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Abstract

Obtaining the transient probability distribution vector of a continuous-time Markov chain
(CTMC) using an implicit ordinary differential equation (ODE) solver tends to be advanta-
geous in terms of run-time computational cost when the product of the maximum output rate
of the CTMC and the largest time of interest is large. In this paper, we show that when ap-
plied to the transient analysis of CTMCs, many implicit ODE solvers are such that the linear
systems involved in their steps can be solved by using iterative methods with strict control of
the 1-norm of the error. This allows the development of implementations of those ODE solvers
for the transient analysis of CTMCs that can be more efficient and more accurate than more
standard implementations.
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1 Introduction

Consider a finite continuous-time Markov chain (CTMC) X = {X(¢);¢ > 0} with infinitesimal
generator. The state space of X will be denoted by Q = {1,..., m}, its initial probability distribu-
tion (column) vector by p°, and the transpose of its infinitesimal generator by Q = (gij)1<ij<m,
ie., ¢, i # j, will denote the transition rate from state j to state ¢ and |¢; ;| = —¢;; = E%i Q)i
will denote the output rate from state 7. In this paper, we will be concerned with the compujtation
of the transient probability distribution vector of X, p(t) = (P[X (¢) = i])1<i<m, t > 0, when Q is
large and sparse.

When Q is large, the only practical methods to compute p(¢) are uniformization (also called ran-
domization) [1, 2], uniformization-based methods (see, e.g., [3], [4], [5]), the Krylov-based method
described in [6], and formulating p(¢) as the solution of an initial value problem (IVP) for the
Kolmogorov system of ordinary differential equations (ODEs) and solving the IVP using an ODE
solver. When ¢t >> 1, where ¢ = maxj<;<m|¢; |, this latter alternative can be very attractive from
the point of view of run-time computational cost. The IVP to be solved is

dziit):Qp(t)r tEO, (1)
p(0) =p°.

That IVP is stable because, using the Gershgorin circle theorem [7], which states that the eigenval-

ues of QT, which are the same as those of Q, lie in the union of the m discs in the complex plane

with centers ¢;; < 0 and radii Z%; |¢j il = |gi,s|, it turns out that the eigenvalues of Q different
JF#i
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from 0 have negative real part. As in [8], we will say that the IVP (1) is stiff if ¢¢ > 1. That
such a stiffness criterion is reasonable is argued in [8] as follows. For each distinct eigenvalue A;
of Q, component i of p(t), 1 < i < m, will include a factor of the form ZZT:JJI cijxtherit where
m; denotes the multiplicity of A; and the ¢; ;. are appropriate constants. Consequently, when
max;|A;|t > 1, we can expect p(t) to have components with large relative variation in the time
interval [0,¢), making the IVP (1) stiff. But, again by the Gershgorin circle theorem, max;|\;|
is bounded from above by ||Q||1 = 2¢. Therefore, if gt > 1, it is reasonable to expect the IVP
(1) to be stiff. For an ODE solver applied to the solution of the IVP (1) to be effective when the
IVP is stiff, the ODE solver should be implicit and, preferably, A-stable [9]. In this paper, we will
consider the use of implicit ODE solvers to solve the IVP (1).

Several papers have considered the use of implicit ODE solvers for solving the IVP (1) [8, 10,
11, 12, 13, 14, 15, 16]. In [8], the performance of TR-BDF2 [17], an L-stable [18] linear two-step
implicit ODE solver, was analyzed. The conclusions were that the run-time computational cost of
TR-~-BDF2 was lower than the run-time computational cost of both uniformization and the explicit
ODE solver RKF45 [19], but that, being only a second-order method, it required a small step size
to achieve high accuracies. In [10], TR-BDF2 and a third-order L-stable implicit Runge-Kutta
ODE solver (IRK3) were compared between them and with several uniformization variants. The
conclusions were that both TR-BDF2 and TRK3 were preferable to the uniformization variants
and that when the required accuracy was high, the run-time computational cost of IRK3 was
lower than that of TR-BDF2. The performances of TR-BDF2 and IRK3 were analyzed in [11]
for the case in which X is nearly completely decomposable [20], with the conclusion that those
implicit ODE solvers should be implemented exploiting the near complete decomposability of X.
In [12], the performance of TRK3 was analyzed when X is acyclic so that Q can be put into
lower triangular form and the linear system involved in each step of the method can be solved
very efficiently using direct methods. The conclusions were that IRK3 could be highly accurate
and that its run-time computational cost was lower than the run-time computational cost of a
uniformization variant and lower than the run-time computational cost of an improved version of
an specific method for the transient analysis of acyclic CTMCs [21]. In [13], it was proposed to
combine RKF45 and either TR-BDF2 or TRK3 in such a way that RKF45 is used up to some
intermediate time and the other method is used from that point on. The result was a significant
reduction in run-time computational cost compared with any of the ODE solvers used in isolation.
In [14], the performance of several ODE solvers was analyzed (implicit Euler [22], trapezoidal rule
[22], 2-stage Radau ITA [18, 23], 2-stage Gauss [24], a singly diagonally implicit Runge-Kutta ODE
solver of order two with two stages, and another one of order three with two stages) with the
conclusion that the trapezoidal rule implemented using extrapolation, which gives a fourth-order
implicit method, was a good alternative. In [15], it was proposed to combine uniformization and
TR-BDF?2 in such a way that uniformization is used up to some intermediate time and TR-BDF2 is
used from that point on with significant reductions in run-time computational cost compared with
TRB-BDF?2 and uniformization. Finally, in [16] some of the ODE solvers in the VODPK package
[25] were compared with uniformization and with the Krylov-based method described in [6], with
the conclusion that for ||Q]|¢ > 500, the Krylov-based method and a variant of the implicit ODE
solver based on backward differentiation formulae (BDFs) with variable coefficients available in
the package had a run-time computational cost lower than that of uniformization.

Applied to the IVP (1), an ODE solver produces approximations p,, n = 0,1,..., to p(t,)
at a set of time points t, starting from t; = 0 and pg = p°. Step n > 1 spans the solution
from ¢t = t,_1 to t = t, and has step size h, = t, — t,_1. If the ODE solver is implicit,
computing the approximation p,, n = 1,2,..., requires solving one or more linear systems of
equations with matrices related to Q. In the case of the implicit ODE solvers considered in
[8, 10, 11, 12, 13, 14, 15, 16], the linear systems were solved by using iterative methods including
Gauss-Seidel (GS) [26], a mixture of Jacobi [26] and GS, successive overrelaxation (SOR) [26],
and a variant of restarted GMRES [27]. The convergence of some of those methods was only
analyzed in [14], where it was noted that the Jacobi method was guaranteed to converge for some
of the implicit ODE solvers considered. At the best of the authors’ knowledge, the impact of the
errors with which the linear systems are solved has never been explicitly analyzed. It is clear,



however, that if those errors are large, they can affect adversely not only the accuracy but also
the run-time computational cost of the ODE solvers. Roughly speaking, the reason is that those
errors may introduce significant spurious components in the computed solution associated with
eigenvalues of Q of large absolute value, which are the ones that will limit most the step size and,
then, to reduce to an acceptable level the impact of those spurious components in the error of the
computed solution, the ODE solver may be forced to take steps smaller than the ones it would
take if those errors were absent. The errors introduced in the solution of the linear systems will be
referred to as step approximation errors. To clarify, the local error at step n of the ODE solver,
e, = pn — €¥7p,_1, has three components. The first component, called here the inherent local
error, reflects the inherent error of the approximation formula underlying the ODE solver and is
i, = p —eQ p,_;, where p; is p,, computed exactly. The second component, which is the one
that we call step approximation error, reflects the error introduced by solving the linear systems
using iterative and, hence, inexact methods. Formally, that error is s,, = P, — p,/, where p,, is pn
computed by solving the linear systems using iterative methods, ignoring the impact of round-off
errors. The third component of the local error collects the impact of round-off errors on p,,.

