BIT Numerical Mathematics 0006-3835/03/4301-0001 $16.00
Submitted October 2005, pp. 001-017 © Kluwer Academic Publishers

Polynomial Cost for Solving IVP
for High-Index DAE

ROBERT M. CORLESS* SILVANA ILIE 214

! Department of Applied Mathematics, University of Western Ontario,
London, Ontario, N6A 5B7, Canada
email: rcorless@uwo.ca
2Computer Science Department, University of Toronto
Toronto, Ontario, M5S 1A4, Canada
e-mail: silvana@cs.toronto.edu

Abstract.

We show that the cost of solving initial value problems for high-index differential algebraic
equations is polynomial in the number of digits of accuracy requested. The algorithm analyzed
is built on a Taylor series method developed by Pryce for solving a general class of differential
algebraic equations. The problem may be fully implicit, of arbitrarily high fixed index and contain
derivatives of any order. We give estimates of the residual which are needed to design practical
error control algorithms for differential algebraic equations. We shown that adaptive meshes
are always more efficient than non-adaptive meshes. Finally, we construct sufficiently smooth
interpolants of the discrete solution.
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1 Introduction.

Many physical problems of high interest today are modeled as differential algebraic
equations (DAE). Therefore, the need for efficient numerical methods of solving them
has grown rapidly [2, 18]. Among these numerical methods, Taylor series methods
have recently proved to be an attractive choice on many interesting problems arising in
practice.

From the classical results of Riquier, Janet and Cartan [7, 25, 34] it follows that Tay-
lor series methods apply in the more general context of partial differential algebraic
equation (PDAE) solving, for generic systems. In this paper, we shall analyze the nu-
merical solution of a certain class of DAE. For this class, Pryce developed a Taylor
series method based on his structural analysis [30, 31] and on PantelidesNR3.
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Pantelides’ structural analysis relies on solving an algorithm for iteratively determin-
ing the hidden constraints, Pryce’s analysis is based on solving a priori an assignment
problem, allowing, in addition, higher order derivatives.

The Taylor series coefficients can be efficiently computed with automatic differentia-
tion. The idea of automatically generating recursion formulae for efficient computation
of Taylor series goes back at least to Moore [26]. Applications of automatic differenti-
ation to solving differential equations were considered in Corliss and Chang [11].

In two previous papers, we studied the theoretical (asymptotic) complexity, as the
accuracy of the computed residual,gets better, of the numerical solution of IVP for
ODE in [10] and for indext DAE in [22]. The main results of those papers are that the
asymptotic cost of the numerical solution of such initial value problems is polynomial
in the number of digits of accuracyf = [log,(1/¢)]. These results improved on
the results of the standard theory of information based complexity (see, e.g., [36]),
which predicted exponential cost of solving IVP for ODE. We believe that our model,
assuming more smoothness of the problem and solution, is more realistic.

A second result is that adaptive step-size, under modest realistic assumptions, is never
worse than fixed stepsizes and can be an unbounded factor better.

In the present paper, we extend the results to IVP for higher index DAE. We analyze
an algorithm based on Pryce’s method [30, 31] for solving numerically a general class
of DAE that can be high-index, fully implicit and may contain derivatives of arbitrary
order. We consider error control in terms of defect (or residual) as it is robust, of low
cost, and it has a straightforward interpretation [X3wever, a similar analysis can be
obtained for forward error\ study of complexity for solving initial value problems and
boundary value problems for ordinary differential equations using local error control is
given in [23].

The analysis of the Taylor series method for DAE, as discussed by Pryce [31] and
Nedialkov & Pryce [28], is complex (see also [21]). Another difficulty is an appropriate
(smooth enough) choice of interpolant to facilitate the analysis. In the end, the analysis
of this paper requires more effort than the indesase, as might be expected.

The paper assumes that the index of the problem does not change throughout the
integration, and that singularities and discontinuities are isolated and may be located at
negligible cost and that solutions are otherwise smooth. We also assume that the DAE
is suitable for automatic differentiation [33, 16]. Under these assumptions, we show
that the numerical solution of IVP for indexDAE is again of cost polynomial in the
number of digits of accuracyWe analyze the asymptotic behavior of the residual and
give error estimates which can be used together with the existing error controllers [35]
for an efficient practical implementation of Pryce’s method.

We have not investigated the numerical stability of this Taylor series method in float-
ing point arithmetic as the order becomes large. Earlier heuristic work by Corliss &
Chang [11] show the good behavior of Taylor series methods for ODE in practice,
while Nedialkov & Pryce [28] report good experimental results for these methods for
DAE. Pryce [32] gives a theoretical study of the growth of round-off error as the order
of the Taylor method increases.

