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Abstract. We present a survey on collocation based numerical meth-
ods for the numerical integration of Ordinary Differential Equations (ODEs)
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functions other than polynomials.

Keywords: Collocation, two-step collocation, Runge-Kutta methods,
two-step Runge-Kutta methods, mixed collocation.

1 Introduction

Collocation is a widely applied and powerful technique in the construction
of numerical methods for ODEs and VIEs. As it is well known, a collocation
method is based on the idea of approximating the exact solution of a given
functional equation with a suitable approximant belonging to a chosen
finite dimensional space, usually a piecewise algebraic polynomial, which
exactly satisfies the equation on a certain subset of the integration interval
(i.e. the set of the so-called collocation points).

This technique, when applied to problems based on functional equa-
tions, allows the derivation of methods having many desirable properties.
In fact, collocation methods provide an approximation over the entire inte-
gration interval to the solution of the equation. Moreover, the collocation
function can be expressed as a linear combination of functions ad hoc for
the problem we are integrating, in order to better reproduce the qualitative
behaviour of the solution.

The systematic study of collocation methods for initial value problems
in ODEs, VIEs, and Volterra integro-differential equations (VIDESs) has its



origin, respectively, in the late '60, the early 70 and the early '80s. The
idea of multistep collocation was first introduced by Lie and Norsett in [60],
and further extended and investigated by several authors [13,25,28-30, 32—
35,37,43,59,63].

Multistep collocation methods depend on more parameters than clas-
sical ones, without any significant increase in the computational cost, by
regarding them as special case of multistep Runge-Kutta methods: there-
fore, there are much more degrees of freedom to be spent in order to obtain
strong stability properties and an higher order and stage order of conver-
gence. As a direct consequence the effective order of multistep collocation
methods is generally higher with respect to one stage collocation meth-
ods with the same number of stages. Moreover, as they generally have
high stage order, they do not suffer from the order reduction phenomenon
(see [12,46]), which occurs in the integration of stiff systems.

The purpose of this paper is to present a review of recently introduced
families of collocation and modified collocation methods for ODEs and
VIEs. In particular we aim to present the main results obtained in the con-
text of multistep collocation and almost collocation methods, i.e. methods
obtained by relaxing some collocation and/or interpolation conditions in
order to obtain desirable stability properties.

The paper is organized as follows: Section 2 reviews the main results
concerning classical one-step and multistep collocation methods for ODEs
and their recent extensions and modifications; Section 3 is dedicated to
collocation methods for second order initial value problems and also collo-
cation methods based on functional basis other than polynomials; in Sec-
tion 4 we consider the evolution of the collocation technique for Volterra
integral equations.

2 Collocation based methods for first order
ODEs

In this section we focus our attention on the hystorical background and
more recent results concerning the collocation technique, its modifications
and extensions for the derivation of highly stable continuous methods for
the numerical solution of initial value problems based on ordinary differen-
tial equations

y(z0) = yo € RY,

with f : [zg, X] x R? — RY. It is assumed that the function f is sufficiently
smooth, in such a way that the problem (2.1) is well-posed.

{ Y(x) = (e, y()), € [w, X, (2.1)



2.1 Classical one-step collocation methods

Let us suppose that the integration interval [z¢, X] is discretized in an
uniform grid {x : g < z1 < ... < 2y = X}. Classical collocation meth-
ods (see [7,11,12,44,45,57,80]) are determined by means of a continuous
approximant, generally an algebraic polynomial P(x), satisfying some op-
portune conditions: in order to advance from z,, to x,41, the polynomial
P(z) interpolates the numerical solution in x,, and exactly satisfies the
ODE (2.1) - i.e. co-locates - in the set of points {x, + ¢;h, i =1,2,...m},
where c¢1, o, . . ., ¢y are m real numbers (named collocation nodes), that is

2.2
P'(zy + c;h) = f(xn + cih, P(xn + ¢ih)), i=1,2,...,m. (22)

The solution in x, 41 can then be computed from the function evaluation
Ynt1 = P(@n41). (2.3)

The classical framework in which collocation methods must be placed
is certainly constituted by implicit Runge-Kutta methods (IRK). In fact,
Guillou and Soule in [43] and Wright in [80] independently proved that one
step collocation methods form a subset of implicit Runge-Kutta methods