The 1-norm is a convenient norm for measuring and controlling local error components for the
IVP (1). The reason is that (eQ7)" =R, 7 > 0, being a stochastic matrix, we have [[eQ7|; = 1,
7 > 0, implying that, measured in the 1-norm, local errors will not be amplified as they propagate
through the solution to define the global error. Therefore, according to the discussion in the
previous paragraph, it is convenient that ||s,||1, n = 0,1,..., be small enough. But, ||s,||1 will be
determined by the stopping criterion of the iterative method with which the involved linear systems
are solved and unless there exists strict control of ||s,||1, any reasonable implementation of the
ODE solver will have to use heuristic stopping criteria trying to guarantee that ||s, |1 are indeed
small enough. If such criteria are optimistic, in the sense that the actual ||s,||; are larger than
the intended ones, the ODE solver may be forced to take smaller steps than necessary, impacting
adversely the run-time computational cost of the ODE solver. On the contrary, if the stopping
criteria are pessimistic, the number of required iterations in the solution of the linear systems can
be larger than necessary, again impacting adversely the run-time computational cost of the ODE
solver. In conclusion, having strict control of the step approximation errors can be convenient from
the point of view of both the quality of control of the error and the run-time computational cost
of the ODE solver.

In this paper, we show that when applied to the IVP (1), many implicit ODE solvers are such
that, using a known upper bound for the co-norm of the inverse of a strictly diagonally dominant
matrix, the properties of the matrix Q allow to adapt some classes of iterative methods to solve
the linear systems with strict control of the 1-norm of the step approximation error. Using some
of the adapted iterative methods, we will describe an implementation with strict control of the
1-norm of the step approximation error of an implicit ODE solver based on BDFs with variable
coefficients and will show, using numerical experiments, that that implementation can be more
efficient and more accurate than a reasonable standard implementation.

The rest of the paper is organized as follows. In Section 2, we show how two classes of iterative
methods to solve linear systems can be modified to provide strict error control when applied
to linear systems with strictly diagonally dominant matrices. In Section 3, we identify three
classes of implicit ODE solvers that when applied to the IVP (1), the properties of the matrix
Q allow to solve the linear systems involved in each step by using iterative methods with the
modifications discussed in Section 2 with strict control of the 1-norm of the step approximation
error. In Section 4, we review an implicit ODE solver based on BDF's with variable coefficients when
applied to the IVP (1) and describe two implementations of that ODE solver: An implementation
that provides strict control of the 1-norm of the step approximation error and a reasonable standard
implementation that does not provide such a control. In Section 5, we compare the performance
of the implementation of VBDF with strict control of the 1-norm of the step approximation error
with that of the standard implementation. Finally, Section 6 presents the conclusions. The online
supplement collects the mathematical proofs of some theoretical results used in the paper.



2 Strictly Diagonally Dominant Matrices and Iterative Meth-
ods

Assume we want to solve the linear system

Vx =u, (2)
where V = (v; j)1<i,j<n is a real or complex nonsingular matrix of dimension n. This section shows
how iterative methods that produce the residual after each iteration or after a predefined number
of iterations and splitting-based iterative methods can be modified to provide strict control of the
error of the solution of (2), ignoring the impact of round-off errors.

Iterative methods producing the residual after each iteration or after a predefined number
of iterations include well-known Krylov subspace methods such as restarted GMRES, CGS [28],
the implementation of QMR described in [29], and Bi-CGSTAB [30]. Splitting-based iterative
methods include GS, Jacobi, and SOR. In all those iterative methods, iterates x| [ = 0,1,2,...
are obtained which should converge to the solution of the linear system.

We will say that V is strictly row diagonally dominant (SRDD) if |v; ;| > Z%; lvi ], 1 <i<n.
This collects the usual notion of a strictly diagonally dominant matrix. Similajrlgf, V will be said
to be strictly column diagonally dominant (SCDD) if |v; ;| > Z%; lvjil, 1 <4 < n. Note that,
using the Gershgorin circle theorem [7] and the fact that a matrix Jand its transpose have the same
eigenvalues, both SRDD and SCDD matrices are nonsingular, since the union of the corresponding
Gershgorin circles does not include the origin.

The following proposition collects several results that can be easily obtained from a well-known
result on the oo-norm of the inverse of an SRDD matrix [31, 32].

Proposition 1. Consider the linear system (2) and let y be an arbitrary vector of dimension n.
Then:

1. If V is SRDD,
1

ming <i<n {033 = 2= vigl}

IV o <

2. If V is SCDD,

_ 1
||V 1||1 < . n .
ming <i<p {[viil = 25=1[v5l}
JF#i
3. If V is SRDD,
||u — Vy”oo
X= Yoo £ — .
L T [ 2=t fvi g1}
4. If V is SCDD,
lu—Vylh
x—ylh < — .
Ll ming <i<n {030 = 201 05[]}
Proof. See the online supplement. O

Consider the application to the solution of (2) of iterative methods that produce the residual,
u — Vx®_ after each iteration or after a predefined number of iterations. The following theorem,
which is an almost direct consequence of Proposition 1, specifies when to stop the iterations to
provide strict control of the co-norm or the 1-norm of the error.

Theorem 1. Let § > 0 and consider the application to the solution of (2) of an iterative method
that produces the residual after each iteration or after a predefined number of iterations. If the



matriz V is SRDD, to guarantee, if the method is successful, ||x — X(l)Hoo <94,1>0, it suffices to
stop the method when the residual satisfies

u— Vx| <(5 mln {|U“| Z|Uz,j }

j=1
J#i

and, if the matriz V is SCDD, to guarantee, if the method is successful, ||[x — x| <6, 1>0, it

suffices to stop the method when the residual satisfies

[u—Vvx®O, <(5 mln {\U” Z|v]7 }

J#l

Proof. See the online supplement. O

Often, restarted GMRES, CGS, QMR, and Bi-CGSTAB use preconditioning to speed up their
convergence. Preconditioning means replacing the linear system (2) by the equivalent one

M;'VM; 'y = Mj'u, y=M>x,

where M; and M, are the left- and right-preconditioner. In practice, it is not necessary to use both
preconditioners. Theorem 1 also holds for the particular case of right-preconditioned methods, i.e.,
when M; is an identity matrix, which still produce the true residual.
Splitting-based iterative methods are based on an splitting of V, V.= M — N, and are defined
by the recurrence
xH) = MINx® 4+ M~ tu. (3)

With the decomposition V.= D + L + U, where D is the diagonal of V| L is the strict lower part
of V, and U is the strict upper part of V, Jacobi is obtained for M = D and N = —(L + U),
GS for M =D + L and N = —U, and SOR with relaxation parameter w for M = D/w + L and
N = ((1 — w)/w)D — U. Strict diagonal dominance by rows of the matrix V ensures convergence
of Jacobi and convergence of SOR for 0 < w < 2/(1 + py), where py denotes the spectral radius of
the Jacobi iteration matrix —D (L + U) [33]. From [34], strict diagonal dominance by columns
of the matrix V also ensures convergence of Jacobi. Finally, strict diagonal dominance by rows or
by columns of the matrix V ensures convergence of GS [34].

Consider the application to the solution of (2) of splitting-based iterative methods. The fol-
lowing theorem specifies when to stop the iterations to provide strict control of the co-norm or the
1-norm of the error.

Theorem 2. Let 6 > 0 and consider the application to the solution of (2) of an splitting-based
method defined by (3). If the matriz 'V is SRDD, to guarantee, if the method is successful, ||x —
X(l)Hoo <4, 1 > 1, it suffices to stop the method when

— 2=t fvigl}
N ’

I =<, <
and, if the matriz 'V is SCDD, to guarantee, if the method is successful, |x —x® |y <6, 1> 1, it
suffices to stop the method when

ming <s<n {03 = 0= 0]}

INT[x

% - xC-D], <

Proof. See the online supplement. O



3 Strict Control of the Step Approximation Error

This section will identify three classes of implicit ODE solvers such that when applied to the
IVP (1), ignoring the impact of round-off errors, the properties of the matrix Q allow to solve the
linear systems involved in each step by using iterative methods with strict control of the 1-norm
of the step approximation error.