The study of asymptotic cost for solving differential equations sheds light on finite
precision and finite order methods. Our theoretical analysis can guide the design and
analysis of practical codes for highly accurate solutions of arbitrary index differential
algebraic equations.
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2 Pryce’s structural analysis method for DAEs.

We consider an autonomous initial value problem for a differential algebraic equation
in m dependent variables; = x;(t), with ¢, the scalar independent variable, in an
interval [a, b]. The DAE has the general form

(2.1) fi(z;, derivatives oft;) =0 fori=1...m.

As is well-known, non-autonomous problems can be put in an autonomous form by
increasing the dimension by one. The functigfysare assumegiecewise analytic
in their variables. We allow higher order derivatives of the dependent variables and
nonlinear expressions in them.

We assume that all standard functions used in defining the DAE are solutions of
simple ODEs. Consequently, by adding them to the Diié problem is converted to
a larger DAE whose new functions involve only the four basic arithmetic operations.
The functionsf; belong thus to the class of functions to which automatic differentiation
applies.This class excludes, for example, the Gamma function

A consistent poinbf the DAE (2.1) is defined as a scaldrtogether with a set of
scalarsn;;, where(j,1) are all the elements of a finite s8f, so that there exists a

solution to the DAE (2.1) in a neighborhood bf= ¢* with xy)(t*) = n;; for all

(4,1) € Sy and the solution is unique. The s&t need not be minimal.

In differential geometry, a consistent point is obtained as follows. First, the formally
integrable form of the system is obtained after a number of differentiations and elimina-
tions (which uncover all the hidden constraints). The formally integrable form defines
a manifold in the appropriate jet space. A consistent point is a point of this mani-
fold. As we shall see below, to obtain such a consistent point with Pryce’s method, no
elimination and generallfewer differentiationsire needed. Therefore, for the class of
problems on which the structural analysis is successful, Pryce’s method is expected to
be more efficient in unveiling the hidden constraints.

We assume, for simplicity, that the initial condition satisfies exactly a set of con-
straints given by Pryce’s method for a consistent point for (2.1). The case when the
initial condition satisfies with a good enough precision these constraints may add little
to the overall cost.

In [31, 30] Pryce develops an algorithm for solving such a system by expanding the
solution in Taylor series. The method is based on a pre-analysis stage which consists in
solving an assignment problem. The assignment problem givexfdeds that is a set
of nonnegative integers > 0, d; > 0, with ¢; being the number of times the equation
fi has to be differentiated to reduce the DAE to an ODE @is the order of variable
z; in this ODE The offsets also indicate which equations to solve for which unknowns,
and give a systematic way of determining consistent initial conditidhg. offsets are
considered in the context of elliptic partial differential equation solving by Douglis &
Nirenberg in [12].

The next step of the method consists in generating the system Jacobian. Provided the
Jacobian is non-singular at each integration step, the method succeeds and the Taylor
series coefficients can be computed to the desired order. This is based on the fact that, at
each step of integration, after some initial stages, the Taylor coefficients can be obtained
as solutions of some linear systems involving the system Jacobian.

2.1 Structural analysis.

We review below the main steps of Pryce’s structural analysis and the corresponding
algorithm, following [31, 30].
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1. Form anm x m signature matrixt = (o;;) with

order of derivative to which the variablg
oij = appears in equatiofi |,
or —co if the variable does not occur .

2. Solve an assignment problem to determine a H¥YiQl{est value transversal
which is a subset of indiced, j) describing just one element in each row and
each column, such that o;; is maximized and is finite. We make the assump-
tion that such a HVT exists.

3. Determine theoffsetsof the problem, which are the vectarsd with d;, ¢; > 0
the smallest such that

dj—CiZO'ij fOfa”lSiSm,lngm
with equality on the HVT.
Thestructural indexs then defined as

0 fifalld; >0
1 ifsomed; = 0.

V= mlax c; + {

The structural index is no less that the differential index on first order DAE [31].

4. Form thesystem Jacobiad, given by
Ofi

0 otherwise.

if x§dj ~<) appears iry; ,

5. Choose a consistent point.Jfis non-singular at that point, then the solution can
be computed with Taylor series in a neighborhood of that point.

This is done by assuming an expansion
1 *
ri(t)=> et =t ).
>0

Then substitute this i(2.1) and expand the equations in Taylor series
fi(z;(t), derivatives ofr;(t)) = | l' figlt =197,

=0T

and solvef; , = 0. Eachf;, = fi(") (t*) depends on a finite number of the
Tje= mgé)(t*).
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2.2 Notation.

