Similar to orthogonal flows, it is not necessary 
for an isospectral flow to be the solution of a system of matrix ODEs of the form (19). 

6. NUMERICAL ORTHOGONAL INTEGRATION 

We are interested in numerical integration methods preserving the orthogonatity property (16) 
of the system of matrix ODEs (15). Several methods have been proposed in the literature. Some 
of them require the ODEs to be under the specific form (17) [12,16,18,19,21,22,25-27], whereas 
others do not make such an assumption [14-16,23]. In this paper, no assumption on the form 
of the matrix ODEs (15) is made. We also do not assume the orthogonality condition to be a 
strong invariant of the flow, for example in the computation of Lyapunov exponents [11,17-19 I. 
This precludes the direct use of Gauss Runge-Kutta schemes [24]. 

We propose an approach requiring only matrix-matrix products and not the solution of any 
linear system such as in [12,22]. Our approach is therefore amenable to parailelization. Moreover, 
geometric properties of the flow, such as reversibility, can be preserved, which is important 
for long-term integration. Projection algorithms generally destroy geometric properties. Our 
approach is based on reformulating the system of matrix ODEs (15) as a system of matrix 
differential-algebraic equations (DAEs) [47-49]. Additional algebraic variables are introduced 
and the orthogonality condition is seen as an algebraic constraint on the system. 

6.1. O r t h o g o n a l i t y  C o n s t r a i n t s  and  J a c o b i a n  P r o p e r t i e s  

The orthogonality property (16) can be expressed as algebraic constraints to be enforced. Note 
that there is not a total of m 2 constraints, but in effect of m ( m  ÷ 1)/2 since G ( Y )  := y T y  _ I 
satisfies G ( Y )  = GT(Y), m ( m  - 1)/2 constraints of G ( Y )  = 0 are redundant. We denote 
by y := vec(Y) e R m2 the vector of length m s corresponding to the matrix Y =: mat(y) E R m×m. 

We denote by g(y) =: up(G(Y)) the m ( m  + 1)/2 linearly independent constraints corresponding 
to 0 = G ( Y )  = y r y  _ I =: sym(g(y)). Although quite obvious, the notation v = up(S) means 
that the upper triangular part of a symmetric matrix S is taken and stacked into a vector v, 
whereas the notation sym(v) = S stands for the inverse operation. 

LEMMA 4. The Jacobian matr/x gy(y) o f  g(y) := up(G(Y)) with G ( Y )  := y T y  _ I satisfies 

s y m ( g y ( y ) f )  = y T  F + ( Y T F ) T ,  

mat (g~ (y)z)  ---- Y ( Z  + diag(Z)), 

where F := m a t ( f ) , Y  := mat(y), and Z := sym(z). I f  in addition y E R "~2 satisfies g(y) = 0 
then we have 

gy(y)g~ (y) = 2- diag 2,1, 1 , . . . ,  1, 2 , 1 , . . . ,  1 , . . . ,  2, 1, 1, 2, 1, 2 =: d. (2O) 
m--1 rn--2 

PROOF. These results are easily verified for m = 1, 2. For m = 3 we have 

Y121 -[- y21 -~- y21 --  1 

YllY12 T Y21Y22 + Y31Y32 

Y l l Y l 3  + Y21Y23 -}- YZlY33 

g(Y) = Y~2 + y22 T Y~3 - 1 ' 

Y12Y13 T Y22Y23 -{- Y32Y33 
.2 + . 5  +yi3 1 Y13 Y23 - -  
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[ 2yll 0 0 2y21 0 0 2y31 0 0 

[Y12 Yn 0 Y22 Y21 0 Y32 Y31 0 
Og(y_____)) = | Y13 0 Yll Y23 0 Y21 Y~ O Y31 

Oy ]~ 000 2y12 0 0 2y22 0 0 2y32 0 
Y13 Y12 0 Y23 Y22 0 Y33 Y32 
0 2y~3 0 O 2y23 O 0 2y33 