Uni1 = Yo +hY  bif(zn +ch,Yi) (2.4)

=1

Y;

yn+hza’ljf(xn+cjha}/])a 121,2,,771, (25)

j=1

where

Cq 1
a;; = /0 L;(s)ds, b = /0 L;(s)ds, ,7=1,2,...,m (2.6)

and L;(s), j = 1,...,m, are fundamental Lagrange polynomials. The maxi-
mum attainable order of such methods is at most 2m, and it is obtained by
using Gaussian collocation points [45,57]. Anyway, unfortunately, the or-
der 2m is gained only at the mesh points: the uniform order of convergence
over the entire integration interval is only m. As a consequence, they suffer
from order reduction showing effective order equal to m (see [11,12,45,46]).

Butcher (see [11] and references therein) gave an interesting character-
ization of collocation methods in terms of easy algebraic conditions, and
analogous results are also reported in [45,57]. This characterization , to-
gether with many other several results regarding the main properties of



collocation methods, comes out as natural consequence of an interesting
interpretation of collocation methods in terms of quadrature formulae. In
fact, if f(z,y(x)) = f(x), equations (2.4)-(2.5) can be respectively inter-
preted as quadrature formulae for f;ﬂ"Jrh f(z)dz and f;ﬂ"“ih f(z)dz, for
i=1,2,...,m. We next consider the following linear systems

m k

Alq) Zaijcffl = %, k=1,2,...,q, i =1,2,....,m, (2.7)
j=1
" 1

Blp) : > b= = k=1,2,...p. (2.8)
1=1

Next, the following result holds (see [44,57]):

Theorem 2.1 If the condition B(p) holds for some p > m, then the col-
location method (2.2) has order p.

As a consequence, a collocation method has the same order of the under-
lying quadrature formula (see [44], p. 28). Finally, the following result
characterizing classical collocation methods arises (see [11,44,45,57]).

Theorem 2.2 An implicit m-stage Runge-Kutta method, satisfying B(m)
and having distinct collocation abscissae, is a collocation method if and only

if conditions A(m) holds.

The most used collocation methods are those based on the zeros of some
orthogonal polynomials, that is Gauss, Radau, Lobatto [11,12,45, 46, 57],
having respectively order of convergence 2m, 2m — 1, 2m — 2, where m is
the number of collocation points (or the number of stages, regarding the
collocation method as an implicit Runge-Kutta). Concerning their sta-
bility properties, it is known that Runge-Kutta methods based on Gaus-
sian collocation points are A-stable, while the ones based on Radau ITA
points are L-stable and, moreover, they are also both algebraically stable
(see [12,46,51] and references therein contained); Runge-Kutta methods
based on Lobatto ITTA collocation points, instead, are A-stable but they
are not algebraically stable (see [11,44,45,57]).

2.2 Perturbed collocation

As remarked by Hairer and Wanner in [46], only some IRK methods are
of collocation type, i.e. Gauss, Radau ITA, and Lobatto IITA methods. An
extension of the collocation idea, the so-called perturbed collocation is due
to Norsett and Wanner (see [65,66]), which applies to all IRK methods.



We denote by II,, the linear space of polynomials of degree at most m
and consider the polynomial N; € Il,, defined by

m

1 i _
Nj(x):j_,Z(pij—isij)x , =12 ..m,
T i=0

where d;; is the usual Kronecker delta. We next define the perturbation

operator Py, y : 1L, — IL,,, by

Tr — X

(Progi)(@) = u(@) + SN, ( s )um(xo) b

Next, the following definition is given (see [65,66]).

Definition 2.1 Let ¢y, ..., ¢ be given distinct collocation points. Then
the corresponding perturbed collocation method is defined by

u(ro) = yo, u€lly,
’U/(xo + Clh) = f(xo + Cih, (P’U,)({Eo + Cih)), 1= 1, 2, e, m,
1y = u(ze+h).

As the authors remark in [66], if all N;’s are identically zero, then P is the
identical map and the definition coincides with classical collocation. In the
same paper the authors provide the equivalence result between the family of
perturbed collocation methods and Runge-Kutta methods (see [66]). The
interest of this results, as again is stated in [66], is that the properties
of collocation methods, especially in terms of order, linear and nonlinear
stability, can be derived in a reasonable short, natural and very elegant
way, while it is known that, in general, these properties are very difficult
to handle and investigate outside collocation.