We definek; = — max; d; andk. = — max; ¢; (necessarilyeq < k). In this paper
we considetft, < —1, in which case the DAE (2.1) is at least of indexThe case of
index-1 DAEs with k. = 0 is considered in [22].

We follow the notation from [31] and define fér> kg:

Je = {(G,0):l=k+d;>0,1<j<m}
I = {(i,q):q=k+¢>0,1<i<m}

We use the following notation: for a sétwe define the vector

2.2) fr= [ £9 : theg-th derivative off;, (i, ) € 1}

and for a set/ we define the vector
Ty = {xy)  the (-th derivative ofz;, (5, /) € J] .

We denote by/<; (I« ) the union of allf, with » < k (r < k respectively) and by
J<i (J<x) the corresponding unions.

We shall also use the notatiofy, (andz ;) for the values of the functions at a
specific time and we shall omit to write the dependency of the time, if this is clear from
the context.

2.3 Theoretical results.

The choice of the offsets induces a specific block triangular structure on the system
of equations to be solved and this structure is exploited by the algorithm. At each stage
k, fr. is a function only of the variables;_, . The algorithm consists in solving, for
each stagé = kg4, kg + 1, kg + 2, ... the equations

(2.3) fr, = fr.(x;_,, x5, ) =0 forvariablesr,.

This is equivalent to solving, for eaéhthe systeny; .., = 0 for those; with k+¢; >
0 in the unknownsr; .1 4, for thosej with d; + & > 0.
If we consider
my = |1, ng = |Jil,

where || represents the cardinality of sét thenm; < n, for all stagesk, which
means that at each stage we solve at most as many equations as unknowns (see [31]).

By permuting the variables;(¢) so that thed; are in decreasing order and by per-
muting the equationg; so that thec; are in decreasing order, it can be shown ([31],
Proposition 4.1) that the Jacobian

_ aflk

2.4 =
(2.4) Jk Dz,

is the leadingn; x n; submatrix ofJ. If J is non-singular, thed,, has full row-rank
and thus there existﬁv, the Moore-Penrose inverse &f (see, e.g., [5]).

If a point (t*,25_ ) € R x R7<o satisfies (2.3) for all stagds < 0 then it is a
consistent point of the DAE (2.1). If the system Jacohjais non-singular at this
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point and the functiong; are analytic in a neighborhood, then the DAE is solvable
in some neighborhood of this point and can be reduced to an ODE using this method
([31], Theorem 4.2). Alternatively, the DAE (2.1) can be solved by Taylor series in a
neighborhood [28, 31].

We assume the initial conditions

dZ
ij(a) = :c?j forall ¢ < d;
satisfy the stagek < 0 of Pryce’s algorithm at = a,

fIk ($3<kvx9k) =0

for all £ < 0 and thus is a consistent point for the DAE (2.1). We also assume that the
system Jacobian is non-singular in a neighborhood of the exact solution on the interval
[a,b].

We are interested in obtaining an approximate solutipn, with a tolerances in
residual. We define each residual by

(2.5) 0:(t) = fi(t, x;(t), derivatives ofy;(t))

and we denote the vector of residuals at each stagg,hydefined in a similar way
as (2.2).

DEFINITION 2.1. The approximate solutioly;(t) satisfies the DAE (2.1) with a
tolerancesz in residual if the residuals (2.5) satisfy

(2.6) m[a>l<)] 10, ()] <e forall k. <k <O0.
tela,

Here we usedu(t)|| to denote the vector norm at a fixed tirhe

3 Numerical solution.

We are interested in finding a bound for the cost of the following algorithm for obtain-
ing a numerical solution of the DAE (2.1) using the structural analysis of [31]: assume
we have obtained at tim, some values’;_  which satisfy the constraintg, _, = 0
more accurately than the desired toleranee sense made precise lat®ve generate
the Taylor coefficients &t = ¢,, for the unknown functions up to the desired order and

predict the valueégjo1 at the next integration step by computing the Taylor series with

a chosen stepsize,.

We correct these values by projecting the approximate solution back on the constraint
manifold. We do this by applying only one Newton projection at each stage). As
suggested by numerical experiments, one Newton iteration is sufficient for satisfying
sufficiently accurately the constraint corresponding to that stage, see, e.g., [3]. Due to
the use of a high order method, the approximate Taylor solution at one step stays very
close to the exact solution at tight accuracies and the convergence of Newton iteration is
assured. The advantage is that the cost of the algorithm is not increased unnecessarily.