The results can be verified directly by simple calculation. The extension to arbitrary m is 
straightforward. | 

We consider an approximation to the inverse matrix 

- (y))  

with g(y) as in Lemma 4. Assuming Y close to being orthogonal, i.e., the corresponding vector y 
being close to satisfy g (y) = 0, we can approximate the expression (gy (Y)g~ (Y)) - 1 in (21) by d -  1 
of (20). The application of the corresponding approximate inverse matrix Ao 1 to a vector reads 
as ibllows: 

- d - l g ]  • 

In terms of matrices AY := mat(Sy), AA := sym(Sz) + diag(sym(Sz)), etc., this leads to the 
following algorithm which involves no matrix inverse, but only one matrix-matrix product with 
matrix Y. 

ALGORITHM 1. Approximate inverse of (21) matrix-matrix produc~. 
1. AA := - ( 1 / 2 ) .  G; 
2. C := YAA; 
3. A Y : = F - C .  

Similarly, when considering an approximation to the inverse matrix 

(gy~y) gTy(oy ) ) - i =  (I--g~(y)(gy(y)gTy(y))-lgy(y) 

we obtain the following algorithm. 

ALGORITHM 2. Approximate inverse of (22) matrix-matrix product, 
1. A := YXF; 
2. B : = A + A X - G ;  
3. AA := (1 /2) .  B; 
4. C := Y AA; 
5. A Y  := F - C .  

g (y) 
(22) 

_ ( y ) ) - i  

6.2 .  M e t h o d s  B a s e d  o n  D A E s  

For a system of ODEs y' = h(t, y) with strong or weak invariants g(t, y) = 0 it is natural to 
consider either projecting the numerical solution at selected steps onto g(t, y) -= 0 or to consider 
an equivalent system of DAEs 

yl = h(t, y) - g~(t,y)z =: f(t, y, z), 0 = g(t, y) (23) 

with algebraic variables z. Under the assumption that gv(t,y) is of full rank the system of 
DAEs (23) is of index 2 since gy(t,y)fz(t,y, z) = --gy(t,y)gX(t,y) is invertible [47-49]. From 
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the condition gt(t, y(t)) + gy(t, y(t))h(t, y(t)) ---- 0 the algebraic variables z satisfy z(t) = 0 as 
expected. 

The approach to preserve orthogonali ty of the solution tha t  we take here is based on the 
numerical integration of an equivalent system of DAEs. By introducing a symmetric  matrix of 

algebraic variables A we can consider the following semiexplicit system of index 2 DAEs: 

Y'  = F(t, Y)  - YA,  0 = y T y  _ I (24) 

corresponding to (23) with A :=  Z + diag(Z). Differentiating the constraint  0 = y T ( t ) Y ( t )  - I 
once with respect to the independent variable t we obtain 

0 = FT(t,  Y ( t ) )Y( t )  + F(t, Y ( t ) ) yT( t )  

- A T (t)Y T (t)Y(t) - y T  (t)Y(t)A(t)  = - A  T (t) - h( t )  = - 2 n ( t ) .  

Therefore, A satisfies A(t) = 0 as expected. 
We can now consider the application of numerical methods to  semiexplicit index 2 DAEs. To 

be more general we can consider a semiexplicit system of DAEs 

M 

y' = f( t ,  y, z) = E fro(t, y, z), 0 = g(t, y) (25) 
m=l 

of index 2, i.e., under the assumptions that  gy(t, y)fz(t ,  y, z) is invertible along the solution [47-49] 

and tha t  f l  = f l  (t, y) is independent of z [50,51]. 