Before identifying the classes, we need to describe briefly implicit Runge-Kutta (IRK) ODE
solvers and linearly implicit Runge-Kutta (LIRK) ODE solvers (also called Rosenbrock ODE
solvers). A step of an s-stage IRK ODE solver applied to the IVP (1) is defined by

pn:pn—l+hnzijgj, n=12...,

Jj=1

where the stage vectors g;, k =1,...,s, are the solution to the m x s-dimensional linear system

S
gi = Pn-1 +pn—1+hnza’i,qujv i=1,...,s.
j=1
The real quantities a; j, bj, 1 < 4,5 < s, are coefficients of the IRK ODE solver and at least one
coefficient a; j, j > i, is nonzero. Let A = (a; ;)1<i,j<s and b = (b;)1<i<s. Also, let ® denote the
Kronecker product, let 1, denote an all-ones vector of dimension k, and let I,, denote an identity
matrix of dimension n. In practice [22], it is more convenient to introduce the vectors

Z; =g; — Pn-1, 1<i<s,

and z = (z7,. .. ,ZST)T and formulate the IRK ODE solver as
(Is & Im - hnA X Q)Z = hn(A 13) & (Q pn—l)a (4)
Pn=Pn-1+ha(b" @) (I ® Q)z + 1, ® (Qpn_1)) - (5)

If the matrix A is invertible, we have, from (4),

(A7 ®L,)z=hy (L, © Q)z+ 1, ® (QPn_1))

and, therefore, denoting d* = (dy,...,ds) = bTA7L (5) is equivalent to the more convenient
expression
Pn = Pn-1+ (dT ® Im)z . (6)

For the IVP (1), a step of an s-stage LIRK ODE solver is defined by

s
pn:pn71+2ﬂjn]7 TL:172,...7

j=1
where the vectors 1;, ¢ =1, ..., s are the solution to the m x s-dimensional linear system
i—1
n = thpn,1 + h’nQ(Z(a’b,j + %,3)77] + ’yi,i,rli)7 1= 17 EERLE
j=1

The real quantities oy j, B, Vik, 1 <4 <s5,1 <7 <i—1,1<k <14, are the coefficients of the
LIRK ODE solver. Let ® = (e,jyj)lgi_’jgs = (’Yivj + O‘i,j)lgi,jgs- If ®is invertible, then, denoting
0= (9551))131‘,;55 and defining w = (w7, ... ,wST)T =OxL,)(m?",... ,nST)T, the method
is more conveniently formulated as

(671 b2 Im)w = Is @ (thpn—l) + (Is & th)w, (7)
Pn =Pn-1+ (((ﬁl, S B)0T @ Im)w =Ppn_1+ Z (Zﬂjeﬁ”)wk. (8)
k=1 j=k



We claim that when applied to the IVP (1), the following three classes of implicit ODE solvers
are such that the linear systems involved in each step can be solved by using iterative methods
with strict control of the 1-norm of the step approximation error:

1. Implicit ODE solvers for which p,, is the solution to a linear system of the form
(a(mMIy, —Q)prn=u,, n=12..., (9)
where a(n) > 0 for all n.

2. IRK ODE solvers such that either a; ; = 0 for all j > ¢ (such ODE solvers are called diagonally
implicit Runge-Kutta —DIRK— ODE solvers ), a;; > 0, and a;; > 0 for all ¢ > 2, or else
the matrix A is invertible and the eigenvalues of A~! are all distinct and have positive real
part.

3. LIRK ODE solvers with 7; ; > 0 for all 4.

To justify the claim, we will need the following two results. The first one states that under
certain conditions, a matrix of the form (x + jw)I,, — £Q, where x, w, £ are real quantities and
j = +/—1, is SCDD. The second result will be needed to justify the claim in the case of DIRK and
LIRK ODE solvers.

Proposition 2. Let x, w, £ be real quantities satisfying x§ > 0, or x = 0, w # 0. Then, the
possibly complex matriz V = (v; j)1<ij<m = (X +jw)In —€Q is SCDD and

m
min <|Uz‘,i| - Z\’%H) =Ix+jw+& —[Elg-
j=1

1<i<m
i

Proof. See the online supplement. O

Proposition 3. Let n be a positive integer, let Xk, &k,j, 1 < k,j < n, be real quantities such
that xkx€kk > 0, and consider the sets of vectors {xx,1 < k < n : (xwrlm — & iQ)xx =

uy + Z?;%(&k,jq + XkIm)x} X5 1 <k <nband {x3,1 <k <n : (xerlnm — &rQ)x), =
u + Zk_l(ﬁk,jQ + Xk,jIm)X; }, where ug, 1 <k < n, are real vectors. Then,

j=1
S ¢ 1y, Dol
~ . k,j ~x o~
X, — X 1§§ (2§k7-m1n{ , }—l— )x»—x<1+x —xpl, 1<k<n.
|| k:” = ‘ ]| |Xk,k| |§k:,k‘ |Xk,k‘ H J j|| || k k”
Proof. See the online supplement. O

We will now justify that the linear systems involved in each of the three classes of ODE solvers
previously mentioned can be solved by using iterative methods with strict control of the 1-norm
of the step approximation error.

3.1 Class1
This class includes the implicit ODE solvers for which p,, is the solution to (9) with a(n) > 0,
n=1,2,.... By Proposition 2 with x = a(n), w = 0, and £ = 1, it follows that the matrix V =

(vij)1<ij<m = a(n)l, —Qis SCDD and that min; <;<.m, {|vi | —Z%; lvjil} = la(n)+q|—g = a(n).
ki

Therefore, given € > 0, if the linear system (9) is solved using iterative methods that produce the

residual after each iteration or after a predefined number of iterations, with stopping criterion

[, — (a(n)L, — QPP |1 <ea(n), 1>0, (10)



or is solved using splitting-based iterative methods defined by (3) with x = p,,, M—N = a(n)I,,
Q, and u = u,,, with stopping criterion

a(n)

0 _ . 1>1, 11
pn ||1 = ||N||1 = ( )

Py

by Theorems 1 and 2 with

- 2%1 [vji|} = a(n) we will have ||s,||; <e,

i.e., strict control of the 1-norm of the step approximation error.!

3.2 Class 2

This class includes DIRK ODE solvers with a;; > 0, and a;; > 0 for all ¢ > 2 and IRK ODE
solvers such that the matrix A is invertible and the eigenvalues of A~! are all distinct and have
positive real part.