The step is accepted if a given measure of the residuals satisfy the tolerance (and
thus guaranteeing, as shown later, that a continuous extension of the discrete solution
satisfies (2.6)).
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3.1 Predictor step.
We consider the truncated Taylor solution at titne ¢,, + h

p+d;—1
(3.1) z(t) = Z Exh(t - tn)é fori<j<m.
=0

Substitute it in the equations and expand in Taylor series:

. — " 1 n )
fi(#;, derivatives ofi;) =Y — fi (a7 )(t —t,)? for1<i<m.
o

We solve the system§ i, (z7_ ) = 0 (for k +¢; > 0) in the unknown&:;{kwj
(for k + d; > 0) for eachk = kg, kq +1,...,p — 1.

Fork < 0, these equations are already satisfied with a much better accuracy than the
tolerance. Indeed, at the first integration step, these equations are satisfied by the initial
consistent point, and at the other integration steps, they are satisfied since the values
are the ones projected on the constraint manifold at the previougsgtefRemark 4.3
below).

The stage& > 1 are always linear in the corresponding unknowns and involve the
JacobianJ (27;_ ), which is non-singular if the chosen tolerance is small enough.

For eacht € [a, b] we define
(3.2) bi(t) = fi(2;(t), derivatives ofi;(t)), i=1...m

to be the local residuals obtained for the approximate Taylor solution (3.1) on each
Attimet, 1 = t, + h,, the predicted values are

(3.3) it ="t )

fork <d;, 1 <j<m.
The predicted pointfr’}jo1 is close to a consistent point of the DAE, and its distance

to the constraint manifold is given by the truncation error. So for a sk predicted
point will be in a neighborhood of the exact solution where the system Jacahian,
non-singular. In the same neighborhood, edgltgiven by (2.4) is full row-rank and

there existsIL, the Moore-Penrose inverse bf.

3.2 Corrector step.

For eacht < 0 we have at most as many equations as unknowns. We wish to satisfy
these equations with a better accuracy than the one given by the truncation error. For
each stagé < 0 we compute a set of corrected values, by applying a single Newton
iteration per stage. More would be superfluous.

For k < k., there are no constraints to satisfy and we preserve the values of the
variables corresponding to that stage;; = 2, forall kg < k < k. (if kg < k¢).

In what follows, the difference between the corrector at the end of thetstep,and
the corresponding predictor defined by (3.3) will be denoted by

n+l _ _n+l ~n—+1
(3.4) uy =ay =)
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for stages: = k., ..., 0.
Using the notation (3.4), we start with the Gauss-Newton projection

(3.5) wptt = =3L@E5H) -, (@50

for stagek = k.. We continue, at each stage= k. + 1,...,0, with the following
Gauss-Newton projections

(3.6) uitt = I - fr (Gt
where
3.7) P =t antt)

The valuesﬁjk1 are already computed from the previous stages.

4 Error estimates.

We shall analyze the errors of the Newton projections and we shall compute the
residuals over one integration step.

In this section we use the notatigii¢, z;_,(t)) , although the functiong; do not
explicitly depend ort (system is autonomous), whenever we need to make use of the
space in which the solution lies. Otherwise the dependentesafropped.

The functionsf; are analytic in their variables, the interval of integration is compact,
and the system Jacobian for the exact solution is non-singular. Therefore there exists a
neighborhood(/, in the spacéa, b] x R’=<0, of the exact solution

{(t,25_,(1)),t € [a, 0]}

such that the JacobiaH z) is non-singular and all the Moore-Penrose inverﬁgsz),
with & < 0 are uniformly bounded foz € U. More precisely, there exists > 0 so
that

(4.1) 13l (2)| <L forallk <0andforallze U .

Fork. +1 < k, f,(t,y,.,) is Lipschitz continuousvith respect to the variables

{y7, }1=k.....k—1 in some neighborhood, in [a,b] x R’/<c of the exact solution, if
there existd\f;, > 0 so that

11 (Yo s Yy U5 Yn) = FrtsYacn s Y3 s+ 2 Y5 oY)
k—1

<MY llys, = 3,
l=k.

(4.2)

for all (t,y?]Sk) € Uy with yggk = (Ygcn, s ygkc, Y sya),andg = 1,2,

Lett =t, + handh € [0, hy].

PrRoPOSITION4.1. Assume that foralk.+1 < k <0, f1, (¢,ys., ) is Lipschitz con-
tinuous with respect to the variabldg s, };=x.,....x—1 in some neighborhootly, ¢ U
in [a, b] x R7<0 of the exact solution. Then asymptotically, as for each,, is small
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enough such that the points of the corresponding predictor step and all the points ob-
tained at the corrector step are within the neighborhd@gdand the Taylor expansions
are valid, the following holds:

(4.3) uit =0 ke <k <0
and

4.4) fr,(t, 2, (t) = O RP™P L ORPTF) | ke <k <0, t € [tn,tn + hal,

(4.5) fr. € = @ hPH L o R Y |k +1<k<0

where the vector®y do not depend oh,,.