2.3 Discontinuous collocation

In the literature, perturbed collocation has been considered as a modi-
fication of the classical collocation technique, in such a way that much
more Runge-Kutta methods could be regarded as perturbed collocation
based methods, rather than classically collocation based. There are other
possible extensions of the collocation idea, which apply to wider classes
of Runge-Kutta methods, such as the so-called discontinuous collocation
(see [44]).

Definition 2.2 Let co, ..., cm—1 be distinct real numbers (usually between
0 and 1), and let by, by, be two arbitrary real numbers. The corresponding



discontinuous method is then defined via a polynomial of degree m — 2
satisfying

u(zo) = yo — hbi(u(xo) — f(wo,u(o)),
’l'J,(:EQ—FCih) = f({EQ +Cih,u($0+0ih)), 1= 2,...,m— 1,
i = ulzr) — hbs(i(z1) — f(21, u(z1)).

Discontinuous collocation methods fall inside a large class of implicit Runge-
Kutta methods, as stated by the following result (see [44]).

Theorem 2.3 The discontinuous collocation method given in Definition
2.2 is equivalent to an m-stage Runge-Kutta method with coefficients de-
termined by c1 =0, ¢y = 1 and

a’ilzbl; a'im:(); izla"'ama

while the other coefficients result as solutions of the linear systems A(m—2)
and B(m — 2) defined in (2.7) and (2.8).

As a consequence of this result, if b = 0 and b,;, = 0, then the discontinuous
collocation method in Definition 2.2 is equivalent to the (m —2)-collocation
method based on c¢a, ..., ¢pn_1. An interesting example of implicit Runge-
Kutta method which is not collocation based but is of discontinuous collo-
cation type is the Lobatto IIIB method (see [11,44,45,57]), which plays an
important rule in the context of geometric numerical integration, together
with Lobatto IITA method (see [44], p. 33). They are both nonsymplectic
methods (see Theorem 4.3 in [44]) but, considered as a pair, the resulting
method is symplectic. This is a nice example of methods which possess
very strong properties, but are difficult to investigate as discrete scheme
(they cannot be studied as collocation methods, because they are not both
collocation based); however, re-casted as discontinuous collocation based
methods, their analysis is reasonably simplified and very elegant [44].

2.4 Multistep collocation

The successive results which appeared in literature (see [23,43,46,59,60])
have been devoted to the construction of multistep collocation methods.
Guillou and Soulé introduced multistep collocation methods [43], by adding
interpolation conditions in the previous k step points, so that the colloca-
tion polynomial is defined by
P(xn,i):yn,i iZO,l,...,k—l, (2 9)
P'(zy, + ¢cjh) = f(an + cjh, P(xy +c;h)) j=1,...m. '



The numerical solution is given, as usual,

Yn+1 = P(Tnt1)- (2.10)

Hairer-Wanner [46] and Lie-Norsett [60] derived different strategies to
obtain multistep collocation methods. In [46] the Hermite problem with
incomplete data (2.9) is solved by means of the introduction of a generalized
Lagrange basis

{w’t(S% /(Z)J(S)’ i:]"2""’k’ j:]"2""’m}

and, correspondingly, the collocation polynomial is expressed as linear com-
bination of this set of functions, i.e.

k s
P(wn +5h) =Y 0i(8)yn—rri + b >_1i(s)P (z + cih),

=1 =1

where s = #=*=. Therefore, the problem (2.9) is transformed in the prob-
lem of deriving {¢;, ¥;, ¢ =1,2,...,k, j=1,2,...,m} in such a way that
the corresponding polynomial P(s) satisfies the conditions (2.9).
Lie-Norsett in [60] completely characterized multistep collocation meth-
ods, giving the expressions of the coefficients of collocation based multistep

Runge-Kutta methods in closed form, as stated by the following

Theorem 2.4 The multistep collocation method (2.9)-(2.10) is equivalent
to a multistep Runge-Kutta method

E

-1

Y, = ©i(C)Yntk—1—i

™

-
Il
=)

+ h ) i) f(@nik—1 +cih, Vi), i=1,..,m,

VR

1=1

k—1 m
Ynik = 3 @i(Wnik1-i+h D i(1)f(@nsh—1+ cih, Vi),
i=0 i=1
where the expression of the polynomials p;(s), ¥;(s) are provided in Lemma