Consider first an s-stage DIRK ODE solver with a;; > 0, 1 < ¢ < s. In this case, the m x s-
dimensional linear system (4) can be split into a set of s coupled linear systems of dimension m

each
| 1 1 & <« ar,
—1 _Q)Zk:7( Ak )Qp -1+ kJQZ'v ki:l,...,S.
(hnak,k " Qg k ; 7 " ;ak,k /

These linear systems can be solved for increasing values of k starting at £k = 1. This implies that
the linear systems actually dealt with will be

(hncllkykIm_Q>ZZ:(Zak,J>Qpn 1"‘2 ’]Q k=1,...,s, (12)

where zj, 1 < k < s, denotes the computed approximation for zj. Let V = (v;;)i<ij<m =

(1/(hnakk))Ln — Q. By Proposition 2 with x = 1/(hyax k), w = 0, and = 1, it follows that the

matrix V is SCDD and that mini<j<.m{|vii| — Zj;l lvjil} = 11/ (hnaki) + g — ¢ = 1/(hnark).
i

Therefore, if the kth linear system (12) is solved using iterative methods that produce the residual
after each iteration or after a predefined number of iterations, with stopping criterion

(a2 (e

for some ¢ > 0, or is solved using splitting-based iterative methods defined by (3) with x = z},

M — N = (1/(hnak i) Im — Q, and u = (1/arr)(X5—; ak;)QPn-1 + X5 (a,;/ak k) QZ}, with
stopping criterion

1
) ;
1 hnag. i

1>0, (13)

1

+(0)
z b
I hna i ||N1

S T i1, (14)

for some § > 0, by Theorems 1 and 2 with minj<;<m{|vi | — Z%; v} = 1/(hnak,k), we will
i
have ||zy — z}|[s < 6. Then, by Proposition 3 with x; = zg, xkt = 1/(hnark), &kr = 1,

k . .
w, = (1/(ark)) (=1 @kg)QPn—1, Erj = arj/arp, 1 <Jj < k-1 xp; =0, 1 <j<k-1
Xp =75, Xj, = zj, and n — s, it follows that

k—1
2y, — 2|1 < sz min {qhnak,k, 1}uj(5) to=u(), k=1,...,s.
1 QL k

s

Now, since A is invertible because, as assumed, a;; > 0, 1 <1i < s, we can compute p,, using (6)
with zj, replaced by the approximation z;, incurring a step approximation error s,, that will satisfy

INote that, since we are ignoring the impact of round-off errors, we have, in terms of the notation introduced in

Section 1, pn, = pgz), P = pn and, therefore, s, = Prn — Py = p;) — Pn.



Isnllt < > icildilllze — Zill1 < Xop—;ldk|vi(8). Therefore, given some e > 0, taking for § in (13),
(14) the value of z that satisfies >y _, |di|vie(z) = € will result in ||s,[j1 < ¢, i.e., strict control of
the 1-norm of the step approximation error.

Consider next an s-stage DIRK ODE solver with a;,; =0 and a;; > 0, 2 < ¢ < s. In this case,
the m x s-dimensional linear system (4) can be split into z; = (0,... ,0)" and the set of s — 1
coupled linear systems

k k-1
1 1 Q. j
I —Q)zk:—< ak »)Qp_ + =1 Qz;, k=2,...,s.
(hnak,k " Qg k ; 7 nt ;ak,k !

Those linear systems can be solved for increasing values of k starting at & = 2. This implies that
the linear systems actually dealt with will be

k+1

1 " 1 a
(7Im_Q>Zk+l - 7<Zak+17J>Qpn 1+Z k+17]+1 Q _7+17 k= 17 .. '75_17

Pon @41, k+1 Ahot1,k+1 * Gkt 1kt1
(15)
where z}, 2 < k < s, denotes the computed approximation for z}. We have already argued that
the matrix V = (vi j)1<ij<m = (1/(hntrt1,6+1))Im — Q is SCDD and that mini<;<m{|vi:| —
Z%; |vi|} = 1/(hnai1,k+1). Consequently, if the kth linear system (15) is solved using iterative
gy

methods that produce the residual after each iteration or after a predefined number of iterations,
with stopping criterion

k+1

1 ( ) Ak4+1,5+1 ( 1 (1)
- a o1+ : 7 - 1.- )z
ki1, k41 Z 41 ) QP Z { Qkt1 k41 QZj1 - PGt 1, k41 Q)1 1
< 5;, 1> 0, (16)
hnak+1,k+1

for some § > 0, or is solved using splitting-based iterative methods defined by (3) with
x =2z, M= N = (1/(hnars1.541))Im — Q, and u = (1/ags1541) (X571 arg1,)QPaor +
Zf;ll (ak+17j+1/ak.+1,k+1)sz+1, with stopping criterion

1

b, [>1, 17
h,ak+1,k+1||N||1 ( )

2y, — 2y Pl <

for some § > 0, by Theorems 1 and 2 with mini<;<m,{|vi| — Z] ! |11“|} = 1/(hnagt1,k+1), We
will have ||z}, ; —2; |1 < 0. Therefore, by Proposition 3 with x;, = Zk+1, Xike = 1/ (hnGr41,k+1),

k
See = 1, up = (1/(ak+1,k+1))(zj; 41,5)QPn—1, &kj = art1j41/h1 k41, 1 < J < k=1,
Xk =0, 1<j<k—1,X; =25, X; =2},,, and n = s — 1, it follows that

ar
|Zks1 — 21l < Z Qw min {qh Aht1,k+1, 1}1/J+1(5) +6
= Ak+1,k+1

Zl/k-+1(5), ]{321,...,5—1.

) T
Now, denoting A’ = (a; )a<i j<s, 2 = (z2T,...,25T)

have, by (4),

and recalling that z; = (0,.. .,O)T, we

(1571 @I, — hnAl ® Q)Z/ = hn((A/ 1571) & (Q Pn—1) + (a2,1a cee »as,l)T 24 (Q pnfl)) 5

which, since the matrix A’ is invertible because, as assumed, a;; > 0, 2 <1 < s, implies

(AN '@ I,)z =h,(I21 ® Q)2 + 1,01 ® (Qpn-1) + (A az,1, ..., as,l)T) ® (Qpn-1)) -



Combining this expression with (5) gives, recalling again that z; = (0,...,0)" and denoting
(dy,...,d.) = (by,...,bs)(A)"E,

Pn = Pn—1 + b1 QPn—1 + hn((b2, ..., bs) @ L) (Ts—1 ® Q)Z' + 1,1 @ (QPn—1))
=DPn1 + hnb1Qpn_1 + (b, ..., by) ® L) (((A’)—1 1,)7
— ha(A) (a2, 000) ") @ Qo))
=Prt + ha(br — (dyy ..o d) (a2, a51) ) QPrt + ((dh, ... d)) @ 1,,)Z .

Then, p, can be computed using the above expression with z; replaced by the approximation
z;, incurring a step approximation error s, that will satisfy ||s,|1 < Y7 _,ld}lllze — Z|1 <
> —old}|vi(8). Therefore, given some ¢ > 0, taking for ¢ in (16), (17) the value of x that satisfies
Sr—oldivk(z) = e will yield ||s,|j1 < e, i.e., strict control of the 1-norm of the step approximation
error.

Finally, consider an s-stage IRK ODE solver whose matrix A is invertible and the eigenvalues
of A=1 are all distinct and have positive real part. Following standard practice [22], in that case
it is possible to transform the m X s-dimensional linear system (4) into several, uncoupled linear
systems of dimension m each as follows. First, we left multiply (4) by (h,A)~! ® I, and obtain

(hnA) ' ©1, - L,®Q)z=1,® (Qpn-1) - (18)

Next, using a change of basis matrix T = (¢; j)1<i j<s, We apply a similarity transformation
T-'A~!T = A, obtaining

(h'A®1, -1, Q)v= (T '1,)®(Qpn_1), (19)

where .
v=wi".. ., v.h) =(T'®l,)z. (20)
Assume that A~! has r real eigenvalues p1, ..., p, and, consequently, (s —r)/2 complex conjugate
eigenvalue pairs o,41 * j¢ry2,...,05—1 £ jos, let v, 1 < k < r, denote the real eigenvector

associated with py, and let ry +jciy1, 7+ 1 < k < s—1, denote the complex conjugate eigenvector
pair associated with oy & jor1. Then, by setting to ry columns k=1,...,r,r+1,r+3,...,s—1
of T and to —cj columns k = r + 2,7+ 4,...,s of T, the matrix A becomes block diagonal

with diagonal blocks the 1 x 1 matrices (px) and the 2 x 2 matrices Ay = (¢:i1 _‘i’;“ > Hence,

denoting T~! = (tg’j ))19,]55, it is easily seen that the linear system (19) can be split into r real

and (s — r)/2 complex linear systems of dimension m each,

(Z—klm - Q)vk = (it,gjj”)czpn_l, 1<k<r, (21)
0 pt

S

ok + Pk : 1) e
(P2, Q)i+ i) = (216, +3 DALY, )@, .
" j=1 j=1

k=r+1,r+3,....,s—1.