The symbolsO are considered uniformly far € [a,b]. We note that we are only
interested in meshes on which the residual is below a given tolerakaymptotically,
as the tolerance becomes small, all the predicted points and the points resulting at the
projection stages for such meshes will be within the neighborligod

ProOF. Consider

n 1 dp+c'i
= Gt drer () ()

These coefficients are independent.cdind /,,, depending only on the value of some
fixed function at(z”;_ ) (the beginning of the step). Then

fi(2;(t), derivatives ofi;(t)) = @7 (t — )P + O((t — t,,)PTeTh)

where & is given by (3.1) Here the symbol® hides the bound on the derivative
grteitl

By differentiating(k + ¢;) > 0 times with respect to, we obtain (4.4), where

(4.6) e = P )
. i,k+c; — (p*k)'dtp+cl i\t J<o n) s

providedk < 0. This is the coefficient oft — t,,)?~* in the Taylor series expansion
deithk . L . . o .
of Wf’ This observation is important for interpreting the principal residual error
coefficients (5.8). In particular, we see that the coefficients (4.6) are bounded above
independent of the order of the method and the particular point in the . mesh
We also note that, by using (4.2) fbr + 1 < k, we derive

k—1

(4.7) Fr (&) = fr. @52 + > Ol )
(=k,

We now prove (4.3) fok and (4.5) fork + 1 by induction overk > k..
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e Letk = k.. By using (3.5) and the uniform-boundedness condition (4.1), we
obtain . )
luZ 0 < Ll fn, @501

If we takek = k. in (4.4), we derive
fr, @571 = O(he )

and thus we obtained (4.3) fér= k..

If we considerk = k. + 1 in (4.7) and we apply (4.3) fok = k. (obtained
above), then we find :

o (G = fron @510 )+ ORE )

e We now assume the hypothesis is true forfadt &£ — 1 and show that it is true
for k. By using (3.6) and (4.1), we obtain

luZ < LIFEEHI -
But from the induction step &t — 1 we know that

1F (&1 = Ohh")
and thus (4.3) is also true fér.

We now show that (4.5) holds fdr+ 1. By applying the induction hypothesis
(4.3) for¢ < kin (4.7) fork + 1, we obtain

fIk,+1( chHrl) = fh-,-;-l(zij};r;rl) + O(hﬁ_k) :
O

REMARK 4.1. In Proposition 4.1, we only need the Lipschitz condition (4.2) to

hold for small right hand sides in (4.2). This is satisfied when each derivgrg{/é is

J
bounded, for all = k.,...,k — 1, on some neighborhood of the exact solufion. In
particular, iff;,7 = 1,..., m and the exact solution contains only analytic functions on
the interval of integration, then Proposition 4.1 applies.

REMARK 4.2. According to Proposition 4.1, for each stage- k., ..., 0, the Taylor
residuals together with the errors committed in the projections, all corresponding to the
stagek, are ofthe same orderO(hE=F).

REMARK 4.3. For small enougtz, the Newton projections double the number of

digits of accuracy in the corresponding residuﬁﬁ(zf}:) = O(hi(p_k)), for k < 0.
Indeed, by a Taylor expansion we obtain -

1 1 1 1
flk(xt}jk) = ffk( }Z:H_ )+Jk( ]ZH_ )uT}:_
B 1 T
+ 5u_’};” . GZ”uf}:l
where

1 2
0° fr,
Gn+1 :/ 2 1 o k n+1’ ~n+1 n+1 d .
k ; ( 8)78x1k8xJk (22,25 +suj)ds



Polynomial Cost for Solving IVP for High-Index DAE 11

The first two terms in the expansion cancel each other due to (3.5)—(3.6), and then by
using (4.1) we derive

n 1 n
1fre @5 EO0N < 5 NR L2 fr (51

2
where N, = sup Haaiu on some neighborhood. We end the proof by applying
X T

Jk(’)x
Proposition 4.1.
ExXAMPLE 4.1. We consider the example of the simple nonlinear pendulum, which

is described by the following equations

0 = f1 = 24z
(4.8) 0 = fo = ¥y +yh—yg
0 = f3 = 2>+y?—I?

wherez, y are the ordinary orthogonal coordinates dndis the tension in the string.
The length of the penduluml,, and the acceleration due to gravity, are positive
constants.