DEFINITION 5. One step of  an s-stage specialized (or super) partitioned additive Runge-Kutta 
(SPARK) method applied to the system of DAEs (25) with initial values Yo, zo at to and step- 
size h reads [50,51] 

s M 

= y 0  + h 
j = l  rn=l 

0 -~ ~ aij,lg (Ti, Yj), 
j=l 

$ 

yl = yo + h ~ bif(T~, Y~, Z~), 
i= l  

for i -- 1 , . . . ,  s, (26a) 

for i -- 2 , . . . ,  s, (26b) 

(26c) 

0 = g(tl, yl),  (26d) 

where Ti :-- to + cih, tl  := to + h. The coet~cients (aij,m)~5=l ..... 8, for m -- 1 , . . . ,  M,  are the co- 
et~cients of M Runge-Kutta (RK) methods based on the same quadrature formula (bi, c~)~=1 ..... s. 

It  is assumed tha t  the number s of internal stages satisfies s > 2. SPARK methods satisfying 

the following assumptions are considered: 

=0:, 
eT~ A1 = b T, 

A I A m = ( ~ ) ,  for m = 2 , . . . , M ,  

(27a) 
(27b) 

(27c) 

These assumptions are satisfied for example by the s-stage Lobat to  SPARK families with M = 5 
and A1, A2, A3, A4, As being the RK matrices of Lobat to  I IIA-B-C-C*-D coefficients, respectively, 

bT is invertible,  ~ :=  bT . (27d) 
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[43750,51]. Assumption (27a) is a stiff accuracy condition. Gauss RK coefficients do not satisfy 
this assumption [49]. To preserve in addition any reversibility property of the flow symmet- 

ric SPARK methods should be considered. Symmetric SPARK methods satisfying (27b) must 
necessarily satisfy (27a) when the weights bi are nonzero and the nodes c~ are distinct [40, Theo- 
rem II.8.8]. Assumption (27d) is a condition to ensure existence and uniqueness of the numerical 
solution [50,51]. In a o(1)-neighborhood of Y0 and z0 the solution of (26) does not depend on z0. 
The value z0 only determines to which branch z = z ( t , y )  of gt( t ,y)  + g y ( t , y ) f ( t , y , z )  = 0 the 
solution is close. An accurate value zl is therefore not required since the values z~ do not in- 
fluence the global convergence properties of the differential variable y. There are several ways 
to define the numerical solution Zl for the algebraic variable, such as Zl := Z8 or zl being the 
solution of gt(tl ,  Yl) + g y ( t l , y l ) f ( t l , y l ,  zl) = 0. For the orthogonal integration (24) the latter 
corresponds to taking A1 := 0 and is a natural choice. We will not discuss in details local error 
estimates which can be found in [51]. For s-stage Lobatto SPARK methods superconvergence of 
order 2s - 2 is attained [51]. Notice that the above combination of RK methods does not include 
the PRK methods of Murua [52] where the constraints 0 = g(t, y) are treated differently. Our 
main interest is in combining the Lobatto IIIA coefficients for A1 with symmetric RK coefficients 
A,~ also based on Lobatto points, such as Lobatto IIIA, IIIB, and IIID [43]. Our purpose here 
is not in convergence analysis, see [51], but in presenting an efficient implementation of SPARK 
methods for orthogonal integration. 

The equations (26) can be rewritten equivalently 

s M 

O - = Y i - y o - h E E a i j , , J m ( T j , Y j ,  Zj)  , for i = 1, . . .~s ,  (28a) 
j = l  r n = l  

0 = aij,lg , Yo + h ajk,m,f,~(Tk~ Yk, Zk) , for i = 2 , . . . ,  s, (28b) 
j = l  k = l  m = l  

0 = Yl - Yo - h E b~f(T~, Y~, Zi), (28c) 
j = l  

0 = g t t ,  Yo + h bJ(T~, Y~, . (28d) 

We introduce the notations Y~+I := Yl and 

An approximate Jacobian matrix of this nonlinear system (28) with respect to (Y~,o. . ,  Ys, Y~+~, 
Z l , . . . ,  Z~) at Y~ = Y0, Zi = Zo is given by 