Once the vi, 1 < k < s, are known, from (6) and, by (20), z = (T ® I,,,)v, the vector p,, can be
computed using

Pn =Pn-1+ ((dTT) oY Im)v =Pn-1+ Z (Zdjtj,k)vk . (23)
k=1 j=1

We discuss next the computation of the vectors vi, 1 < k < r, by solving the linear systems
(21) and the computation of the vectors vi, r +1 < k < s, by solving the linear systems (22).
Let € > 0 and consider first the computation of the vectors vi, 1 < k < r. By Proposition 2 with

10



X = pr/hn, w =0, and £ = 1, it follows that the matrix V = (v; j)1<i j<m = (pk/hn)Im — Q is
SCDD and that miny<;<m{|vis| — Z%; [vjil} = |pk/hn + q| — ¢ = pr/hn. Therefore, if the kth

linear system (21) is solved using iterative methods that produce the residual after each iteration
or after a predefined number of iterations, with stopping criterion

s
()@= (=@, < s g 120 @Y

or is solved using splitting-based iterative methods defined by (3) with x = vy, M — N =
(pr/hn)Iym — Q, and u = (25:1 tﬁgj_l))Qpn_l, with stopping criterion

I < Pr— 121 (25)
= Zl 1‘2] 1dtjl‘h ||N||1 N

by Theorems 1 and 2 with minj<;<m{|vi:| — Zﬁl |vjil} = px/hyn and § = ¢/ Zf:1|2‘;:1 d;til
we will have

®
vy = Vk

([vi — Vil < 1<k<r, (26)
Py 1|ZJ 1dtial’

where v denotes the computed approximation for v,. Consider now the computation of the
vectors vi, 7+ 1 < k < s, by solving the linear systems (22). By Proposition 2 with x = o /hn,
W = @p41/hn, and £ = 1, it follows that the matrix V = (v; j)1<ij<m = (0% + jdk+1)/hn)Lm — Q
is SCDD and that min <;<m{|vi | — Z%l [vj,il} = |(0k +jbr+1)/hn + q| — q. Therefore, if the kth

linear system (22) is solved using iterative methods that produce the residual after each iteration
or after a predefined number of iterations, with stopping criterion

1 ok + Pkt ! !
H( t( )+Jztk+1j>Qpn—l_ (T+I7n—Q)( ()+-]vl(€4)rl)H1
< £ (‘ Ok + jPr+1
T 4t h,
or is solved using splitting-based iterative methods defined by (3) with x = v +jvg41, M —N =
(o +i¢r+1)/hn)Lly — Q, and u = (3°7_, t,(;jl) +id5a t,(;ll)’j)Qpn,l, with stopping criterion

+q’—q), 1>0, (27)

||Vl(cl)+Jvl(clJ)rl (Vg Y +Jv k+1 H1

o +j¢k+1

< s ] ‘ ‘ —q l > 17 (28)
Zl:l'Zj‘:l djtj7l| ( b, ) ||N||1

- Z%g il = [(ok + idk+1)/hn +q| —q and § =

€/ >-11225-1 djtja] we will have

Ve + Vs — (Vi + Vi)

1 <
Zl 1|Z] 1d t]l|

implying, since max{||[vy — Vi1, |[Vk+1 — Vis1ll1} < vk +jvesr — (Vi + jVis1) |1,

- €
Vi — Vi1 < =3 3 , k=r+1,r+3,...,s. 29
| I D= 2o=1 ditial @)

Then, by (26), (29), the 1-norm of the step approximation error s, that will result from the
computation of p,, using (23) with vi replaced by v, will satisfy,

|sn||1<Zyzdtj,kka—vkn1<Z!Zdtm!z )y avrmiats
j=

k=1 j=1 k=1 gj=1

yielding strict control of the 1-norm of the step approximation error.

11



3.3 Class 3

This class includes s-stage LIRK ODE solvers with 7; ; > 0 for all 4. In that case, the matrix ©

is invertible and 01(;1 =, Therefore, the linear system (7) can be split into a set of s coupled
linear systems of dimension m each,

1 k=1 p(=1)
(hiIm—Q)wkZQpnq— 2y wj, k=1,...,s.
nVk,k j=1 hn

These linear systems can be solved for increasing values of k starting at £k = 1. This implies that
the linear systems actually dealt with will be

k—1 9(*1)

1 ki o~
—1, - )w*: n1 — d % k=1,...,s. 30
(e — Q)i = Qons 2 e (30)

where wj, 1 < k < s, denotes the computed approximation for wj. By Proposition 2 with x =
1/(hnYek), w =0, and £ = 1, it follows that the matrix V = (v; j)1<i j<m = (1/(hnYe, 1)) Im — Q
is SCDD and that ming<;<m,{|vi:| — 2%1 [vjil} = 1/(haYer) + ¢l — g = 1/(hnvi,r). Hence, if
the kth linear system (30) is solved usinjg iterative methods that produce the residual after each
iteration or after a predefined number of iterations, with stopping criterion

k-1

(1)
HQPTH ) =1 925 “i - (hn'tk,k T = Q) < H = PV, k’ =0, (31

for some ¢ > 0, or is solved using splitting-based iterative methods defined by (3) with x = wy,
M —N = (1/(hnYex)Im — Q, and u = Qpp—1 — Zk 1(0( 1)/h Jw?, with stopping criterion

* *(l— ]-
o =iV < by 121, (32)

for some 6 > 0, by Theorems 1 and 2 with min; <;<, {|vi _Z%i |vj.i|} = 1/(hnk,k) we will have
lwi — wi|l1 < 6. Then, by Proposition 3 with x; = wg, Xkt = 1/(AnVek), Sk ke = L, U = QpPr—1,
ki =0,1<7<k—1, xx; :—9( 1)/hn, 1<j<k—-1 %X} =w;, X =wj, and n = s, it follows
that

k—1

~ —1
loor = Bilh < D7yl v (0) + 5 = (0), k=15

j=1
We can then compute p, using (8) with wy replaced by the approximation &j, incurring
a step approximation error s, that will satisfy ||s,|1 < ZZ:1|Z;:1¢ Bﬂ;;cl)H\wk —wilh <
PR ) Dy ﬂj0§)_k1)|l/k(5). Therefore, given some € > 0, taking for § in (31), (32) the value of

x that satisfies > 37, ﬁjej(;l)\yk(x) = ¢, we will have ||s,||1 < ¢, i.e., strict control of the
1-norm of the step approximation error. This concludes the justification of the claim.

3.4 ODE Solvers Falling in Classes 1, 2 and 3

We end this section by noting that implicit ODE solvers falling in classes 1, 2 and 3 include, among
others, those considered in [8, 10, 11, 12, 13, 14, 15, 16], i.e., TR-BDF2, which can be regarded as
a 3-stage DIRK ODE solver with a11 =0, ago =as3=1-— v/2/2 [35], the implicit Euler method,
which can be regarded as a 1-stage DIRK ODE solver with a;; = 1, the trapezoidal rule, which
can also be regarded as a 1-stage DIRK ODE solver with a; 1 = 1/2, the Radau ITA and Gauss
families of IRK ODE solvers,? whose matrix A is invertible and the eigenvalues of A~! are all

2This includes the implicit ODE solver TRK3 described in [10] because for the IVP (1), a step of TRK3 is
mathematically equivalent [23] to a step of the 2-stage Radau IIA implicit ODE solver.
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distinct and have positive real part, the two 2-stage DIRK ODE solvers considered in [14], which
have a11 =a22 =1— v2/2 > 0 and a1 =ass=1/2+ V/3/6 > 0, respectively, and the variable-
step, variable-order implicit ODE solver based on BDFs with variable coefficients (VBDF) [36],
in which each step is the solution to a linear system of the form (9) with a(n) = Zf“ﬁ ht. >0,
where ord denotes the order of accuracy. Interestingly, there are two other variable-step, variable-
order implicit ODE solvers based on BDFs whose steps are the solution to a linear system of the
form (9) with a(n) > 0, n = 1,2,..., and hence the steps can be computed by using iterative
methods with the modifications discussed in Section 2 with strict control of the 1-norm of the
step approximation error. Those ODE solvers are the variable-step, variable-order ODE solver
based on fixed-coefficient BDFs that is described in [37], for which a(n) is equal to h, ' times a
positive coefficient that depends on the current order of accuracy, and the variable-step, variable-
order ODE solver based on fixed leading-coefficient BDFs that is described in [38], for which

a(n) = Zord 1/i> 0.