The offsets of the variablds, y, A) are(2, 2, 0), and those of the equatiof, f2, f3)
are(0, 0, 2). Since the system Jacobian is non-singular [31], then the system is solvable
by Pryce’s method. This is an ind&xbAE [31].

According to the algorithm, the equations to be solved are grouped as follows:

(f3) inunknowns(z, y) at stagek = —2,
(f3) inunknowns(z’, y') at stagek = —1,
(f1, f2, f4) inunknowns(z”, y", \) at stagek = 0.

According to Remark 4.1, in order for Proposition 4.1 to apply, it suffices to check that
the following are bounded:

(). Stagek = —1:

B -t w)
(). Stagek = 0:
[ 0fi Ofi Ofi O T
or oy oz Oy 2 0 0 0

o 0f O O
Or oy oz’ Oy

afé/ afél afé/ af?/)/ 2(E” 2y” 41'/ 4y/
oxr Oy Ox' Oy

Indeed, with a compactness and smoothness argument, we see that all of these vari-
ables are bounded on some neighborhood of the exact solution.

Hence Proposition 4.1 applies and we can derive the order of the residuals and of the
errors between the corrector and predictor for the variables at each stage. If, for a given
orderp, the approximate Taylor solution is computed according to formula (3.1), then
these errors, at the initial stages, are those listed in Table 4.1.
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Table 4.1: The order of the Taylor residuals and of the errors of projections, for the initial stages
in the simple pendulum problem.

| Stage | equations| order of residual unknowns| order of error in projection

k=-2] f3=0 hP2 T,y hP 2

k=-1| fi=0 hPH1 'y hpTl
fi=0

k=0 fa=0 h? "y A hP
fi=0

5 Dense Output.

In the present paper we are not concerned with finding the optimal interpolant (the
one that minimizes some norm of the residual). We want to measure the size of the
residual associated with a sufficiently accurate continuous approximation.

We wish to find some interpolants which are at least as smooth as required by the
problem (2.1). More precisely, we require each interpolafit), corresponding to the
dependent variable;(¢), to have continuous derivatives up to ordgron the inter-
val [a, b].

The following construction satisfies this requiremeniet [¢,,, t,,+1] be the current
interval of integration and arbitrary in this interval. Considey; to be a piecewise-
polynomial approximation of the variablg. On each intervalt,,, t,+1], definey; to
be the Hermite interpolant which satisfies the following conditions:

(5.1) xﬁk)(tn) = af, forallk=0,....,p+d; -1
. X;k)(thrl) = x;”;crl forallk=0,...,d; .

This interpolant has continuous derivatives up to ortjesn [a, b].
If for eachy; we consider the basis

(t —tn)k for 0<k<p+d;—1
(t—tn)Pt9(t —t,1)* for 0<k<d;
then we find the following representation of the interpolant:
dj
(5-2) Xj (t) = @j (t) + Z a;+d_7+k (t - tn+1)k(t - tn)p+dj
k=0
where

k

J _ 3 —(p+d;+k) i 10, n+l
Upig i = D ! Cljc,Zhnuj,E
=0

foralll1 < j <mand0 < k < d; andz;(¢) is the truncated Taylor solution (3.1). The
coefficientscy, , are some constants depending onlypaand the offsets.
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Let R;(t) = x;(t) — z;(t), 1 < j < m, be the difference between the interpolant
and the truncated Taylor solution (3.1). We may write

d;
(5.3) Ri(t) =Y qju(r)hbul}?
k=0

wherer = ﬁ(t —tn), T € [0,1] and the polynomialg; ;, have coefficients depend-
ing only onp and the offsets (by convention, the polynomials corresponding to those

variables which are not projected are identically zero). In fact, we can show that

0
(5.4) IR (D]l < a Y hEflust
k=k.

where we can choose, for example,
(d;)
o =max|q; ;" (7)]

and the maximum is taken over alle [0,1], all 1 < j <m, k < d; and depends only
on p and the offsets.
By using equations (3.5)—(3.6) and Proposition 4.1, we derive that

0
(5.5) IRy <o > RENILET)  0r, (t,)]) + O(RET)
k=k.

for eacht € [t,,t,+1] and is of ordei®(k?). The residual$;, , given by (3.2), corre-
spond to the Taylor truncated solution (3.1).

REMARK 5.1. We note that the bounds (5.5) for the residual of interest for each step
of integrationdepend on derivatives of the residual functionst the corresponding
mesh points.