5+1 ® - h  ®/mz(t0, y0, z0) 
m = 2  

0 h br ® (gy(to,yo)fz(to,  yo, zo)) 

where we have neglected the terms involving fray(y0, zo) as in [48] by implicitly assuming the 
system of DAEs (25) to be nonstiff. When system (25) is of the form (23) and such tha~ 

gy(t0, yo)g~(to, Yo) can be approximated by a matrix d, as in (20) in Lemma 4, we obtain the 
following approximate inverse Jacobian: 

I ®zm am ®g (to,yo)a 

o J 
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For system (24) the application of modified Newton iterations to the system of nonlinear 
equations (28) is given by the following algorithm. 

ALGORITHM 3. Modified Newton  me thod  for the S P A R K  equations (28) applied to the 
D A E s  (24). 

O. k : = O ;  

1. A ° := 0 for i = 1 , . . . , s ;  
2. Predict Yi, e.g., y o := Yo f o r / =  1 , . . . , s  + 1; 
3. Do while stopping criterion not  satisfied 

4./~,m := (F(t0 + c~h, Y?) k - Y /  Ai)m f o r m  = 1 , . . . , M ,  i = 1 , . . . , s ;  
' h v - . s  x--~M ~k  5. y k := Y0 ± -)~j--1 2-~rn=l (:~ij,rn]),m for i = 1 , . . . ,  s + 1; 

6. G k := YikTYi k -  I f o r i =  1 , . . . , s + l ;  
s . . _  e k  . 7. R k : =  E j = I  a i + l , j , 1  c k  fo r  i = 1,..  ,s - 1, n~  k " -  s + l ,  

$ 

s aA~ := ~ E j__ ia , jn~  for i=  1,...,~; 
9. --ihk+l := A~ + AA k for i ---- 1,. .  ., s; 

10. v ?  ÷1 := v,~ - h E L I " , ~ , ~ Y o A A ~  ~o~ i = 1 , .  ,~ + 1, 
11. k : = k + l ;  

12. Repeat from 3. 

It is natural to replace in Step 10 of this algorithm the matrix products YoAA k for j = 1 , . . . ,  s 
by k k Yj AAj. This leads to a markedly faster algorithm. The above iterations involve no matrix 
factorization, they require only matrix-matrix products and are thus parallelizable. Provided the 
stepsize h is not too large, these modified Newton iterations converge. They converge linearly 
and at each iteration one power of h is gained, the analysis being similar to that  given in [48, 
Chapter 7]. 

6.3. T h e  F ree  Rigid Body 

As a numerical experiment we consider the equations of motion for the free rigid body. These 
include the Euler equations, see (9), for the body angular momenta II := (II1, II2, Ha) T 

1-ii = 12 -- 13 I3 -- I1 I1 --  12 I2--W-~ n:H~, nl  = IJ---Tn~nl' n~ - ~ ;  nine,  (29a) 

and the equations for the orientation matrix Y of the body 

Y' = Yfl, (29b) 

where ~ := I -1II  is the body angular velocity, I = diag (I1,/2, In) is the inertia matrix, and 

0 -~23 f~2 ) 
:= ~3 0 -~21 • 

-~2 ~i 0 

The matrix Y is a rotation matrix. Since the equations (29b) are of the form (18), Y remains 
orthogonal as it should for a rotation matrix. There are several ways of writing differential 
equations to obtain the orientation matrix using, e.g., by using Euler angles or quaternions, 

which would actually reduce the number of equations. We do not advocate here to use or not 
the above formulation to solve the rigid body equations. One goal here is only to illustrate 
with a simple example the fact that orthonormality can be preserved and at the same time the 
good long-term properties of the numerical scheme can be maintained. It  is well known that the 
spatial angular momenta 7r := YH are preserved, i.e., they satisfy It(t) = r(t0). We will use these 
quantities to monitor the quality of the integrator. We integrate the system (29a) exactly as 
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described at the end of Section 4.1 using the two-stage Lobatto IIIA-B method with a constant 
step-size h = 0.1 and with the same initial values. We couple this system of ODEs (29a) with 

the system of DAEs corresponding to (24)-(29b) 