4 Implementations of VBDF

This section reviews a widely used implicit ODE solver belonging to the classes identified in Sec-
tion 3, namely VBDF, and, using the results of that section, develops an implementation of that
ODE solver when applied to the IVP (1) that provides strict control of the 1-norm of the step
approximation error. For comparison purposes, it also develops a reasonable standard implemen-
tation of the method that does not provide such a strict error control

As previously mentioned, VBDF is a variable-step, variable-order implicit ODE solver based
on BDF's with variable coefficients [36]. Applied to the IVP (1), each step of the method is the
solution to a linear system of the form (9) with a(n) > 0, n > 0. More precisely, the linear system

s ord ord .
(( h »>Im B Q>p" = (Z ﬁ)Pmo ™ —py, (33)
i=1 """ =1 i

where py,,0 denotes a predictor for p,, ord denotes the current order of accuracy of the method,

which for stability reasons is restricted to satisfy 1 < ord < 5, and pgf()) denotes a predictor for
the approximation, p( ) produced by the method for the kth derivative of p(t) at t = ¢,,. These
predictors are computed from p,_; and pSll, 1< < ord [36].

The implementation of VBDF that provides strict control of the 1-norm of the step approxima-
tion error is essentially the one described in [36] except for the way in which the linear system (33)
is solved and the mechanism used to adjust the order and the step size. The linear system is solved
using GS and right-preconditioned Bi-CGSTAB. The GS is modified as described in Section 3 for
splitting-based iterative methods in the case of implicit ODE solvers for which p,, is the solution to
a linear system of the form (9) with a(n) = Y% 1/h,,_; > 0, n > 0, and Bi-CGSTAB is modified
as described in that section for iterative methods that produce the residual after each iteration or
a predefined number of them, in the case of implicit ODE solvers for which p,, is the solution to a
linear system of the form (9) with a(n) = >"2"% 1/h,_; > 0, n > 0. Taking into account (9), (33),
(11), (10), and recalling that the 1-norm of the strict upper part of the left-hand side matrix in

(33) IS maxi<i<m Z; llqj i, those modifications amount to use the stopping criterion

ord

1
||p£f)—p£f—1>||1<e(2h ) SNESY

n—i/ MaX1<i<m Zg 1(]“

for GS and the stopping criterion
ord 1

() owti = (55

ord 1
e == (35,1) 1o
i=1 "t

for Bi-CGSTAB. In all cases, we set € = tol/10, where tol denotes a user-given local error tolerance.
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The GS is used for the first and following steps as long as the method is able to fulfill the

corresponding stopping criterion in no more than 4 x ord iterations. The starting values for

the iterations are p;{LO} = Pn,o. If in some step GS reaches the iteration limit, GS is not used

anymore and the step is repeated using right-preconditioned Bi-CGSTAB. The starting values for
the iterations and the limit on the number of iterations are the same as for GS. If Bi-CGSTAB
breaks down or reaches the iteration limit for any of the involved linear systems, the step size is
halved and the step repeated.

The right-preconditioner we use for Bi-CGSTAB is a variant of the incomplete LU factorization
with threshold ILUT(p, ) [39] of the left-hand side matrix of the linear system being solved. In
the variant, only the [p x nl(i)] largest off-diagonal entries of the ith row of the L part of the
factorization are kept and only the [p x nu(i)] largest off-diagonal entries of the ith row of the U
part of the factorization are kept, where ni(i) and nu(i) are the number of nonzero off-diagonal
entries in the L and U parts of the ith row of the matrix, respectively, and [2] denotes the smallest
integer > x. Besides, the tolerance for the dropping rule for the ith row of the factorization is
obtained as the threshold 7 times the 1-norm of the ith row of the matrix divided by nl(i)+nu(i)+1.
The effectiveness of the ILUT(p, 7) factorization tends to increase with p and to decrease with 7
[39]. Consequently, we adjust dynamically these parameters so that p is increased and 7 decreased
when Bi-CGSTAB encounters difficulties and, conversely, p is decreased and 7 increased when Bi-
CGSTAB performs well. To be precise, we set p =1 and 7 = 1/(2 x ord) the first time Bi-CGSTAB
is used. Then, when a step has to be repeated because Bi-CGSTAB broke down or reached the
iteration limit, we (possibly) enlarge p by setting it to min{pv/ord, ord} and (possibly) reduce
7 by setting it to max{r/1/20,1/(40 x ord)}, and when Bi-CGSTAB succeeds, we (possibly)
reduce p by setting it to max{p x (1/0rd)*/(°7>50) 1} and (possibly) enlarge 7 by setting it to
min{7 x 201/(e74x59) 11 /(2 x ord)}. In this way, after at most two repetitions of a step because of
poor convergence of Bi-CGSTAB, the parameter p reaches its maximal value ord for the current
order of accuracy and the threshold 7 reaches its minimal value 1/(40 x ord) for the current order
of accuracy, and when Bi-CGSTAB performs well, p and 7 are, respectively, reduced and enlarged
gradually until they reach the values 1 and 1/(2x ord). The ILUT(p, ) factorizations are computed
only the first time Bi-CGSTAB is used, when a step has to be repeated, and when the current
step size h,, and the step size the last time the factorizations were obtained, h,, are such that
[log(hr/hn)| > log 1.5. Other than these, the last computed factorizations are used. The rationale
behind this strategy is the empirical observation that after a moderate change in the step size,
very often the factorizations can be reused with little impact on their effectiveness.

The mechanism used for the automatic selection of step size and order is a combination of
the one described in [36] with ideas taken from [40]. Let €,(ord) denote the estimate defined in
[36] for the local error at step n, where ord is the order with which the step has been performed.
The mechanism is as follows. We start with ord = 1, h; = min{107%,¢}, and p(()l) = QpY. After
completing a step, say step m, at order ord, it is accepted if |[€,(ord)||; < tol.> In that case,
the computation terminates if ¢, + h,, = t. Otherwise, the guess for the size of the next step
at the same order, hp41,0rd, is computed as hp41,0ra = by min{factmaz, xorq }, where the factor
factmaz is explained later and X,mq = (tol/(6][€,(ord))|[1)*/ (™1 the guess for the size of the
next step at order ord — 1, Rpi1 ord—1, is computed as hp41,0ra—1 = hy min{factmaz, xora—1},
where Xorg—1 = (tol/(6][€,(ord — 1))|1)*/°™® if ord > 1 and the last ord 4+ 1 or more steps have
been performed at order ord, and x,,q—1 = 0 otherwise; and the guess for the size of the next step at
order ord + 1, hp41,0rd+1, 18 computed as Bpi1 orda+1 = by min{factmaz, X ord+1}, where Xora+1 =
(tol/(10||€,(ord +1))|1)*/(°™+2) if ord < 5 and the last ord +1 or more steps have been performed
at order ord, and otherwise X ,rq+1 = 0. Then, we reduce the order by one and set the size h,, 1 of
the next step to min{hyn41,0ra—1,t —tn } if hpt1,0ra—1 > max{hn+1,0rd, An+1,0rd+1}, leave the order
unchanged and set hp41 to min{hn11 ord; ¢ — tn} if Anti ord > max{Rni1 ord—1, Ant1,0ra+1}, and
otherwise increase the order by one and set h,11 to min{hpy1 ora+1,t — tn}. If [[€4(0rd)||1 > tol,
the step fails. In that case, we set h, to min {hn min{ factmaz, X ora },t — tn} if this is the first
time the local error test fails for the step, to min {hn min{0.2, Xora },t — tn} if this is the second