5.1 Residual control.

We are interested in measuring the magnitude of the residuals associated with the
continuous approximation (5.2). Using Proposition 4.1, we obtain that at each stage
k < 0 on the intervalt,, t,1], the corresponding residual is of ord8¢h2—*), thus
the dominating residual is obtained at stége 0 and is of ordelO(h2). This residual
is given by

(5.6) 01, (1) = f1o (X155 (1)) -

By using (5.3) ana first-order Taylor expansianf (5.6) around the predicted solution
(3.1), we derive

(57) 510 (t) = 810 (t) + JO(‘%JSU (t)) : RJO (t) + O(hﬁJrl) .

on the intervalt,, t,+1) Where the truncated Taylor approximatici(g) have the de-
sired smoothness.
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Therefore, by using (5.4), (5.7) and Proposition 4.1, we find that the principal error
term is of the formp,,h¥ where

max a7, ()] = puhf, + O(AET) .

tE[tn tni1)

The principal error coefficient is bounded as follows: < (a + 1), with

(5.8) Uahl = | Jo(@51)) ||Zh’“\|JT 2 )or, (tnp) -
k=0

It is sufficient to require that), h?, ¢ to guarantee that the residual is below

the tolerance (higher order terms are neglected).

REMARK 5.2. The maximuma = «(p) depends o and there exist& > 0 so
that [a(p) + 1] is O(p*) (X may be chosen, e.g., the highest among all degrees of the
ponnomiaISq§fl,g) with k =0,...,d;).

EXAMPLE 5.1. We return now to the nonlinear simple pendulum problem governed
by the equations (4.8). We want to construct the corresponding interpolants, as de-
scribed above, and estimate the residual.

The Hermite interpolants corresponding(tg y, z) and the step of integration are
respectively:

xi(t) = @(t) + Q1,0(7')U1 0 + hnqa, ((r)up! 1 Tt hZqu2(T)u —5
(t) + q2.0(T)us §' + hngo, 1(7)U§T1 + h2g22(T)u nEl

x2(t) = 9
xs3(t) = )\(t)Jrqg,o(T)ungl
Here,
0o(T) = @o(r) = PP —(p+2)(7-1)+5(p+2)(p+3)(r—1)7
@1(7) = qoa(r) = TP =11~ (p+2)(1 - 1)]
G12(7) = qua(r) = F7PP(r—1)?
gso(r) = 7P
and
u?;rl — x”“ :@?H
ugfl =y g
ujtt = _ gL fne

forj =0,1,2 and{ = 0.
Using (5.3), we derive the errors in the interpolation at stage0 :

n 2 n 2 n
o L\ (r mwh ¢ (Tt + g (gt

Ri(t) = | &al(mups! + e (nup i + (&) (!
aso(rT)us !
where
@) = @) =t +2)p+3)(p+ 7P (r— D[(p+3)(r — 1) +2]
(1) = @) =—(p+2)(p+3)(7 - Vlp+4)(r—1) +3]
¢2(1) = @) =L+ +4)(r -1 +2(p+3)(r—1)+1.
Thus, we derivex(p) = O(p*)
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6 Polynomial cost of Pryce’s algorithm.

We show below that the cost of computing an approximate solution of the DAE (2.1)
which satisfies the tolerance with the algorithm under investigation is polynomial in the
number of digits of accuracy requested. Moreover, provided the local error coefficients
given by (5.8) satisfy some regularity conditions described below, the cost of computing
the solution with the same accuracy is minimized on the equidistributed mesh. In order
to obtain this, we make use of a result on equidistribution from [10], which is given
below.

For a vectorlr = [y, - - - ,1¢y] we define thes-normas

N 1/s
i=1

and theHolder s-meanas

N 1/s
M, (W) = (}vzz@ .

The s-norm is not a true norm fas < 1, when the triangle inequality is not always
satisfied. We shall not need this property.

We assume that the vector of the error coefficiebts = [¢/1,- - ,¢¥n] satisfies
some regularity conditions. First, we assume that there exists a positive intgger
such thatM,(Ty,) < M(¥p,) for Ny > Ny > Ny . This means that if the
mesh is sufficiently fine, the élder mean does not increase with further refinement.
Second, we assume that the same property holds for the maximum norm of the local
error coefficients||® y || o

In fact, we assume that the practical implementation satisfies the regularity condi-
tions, that is the estimates are not fooled. Theoretically, these realistic assumptions
regarding the regularity conditions may be lifted by using a continuous representation
of the local residual. The meshes are generated by introducing a grid deformation
map which maps a uniform mesh in a new, auxiliary, independent variable into a non-
uniform mesh in the initial independent variable. The discrete representations of both
the Holder s-mean and the infinity norm of the principal error coefficients can then be
interpreted in terms of the corresponding integral representations (across the interval
[a, b]) of the principal error function. This continuous approach was introduced in [23]
for ODE, and for DAE is subject of our future work.