Y '  = Y{'l  - Y A ,  0 = y T y  _ I ,  

where A is a symmetric matrix. We apply for illustration purpose the two-stage Lobatto IIID 

coefficients to the term Y~, the two-stage Lobatto IIIB coefficients to the term - Y A ,  and the 
two-stage Lobatto IIIA coefficients to the constraints 0 = y T y  _ I .  This demonstrates the 

flexibility of SPARK methods. We plot in Figure 2 the error for the spatial angular momenta 

(~rl,lr2, 7r3) T. As is expected for a symmetric integrator we observe that the errors for these 
invariants remain bounded. We also plot the quantity I I Y T Y  - Illoo to show that orthogonality 
is preserved up to close to machine precision. 

x l o  ~ x lo-~  
1,4 1 

0.5[ 

~"0.6 

o.~°'4 -°'~ I V V V V V l 
0 - 1 - -  

0 20 40 60 80 100 0 20 40 
t t 
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x 10 ~ x 10 -16 

60 80 100 

0 
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-6 

-6 
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l 
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J t 

= 
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t t 

(c) (d) 
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Figure 2. Errors of conserved quantities for the free rigid body equations using a 
two-stage Lobatto IIIA-B-D SPARK method with step-size h = 0.1. 

6.4. T o d a  La t t i ce  E q u a t i o n s  

As a last numerical experiment we consider the Toda lattice equations 

= = ' u - . ,  ( 3 0 )  u~ vk, v~ ¢ (k+1  uk)--¢'(~k--~k-1), f o r k = l , . ,  n, 

with periodic conditions u0 :-- un, un+l := uz, v0 := v~, vn+z := Vlo This is a standard Hamilto- 
nian system with Hamiltonian 

g ( u ,  v) + ¢(uk . 
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Letting ¢(r) :-- e - r  and considering the nonlinear change of variables 

1 1 otk := ~e (1/2)(~-~+1), ;3k :=  vk, fo r  k : 0 , . . .  , n ,  

we can rewrite the corresponding system of ODEs as follows [53,54] 

= otk(Zk - # k + l ) ,  

The matrix 

for k = l , . . . ,n.  

O~ 1 0 -••  0 ot n 

/ ;32 or2 "'. 0 0 

~2 ;33 or3 """ 

' '  "" "" • .  0 

" "  • otn--2 ;3n--1 Ofn--1 

• - -  0 a,~-i ;3n 

;31 

oil 

0 
X : -  

0 0 

otn 0 

satisfies (19) for the skew-symmetric matrix 

( 0 -ot l  

or1 0 

K ( X )  := 0 a2 

0 0 

--can 0 

0 "•" 0 ot n 

-or2 ". 0 0 

0 -or3 

• - "• " .  0 

• • otn--2 0 --O~n-- 1 

• .. 0 otn-1 0 

Hence, the flow of matrix X is isospectral and as described in Section 5, we can consider the 
orthogonal flow given by the system of matrix ODEs (17) with J ( Y )  := K ( Y X o Y  T) and Y0 :-- I. 
The matrix X can be recovered from the relation X :-- Y X o Y  T. To preserve the eigenvalues of 
matrix X we can apply any orthogonal integrator to the orthogonal flow of Y. The system of 
DAEs corresponding to (24) reads 

Y '  = K ( Y X o y T ) y  - YA, 0 = y T y  _ I .  