31n case ||€n (ord)||1 is numerically zero, if n > 2, we set ||€,(ord)||1 to ||€n—1(0rdn—1)|l1, where ord,_1 is the
order with which step n — 1 has been performed, and otherwise set |[€n(ord)||1 to a tiny positive value.
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time the local error test fails for the step, and to min {h, min{0.1, xora},t — ¢, } after the third
and following failures of the local error test for the step. In this latter case, the order is reduced
by one if it is > 1 and otherwise the method is restarted by computing p%l) as p£}) = Qpn-1.
Once the size and order of the failed step have been adjusted, the step is repeated. The factor
factmax is mainly intended as a safeguard against poor convergence of Bi-CGSTAB and is set
as follows. After solving the first step, we set factmaz to 10000 if the step has been repeated
at most once and otherwise set factmax to 1, and after solving any step different from the first
one, we set factmaz to min{10'/ 9% factmaz, 10} if the step has not been repeated or it has
been repeated once because GS reached the iteration limit and otherwise set factmaz to 1. In
this way, if Bi-CGSTAB encounters difficulties the step size is not allowed to increase and when
Bi-CGSTAB performs well, the limit on the rate of growth of the step size is increased gradually
until 10. The rationale behind this strategy is the empirical observation that when p(¢,) is far
away from the steady-state probability distribution of X, the larger the step size, which reduces the
degree of diagonal dominance of the left-hand side matrices of the linear system (33), the larger
is the number of iterations required by Bi-CGSTAB. Finally, to avoid the step size to become
unacceptably small, the computation is aborted if for 10 times in succession, h,, < 25 x EPS x t,
where EPS denotes the machine epsilon.

The reasonable standard implementation of VBDF is identical to the implementation just
described except for changes in the stopping criteria for GS and Bi-CGSTAB. The new stopping
criteria are

1
() _ pli=) 1> 1
o —pi V< 2 s
for GS and
ord ord
(1) ( 1 )I _ )( <L01 R 1>0
H(Zh )p”*o R ( L) " Q)pu’||, =15 X To00r 120

for Bi-CGSTAB. With these changes, it is apparent that the standard implementation does not
provide strict control of the 1-norm of the step approximation error.

5 Numerical Experiments

This section compares, using two examples, the performance of the implementation of VBDF with
strict control of the 1-norm of the step approximation error with the performance of the standard
implementation. The examples have been chosen so as to cover two representative scenarios: One
in which the spectrum of Q includes real and complex eigenvalues and another in which all the
eigenvalues of Q are real.

All computations were performed on a workstation equipped with a four-core Intel i7-2630QM
2.00 GHz processor with 4 GB of RAM memory, using only one core. The implementations were
coded using the C programming language and were compiled using the standard GNU compiler
collection C-compiler [41], which supports complex arithmetic, with the 02 optimization option.
All floating-point computations were carried out using the IEEE 754 [42] double format.

The first example is the CTMC model of a system made up of five identical, independent
components. The state of each component is modeled by the CTMC with the state diagram shown
in Figure 1, left. For this example, Q is a matrix of dimension 32 768 with 299 008 nonnull entries
and ¢ = 7.505 x 101 h™!. The eigenvalues of the infinitesimal generator of each component are, up
to the sixth digit, 0h™', (—6.91983 & j9.53004) x 10~"h™*, (—1.81301 =+ j0.589268) x 10 6h~*,
—6.65780 x 107%h™!, —1.01000h ™", and —1.50200 x 10’ h™'. Consequently, the two smallest (in
absolute value) eigenvalues of Q are 0h™" and (—6.91983 & j9.53004) x 10~7h ™! and the largest
one is 5 x (—1.50200 x 10')h~!. The initial probability distribution vector is one for the state
in which each component is in state 3 and zero for the remaining states. To illustrate how p(t)
varies with ¢, in Figure 1, right we plot the evolution of the entry of p(¢) that corresponds to
each component being in state i, denoted pl (t), for 1 <4 < 8. For this example, we target the
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Figure 1: Left: State diagram of the CTMC model of one component of the first example (A =
2x10%h ™, p=1h"', ¢ =102h"", w=10h", ¥ =507, p=10%h"', 0 =10"%h7});
right: Probabilities pld(t), 1 < i < 8, as a function of ¢ in double logarithmic scale for the first
example.

computation of p(t) for t € T = {1073,1072,...,10%} h. Therefore, for the largest value of ¢ we
consider, we have ¢t = 7.505 x 107.

The second example is the CTMC model of a system consisting of six identical, independent
components whose infinitesimal generator has real eigenvalues only. The state of each component
is modeled by the CTMC with the state diagram shown in Figure 2, left. For this example, Q is a
matrix of dimension 15625 with 390 625 nonnull entries and ¢ = 6.0012h ™. The eigenvalues of the
infinitesimal generator of each component are, up to the sixth digit, 0h™', —1.04000 x 104 Lt
—2.03000 x 1074h™', —5.00210 x 10~'h™!, and —1.00021h~'. Consequently, the two smallest
(in absolute value) eigenvalues of Q are 0h™* and —1.04000 x 10~*h™" and the largest one is
6 x (—1.00021) h™*. The initial probability distribution vector is one for the state in which each
component is in state 5 and zero for the remaining states. To illustrate how p(t) varies with ¢,
in Figure 2, right we plot the evolution of pl(¢), for 1 < i < 5. For this example, we target
the computation of p(t) for t € T. Therefore, for the largest value of ¢ we consider, we have
gt = 6.0012 x 108, so this example is less stiff than the first one.

To compare the implementation with strict control of the 1-norm of the step approximation
error with the standard implementation, for each example we obtained p(t), t € T, by computing
with high accuracy using the Maple (TM) software [43] the probability vector, Pcomp(t), of the
CTMC of one component and using the well-known fact that for a CTMC model of a system made
up of ¢ identical, independent components, we have p(t) = @;_; Pcomp(t). Next, we computed the
approximate solution p,, t, =t € T, with tol = 107%,107°,...,10~'2, using the implementations
and measured, for each value of tol, the accuracy, defined as maxier 1, = ||P(f) — Pnl1, and the
corresponding cumulative computing time to obtain p,, t, = t € T. The results are given in
Figures 3 and 4. As we can see, the implementation of VBDF with strict control of the 1-norm of
the step approximation error is more efficient than the standard implementation, in the sense of
being able to achieve the same accuracy in less computing time. That reduction in computing time
is more noticeable for not too tight local error tolerances. We also observe that the implementation
of VBDF with strict control of the 1-norm of the step approximation error provides a better control
of the global error, in the sense of yielding an accuracy maxe7 i, = ||P(t) — pPnl|1 that is closer to
tol. To better appreciate this fact, in Figures 5 and 6 we give, for each example, the accuracy as a
function of tol. As it can be seen, the accuracy yielded by the implementation of VBDF with strict
control of the 1-norm of the step approximation error is never worse than that of the standard
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Figure 2: Left: State diagram of the CTMC model of one component of the second example
A=1x10%h"" p=1x10"*h"", w=5x10h"" & =5x10""h'); right: Probabilities
pll(t), 1 <i < 5, as a function of ¢ in double logarithmic scale for the second example.
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Figure 3: First example: Cumulative computing time to obtain p,, t, = t € T, as a function
of the accuracy maxer 1, = ||P(t) — pnl|1 for the implementation of VBDF with strict control of
the 1-norm of the step approximation error (strict) and the standard implementation (standard).
(Next to each point it is given, between parenthesis, the corresponding value of the local error
tolerance tol.)
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Figure 4: Second example: Cumulative computing time to obtain p,, t, =t € T, as a function
of the accuracy maxe7 1, = ||P(t) — Pnll1 for the implementation of VBDF with strict control of
the 1-norm of the step approximation error (strict) and the standard implementation (standard).
(Next to each point it is given, between parenthesis, the corresponding value of the local error
tolerance tol.)
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Figure 5: First example: Accuracy maxier ., =t ||P(t) — Pnll1 as a function of the local error
tolerance tol for the implementation of VBDF with strict control of the 1-norm of the step approx-
imation error (strict) and the standard implementation (standard). (The dashed line corresponds

to maxseT 1, =t |P(t) — Pnll1 = tol.)