We evaluate the cost of an algorithm by counting the number of arithmetic operations,
which is a more appropriate measure of efficiency for series methods than counting
number of function evaluations [11]. Following the standard theory of computational
complexity [36], we ignore memory hierarchy, overheads and interpolation costs.

The cost per step for the method investigated in this paper, for a fixed order, is the
same for all steps and consists of the cost of obtaining the Taylor series plus the cost
of [1 — k] Newton projections. Thus, the cost of the method for fixed order is directly
proportional to the number of steps taken.

A mesh is optimal if it allows us to take the minimum number of steps to compute an
approximate solution on the intenal, b], satisfying the tolerance.

THEOREM6.1 (MINIMAX ). Givenp, N € N and a vector with positive coefficients
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[¢i]1<i<n, the following inequality is true
N —
max{y;hf Y hi =b—a} > (b—a)’|[¥||_1), = BPM_y ()
1

whereh = (b — a)/N is the average stepsize. Equality holds iff

Yiht = hPM_y,, () forall1 <i < N.

A proof of this theorem based ontttler’s inequality is available in [10], and one by
linearization in [22].

A first consequence of the Minimax Theorem (and the regularity condition on the
Holder mean of the local error coefficients) is that the equidistributing mestf (=
hPM_y,,(¥) = eforalll <i < N)is an optimal mesh for the algorithm. It is
straightforward to derive that the number of steps corresponding to the equidistribut-
ing mesh is

(6.1) N ) (ML, ()

)*1/11.
h a—+1

A second consequence of the Minimax Theorem (and regularity conditions on the
Holder mean and infinity norm) is that the cost of computing an approximate solution
satisfying a given tolerance is never less on a fixed step mesh than on an equidistributed
mesh for the above algorithm. In fact, the ratio of the two costs (the ratio of the number
of steps corresponding to each mesh) is givern\hym||Oo/(/\/l,1/p(\1/))1/1’.

Proofs of the above results are similar to those in [10].

THEOREM 6.2. The minimal cost of computing the solution of (2.1) with Pryce’s
method is polynomial in the number of digits of accuracy requested and is bounded
above by

C(b—a)e® (M, ()P B?

whereC, K are some constants. The minimum cost is reached on the equidistributing
mesh.

PROOF. Orderp accurate solutions computed with Taylor series using automatic dif-
ferentiation can be obtained (p?) operations (see [11]) and, if naive multiplication
is used, the cost of doing arithmetics wishbits of accuracy i$)(B%). Thus the cost
of obtaining the Taylor series at one step cagfd32. The constant depends on the
dimension of the problem.

The cost of 1 —k.] Newton projection is independentpéind cost€)(B?). Therefore
the cost of one step 81 p?B2.

Using (6.1), we obtain the total cost corresponding to the equidistributed mesh:

(6.2) Cub = a) (M1, (Un)) P B2 (=) 717

Since there exist positive constaits and/C so thata + 1 < Cop/, then

(o + 1)1/10 < Cqel/e
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Choosingp = [(BIn2)/2] in (6.2) andC = C;C>(In2)?/4, we obtain an upper
bound of the minimum cost given by

Clb—a)e* T/ (M_y,, (TN)/PBE.

O

REMARK 6.1. The cost of computing the solution on a fixed-step mesh is also poly-
nomial in the number of digits of accuracy. However, we note that the dimension of the
problem is hidden in the constant factor in the expression of the cost.

We also remark thatery high accuracietof order10~128) have been very recently
reported for solving DAEs with Pryce’s method [3, 4]. Currently, existing software
using this method may solve differential algebraic systems of hundred equations [27].
Detailed description on implementation and results of such a solver are given in [28].
These results support our theory which predicts polynomial cost in the number of bits
of accuracy.

We mention that an interesting open problem is to extend this complexity analysis to
the numerical solution of more general systems of partial differential algebraic equa-
tions for which Pryce’s structural analysis can be applied [37, 38].

7 Conclusions.

In this paper, we have investigated the cost of solving initial value problems for high-
index differential algebraic equations depending on the number of digits of accuracy
requested.

We analyzed an algorithm based on a Taylor series method developed by Pryce for a
general class of differential algebraic equations. We showed that the cost of computing
a solution with this algorithm is polynomial in the number of digits of accuracy. We
also showed that adaptation performs better than non-adaptation and we included a
sufficiently smooth dense output.

The cost of locating singularities and rank changes will be addressed in a future work.
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