We apply for illustration purpose the three-stage Lobatto IIIA coefficients to the term 
K ( Y X o y T ) y  and the constraints 0 = y T y _  I ,  and the three-stage Lobatto IIID coeffi- 
cients to the term -YA.  As in [55] we have taken n -- 3 and initial values corresponding 
t o  Ul = 1 , u 2  -~ 2, u3 ---- 4, Vl  = O, v2 : - - 1 , v 3  - -  - -0 .5  fo r  (30) .  W e  p l o t  in  F i g u r e  3 t h e  

error for the eigenvalues Ai (i = 1, 2, 3) of X, and for the Hamiltonian (31) which satisfies 
H = 2HX[[2F where [1" [[F is the Frobenius norm• Since X n  = Y n X o Y ~  and Yn is orthogonal we 
have Hn = 2[[Xn[[~ -- 2[[x0u ~. We observe that all these quantities are preserved up to close to 
machine precision. 

7.  C O N C L U S I O N  

The numerical integration of systems of ODEs with Poisson structure has first been considered• 
We have proven that  symplectic PRK methods preserve the Poisson structure when the Poisson 
tensor is constant• We have shown on the Euler equations for the rigid body that  a nonconstant 
Poisson structure can still be preserved by symplectic PRK methods when considering nonlinear 
changes of coordinates. The numerical integration of orthogonal flows and of the closely related 
isospectral flows have also been considered• To preserve the orthogonality property an approach 
has been proposed based on integrating an equivalent system of semiexplicit index 2 DAEs with 
SPARK methods. This approach requires only matrix-matrix products, and is therefore, paral- 
lelizable. Moreover, geometric properties of the flow can be preserved. 
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Figure 3. Errors of conserved quantities associated to the Toda lattice equations 
using a three-stage Lobatto IIIA-D SPARK method with step-size h = 0.1. 

J 
100 

R E F E R E N C E S  
1. Z. Ge and J.E. Marsden, Lie-Poisson Hamilton-Jacobi theory and Lie-Poisson integrators, Phys. Lett. A 133, 

134-139, (1988). 
2. D. Lewis and J.C. Simo, Conserving algorithms for the dynamics of Hamiltonian systems on Lie groups, 

Nonlin. Sei. 4, 253-299, (1994). 
3. S. Li and M. Qin, A note for Lie-Poisson Hamilton-Jacobi equation and Lie-Poisson integrator, Computers 

Math. Apptic. 30 (7), 67-74, (1995). 
4. S. Reich, Simplectic integration of conservative multibody systems, Fields Institute Communications 10, 

181-191, (1996). 
5. W. Zhu and M. Qin, Poisson schemes for Hamiltonian systems on Poisson manifolds, Computers Math. 

Applie. 27 (12), 7-16, (1994). 
6. M.A. Austin, P.S. Krishnaprasad and L.-S. Wang, Almost Poisson integration of rigid body systems, J. Corn- 

put. Phys. 107, 105-117, (1993). 
7. G. Benettin, A.M. Cherubini and F. Fassb, A 'changing chart' symplectic algorithm for rigid bodies and other 

Hamiltonian systems on manifolds, SIAM J. Sei. S~at. Comput. 23, 1189-1203, (2001). 
8. D. Lewis and J.C. Simo, Conserving algorithms for the N dimensional rigid body, Fields Inst. Comm. 10, 

121-139, (1996). 
9. S. Li and M. Qin, Lie-Poisson integration for rigid body dynamics, Computers l~/Iath. Applic. 30 (9), 105-118, 

(1995). 
10. R.I. McLachlan, Explicit Lie-Poisson integration and the Euler equations, Phys. Rev LetS. 71~ 3043-3046, 

(1993). 
11. T.J. Bridges and S. Reich, Computing Lyapunov exponents on a Stiefel manifold, Physics D 156, 219-238, 

(2001). 
12. M. Calvo, M.P. Laburta, J.I. Montijano and L. RAndez, On the numerical integration of orthogonal flows 

with Runge-Kutta methods, ./. Comput. AppL Math. 115, 121-135, (2000). 
13. M.P. Calvo, A. Iserles and A. Zanna, Numerical solution of isospectral flows, Math. of Comp. 66, 1461-1486~ 

(1997). 