18



LB B L I
A—A strict E
A—A standard 7
1074 _=
SE ]
| 107° E
=
L] E
T 1078 .
3 E
¥ 4
o] E 3
= F
g 10-100 =
102 pR
Blovis v by b b b e b b 00

10=* 10 1079 1077 107% 107 1071 10°11 10712
tol

Figure 6: Second example: Accuracy maxier i, =t ||P(t) — Pnll1 as a function of the local error
tolerance tol for the implementation of VBDF with strict control of the 1-norm of the step approx-
imation error (strict) and the standard implementation (standard). (The dashed line corresponds

to maxie 71, = [P(t) — Pnllr = tol.)

implementation and can be noticeably better for not too tight local error tolerances.

6 Conclusions

This paper has identified three classes of implicit ODE solvers such that when applied to the tran-
sient analysis of CTMCs, each step can be computed using iterative methods to solve the involved
linear systems with strict control of the 1-norm of the step approximation error. Based on these
results, an implementation of VBDF with strict control of the 1-norm of the step approximation
error has been developed. Using two examples covering two representative scenarios (one in which
the spectrum of Q includes real and complex eigenvalues and another in which all the eigenvalues
of Q are real), it has been shown that the implementation with strict control of the 1-norm of
the step approximation error can be more efficient and more accurate than a reasonable standard
implementation.
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1 Proof of Proposition 1

Case 1 follows from [1, 2]. If the matrix V is SCDD, the matrix VT is SRDD and, then, from

case 1,
1

ming <;<n{|vis| — Z?? |UM|} ’

_ _15\T _
IV =1V oo = IV Tl <

which is case 2. For case 3, using case 1,

X =¥l = [V 'u = V71Vyl,
= [V (u - Vy)llw

IV sollt = Vylloo

[u—Vyls

minlgign{‘vi,i - ZTJJL; ‘Uw‘” .

IN

IN

Finally, for case 4, using case 2,

Ix =yl = [V u = V7Vyl,

=V (u-Vy)l:
<[V llu = Vylh
[u—Vyl: 0
— minicica{lvial = 2= fvsal}
2 Proof of Theorem 1
If the matrix V is SRDD, by case 3 of Proposition 1 with y = x®,
| o). < lu — Vx®||o o min <i<p{fvss| = 220=1 [vis [}
X —X - 0 = . 0 =0,
* 7 minigi<n {lvil — 2o=tlvigly T mimigigndlvial = 325=1 |vi )]
J#i J#i

and, if the matrix V is SCDD, by case 4 of Proposition 1 with y = x(,

_vx® dming<i<p{|vig] — X 0=1 [vj4l}
Ju—- Vx|, s

- < — =
ming<i<n { |04 = 20=rfvgal} T mimcica{fvs] = 301 [vgal}

e = xOs <



3 Proof of Theorem 2
Assume [ > 1. Using V=M — N and (3) x) = M~ 'Nx(~1 + M~'u, we obtain

u—Vx() =u— (M- N)x?
=u—Mx® + Nx®
=u- MM NxD 4 M~tu) + Nx®
=u— Nx"Y —u4+Nx®
=N(xO —x0-y, (34)
Then, if the matrix V is SRDD, when the method is stopped we have, using (34) and case 3 of
Proposition 1 with y = x®,
lu — Vx®
min1 <i<n{[vig = 320=1 v}
IN(x — x|
ming <s<n {03 — 20=1 [vi[}

INloo [l — %"=Vl

I — x@|oe <

= Wiz (] — S0 0]

INJloo 6 miny<ocn {fviil = 325=1 [0i; 1}/ Nl
N miny<i<n{fvs| = 20=1[vigl}
—5,

and, if the matrix V is SCDD, when the method is stopped we have, using (34) and case 4 of
Proposition 1 with y = x®,
[u— VxOy

ming <i<n {033 = 0= [vg4[}

IN(x® —xt=D)|;
mint <i<n{[vig| = 20=1 [vg.]}

N2 | — <=1
~ minigicn{fviil = 2= [0jal}

NIl & ming<i<n{fvisl = 325=1 vz} N

minlgign{|vi7i| - ZTJJL;} |Uj7i|}

I — x®ly <

=9. O

4 Proof of Proposition 2

Clearly, v;; = x +jw — £qii = X + jw + &|¢is| and v; j = —&q; 5, © # j. Then, using the fact that

lgi | = Z%i g;; and that, as assumed, x§ > 0, or x =0, w # 0,
m m
sl =[x+ Jw + Elaal| > 1Ellail = 61D gz = D lvjal (35)
j=1 j=1
i i



implying that the matrix is SCDD. The equality asserted by the proposition can be justified as
follows. Since (35) [vi| — Z%; vl =[x +jw + €lgiil| — €]l

"
min (Jvi] - Z|) = min_ (43w + Elaadl| = [€llai) -
J#i
Therefore, if £ > 0,
"
min (Joi] - ;m,ﬁ) = min (| + 3o+ Elauall = Slanl) =[x + 3o+ ol — €0, (36)
J#i

because, for z real, the function |y + jw + x| —  is (non-strictly) decreasing on = and, for £ > 0,
maxi<;<m &|¢i«| = g. Similarly, if £ <0,

min (Joiil = Y lojal) = min (x+jw+ Elaiil| + Elaial) = X +iw +Eal + € (37)
j=1 -

1<i<m
JF#i

because, for x real, the function |x + jw + x| + x is (non-strictly) increasing on z and, for £ < 0,
ming <;<m €|¢;;| = €¢. Finally, combining (36), (37),

m
1§}ignm (l%z‘| - ;'Uj’iD =|x+jw+&qg —[lg. O
VE

5 Proof of Proposition 3

Assume 1 < k < n. We start by noting that the vectors x5 and xj, are well-defined because, from
Proposition 2 with x = Xk, w = 0, and £ = & 1, it follows that the matrix Vi = x5 11m — &6 Q
is SCDD and, consequently, nonsingular. Besides, also from that proposition, minj<;<m{|vi:| —
Z%; v} = Xkl + &k — €k.klq = |Xk,k|. Therefore, by case 2 of Proposition 1,

S

1
Vil < —. 38
Vi ||1_|Xk’k (38)

We can now prove the inequality asserted by the proposition. We have

k-1
Vixp =+ (6 Q + Xk Im)X5,

j=1
k-1
Vixp =, + Z(fk,jQ + Xk, Im)X; -

j=1

Therefore,

k-1 k-1
xp —xj, = Vi (uk +) (G Q+ ch,jIm)Xj) -v;! (uk +) (G Q+ Xk,jIm)§§>

j=1 j=1
k—1 k—1

=Vi'QD) & —X) + Vit D xk(x — X)),
j=1 j=1

which implies

Ixx — Xl = llxk — x5 + x5 — Xg[h



< lxk = X}Z||1 + Ik = X5 lh

<Ivy'Qlh Z\&MHXJ Xl + 1Vt Z|Xlw Ix; — X}l
j=1
+ [Ix —Xk||1~ (39)
Then, using | Q|1 = 2g¢, the fact that
—1 -1 1 Xk <r—1 1
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ok Ekk Ekok
and (38),
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Finally, combining (39), (40), (38),
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