254 L .O .  JAY 

14. E. Celledoni and B. Owren, A class of intrinsic schemes for orthogonai integration, SIAM J. Numer. Anal. 
40 (6), 2069--2084, (2002). 

15. E. Celledoni and B. Owren, Lie group methods for rigid body dynamics and time integration on manifolds, 
Comput. Meth. in Appl. Mech. and Engin. 192 (3), 421--438, (2003). 

16. L. Dieci, R.D. Russell and E.S. vanVIeck, Unitary integrators and applications to continuous orthonormal- 
ization techniques~ S I A M  J. Numer. Anal. 31, 261-281, (1994). 

17. L. Dieci, R.D. Russell and E.S. vanVleck, On the computation of a Lyapunov exponents for continuous 
dynamical systems, SIAM J. Numer. Anal. 34, 402-423, (1997). 

18. L. Dieci and E.S. van Vleck, Computation of a few Lyapunov exponents for continuous and discrete dynamical 
systems, Appl. Numer. Math. 17, 275-291, (1995). 

19. L. Dieci and E.S. vanVleck, Computation of orthonormal factors for fundamental solution matrices, Numer. 
Math. 83, 599-620, (1999). 

20. K. Eng~ and S. Faltinsen, Numerical integration of Lie-Poisson systems while preserving coadjoint orbits and 
energy, SIAM J. Numcr. Anal. 39 (1), 128-145, (2001). 

21. K. Eng~ and A. Marthinsen~ Application of geometric integration to some mechanical problems (132), De- 
partment of Informatics, University of Bergen, (April 1997). 

22. D.J. Higham~ Runge-Kutta type methods for orthogonal integration, Appl. Numer. Math. 22, 217-223, 
(1996). 

23. D.J. Higham, Time-stepping and preserving orthonormality, B I T  37, 24-36, (1997). 
24. A. Iserles and A. Zanna, Qualitative numerical analysis of ordinary differential equations, In Lectures in 

Applied Mathematics, Volume 3~, (Edited by J. P~enegar, M. Shub and S. Smale), pp. 421-442, AMS, 
Providence, RI, (1996). 

25. B.J. Leimkuhler and E.S. vanVleck, Orthosymplectic integration of linear Hamiltonian systems, Numer. 
Math. 77, 269--282, (1997). 

26. A. Marthinsen, H. Munthe~Kaa~ and B. Owrenj Simulation of ordinary differential equations on manifolds-- 
Some numerical experiments and verifications, Modeling, Identij~cation and Control 18, 75-88, (1997). 

27. B. Owren and A. Marthinsen, Runge-Kutta methods adapted to manifolds and based on rigid frames, B I T  
39 (1), 116-142, (1999). 

28. A. Zanna, Lie-group methods for isospectral flows (DAMTP 1997/NA02), Univ. of Cambridge, (1997). 
29. J.E. Marsden and T.S. Ratiu, Introduction to mechanics and symmetry, In Texts in Applied Math., Volume 

17, Springer, New York, (1994). 
30. F.M. Lasagni, Canonical Runge-Kutta methods, ZAMP 39, 952-953, (1988). 
31. J.M. Sanz-Serna, Runge-Kutta schemes for Hamiltonian systems, B I T  28, 877-883, (1988). 
32. Y.B. Suris, The canonicity of mappings generated by iCtunge-Kutta type methods when integrating the sys- 

ou U.S.S.R. Comput  Maths. Math. Phys. 29, 138-144, (1989). tems ~ ---- - ~ ,  

33. W. Zhu and M. Qin, Reply to "Comments on 'Poisson schemes for Hamiltonian systems on Poisson mani- 
folds" ', Computers Math. Applic. 29 (7), 1, (1995). 

34. R.I. McLachlan, Comments on "Poisson schemes for Hamiltonian systems on Poisson manifolds", Computers 
Math. Applic. 29 (3), 1, (1995). 

35. H.-J. Kowalsky, Lineare Algebra, W. de Gruyter, Berlin, (1972). 
36. R. Abraham and J.E. Marsden, Foundations of Mechanics, Second Edition, Addison-Wesley, (1078). 
37. J.M. Sanz-Serna and M.P. Calvo, Numerical Hamiltonian problems, In Appl. Math. and Math. Comput., 

Volume 7, Chapman & Hall, London, (1994). 
38. G. Darboux, Sur le probl~me de Pfaff, Ex~ratt Bulletin des Sciences Math. et Astron., $e Sdrie VI, Gauthier- 

Villars, Paris, (1882). 
39. D.D. Holm and J.E. Marsden, The rotor and the pendulum, In Simplectic Geometry and Mathematical 

Physics, Progress in Math., (Edited by P. Donato, C. Duvai, J. Elhadad and G.M. Tuynman), pp. 189-203, 
vol. 99, Birkhaiiser, Boston, (1991). 

40. E. Hairer, S.P. Ntrsett and G. Wanner, Solving ordinary differential equations I. Nonstiff problems, In 
Comput. Math., Volume 18, Second Revised Edition, Springer, Berlin, (1993). 

41. L.O. Jay, Runge-Kutta type methods for index three differential-algebraic equations with applications to 
Hamiltonian systems, Ph.D. Thesis, Department of Mathematics, University of Geneva, Switzerland, (1994). 

42. L.O. Jay, Simplectic partitioned Runge-Kutta methods for constrained Hamiltonian systems, SIAM J. Nu- 
met. Anal. 33, 368-387, (1996). 

43. L.O. Jay, Structure preservation for constrained dynamics with super partitioned additive Runge-Kutta 
methods, S I A M  J. Sci. Comput. 20, 416-446, (1998). 

44. L. Verlet, Computer experiments on classical fluids. I. Thermodynamical properties of Lennard-Jones mole- 
cules, Phys. Rev. 159, 98-103, (1967). 

45. H. Yoshida, Construction of higher order symplectic integrators, Phys. Leg. A lS0, 262-268, (1990). 
46. B.J. Leimkuhler, Discretization and weak invariants, Univ. of Kansas, (1993). 
47. K.E. Brenan, S.L. Campbell and L.R. Petzold, Numerical solution of initial-value problems in differential- 

algebraic equations, In SIAM Classics in Appl. Math., Second Edition, SIAM, Philadelphia, PA, (1996). 
48. E. Hairer, Ch. Lubich and M. Roche, The numerical solution of differential-algebraic systems by Runge-Kutta 

methods, In Lect. Notes in Math., Volume 1509, Springer, Berlin, (1989). 
49. E. Hairer and G. Wanner, Solving ordinary differential equations II. Stiff and differential-algebraic problems, 

In Comput. Math., Volume 15, Second Revised Edition, Springer, Berlin, (1996). 



Preserving Poisson Structure and Orthogonality 255 

50. L.O. Jay, Iterative solution of nonlinear equations for SPARK methods applied to DAEs, Numer. Al 9. 31, 
171-191, (2002). 

51. L.O. Jay, Solution of index 2 implicit differential-algebraic equations by Lobatto Runge-Kutta methods, BIT  
43, 91-104, (2003). 

52. A. Murua, Partitioned Runge-Kutta methods for semi~explicit differential-algebraic systems of index 2 (EHU- 
KZAA-IKT-196), Univ. of the Basque Country, (1996). 

53. P. Delft, T. Nanda and C. Tomei, Differential equations for the symmetric eigenvalue problem, SIAM J. 
Nurner. Anal. 20, 1-22, (1983). 

54. H. Flaschka, The Toda lattice, Phy8 Rev. B 9, 1924-1925, (1974). 
55. E. Hairer, Symmetric projection methods for differential equations on manifolds, B I T  40, 726-734, (2000). 