1 of [60]. O

Lie and Norsett in [60] also provided a complete study of the order
of the resulting methods, stating order conditions by means of the study
of variational matrices, and showing that the maximum attainable order
of a k-step m-stage collocation method is 2m + k£ — 1. They also proved



that there exist (m,jf; 1) nodes that allow superconvergence and, in analogy
with Runge-Kutta methods, they are named multistep Gaussian collocation
points. As Hairer-Wanner stated in [46], these methods are not stiffly
stable and, therefore, they are not suited for stiff problems: in order to
obtain better stability properties, they derived methods of highest order
2m + k — 2, imposing ¢,, = 1 and deriving the other collocation abscissa
in a suited way to achieve this highest order and named the corresponding
methods of “Radau”-type, studied their stability properties, deriving also

many A-stable methods.

2.5 Two-step collocation and almost collocation meth-
ods
In more recent times, our strenghts have been devoted to extend the mul-

tistep collocation technique to the class of two-step Runge-Kutta methods
(TSRK)

Yn+1 = oynfl + éyn hz (vjf + w]f( ))

J

=1
}/1["] = UiYn—1 + UilYn + hz (CL”f ) + b”‘f( ))

Jj=1

(2.11)

introduced by Jackiewicz and Tracogna [53] and further investigated by sev-
eral authors (see [51] and references therein contained). Two-step Runge-
Kutta methods (2.11) differ from the multistep Runge-Kutta methods
above described, because they also depend on the stage derivatives at two
consecutive step points: as a consequence, “we gain extra degrees of free-
dom associated with a two-step scheme without the need for extra function
evaluations” (see [53]), because the function evaluations f (Yj["fl]) are com-
pletely inherited from the previous step. Therefore, the computational cost
of these formulae only depends on the structure of the matrix B. Differ-
ent approaches to the construction of continuous TSRK methods outside
collocation are presented in [1], [3] and [54].
The continuous approximant

Pz, +n§h) = 0(8)Yn—1 + ¥1(8)Yn
+ 1Y (GO FP@n-s + ) + () (Plan + b)) (212)

Yn+1 = P(anrl)a

expressed as linear combination of the basis functions

{<P0(S>a <P1(S)a Xj(s)a wj(s)a Jj= 1a2a"'am}a



is an algebraic polynomial which is derived in order to satisfy some inter-
polation and collocation conditions, i.e.

P(zn—1) = yn—1, P(Tn)=yn,
P'(zp-1 +cih) = f(xn-1 + cih, P(xp—1+ ch)), i=1,2,....m, (2.13)
P'(z, + cih) = f(zy + cih, Pz, +c;ih)), i=1,2,...,m.

As a first attempt, we have generalized in [33], [34] the techniques in-
troduced by Guillou-Soulé [43], Hairer—Wanner [46] and Lie-Norsett [60],
adapting and extending this technique to TSRK methods. Using the tech-
niques introduced in [60], we have derived in [34] the coefficients of (2.12)
in closed form: the corresponding results are reported in the following the-
orem (see [34]).

Theorem 2.5 The method (2.12) is equivalent to a TSRK method in the
form

Y =0yt + dr(e)yn + 0D fl@nr + cih, )

=1
+ (e fl@n +eh Y], G=1,...,m,

o1 =00Vt + 61Dy +h > DD F(@no1 + cih, Y1)
j=1

+ (1) f(@n + cih, Y,

o Jo M(7)dr
9o(s) = 10, M(r)dr

o fOSM(T)dT
d1(s) =1+ 1%, M(r)dr



2m s d 2m d
_ % o _ i = C;
o= 11 7=%  weo-Tlc-a. {§7%,
Jj=1,j#4 j=1
1=1,2,...,m,
i()* ﬁ S — € e; =¢ —1
i - e — € em+i = Ci, 1=1,2,...,m. O
i=1,i#j

We proved in [34] that the resulting methods have uniform order 2m+1
but such an high order enforces these methods to have bounded stability
regions only. For this reason, in order to derive highly stable methods (i.e.
A-stable and L-stable), we have introduced in [24,25,37] the class of almost
collocation methods, which are obtained in such a way that only some of
the above interpolation and collocation conditions are satisfied. Relaxing
the above conditions, we obtain more degrees of freedom, which have been
used in order to derive many A-stable and L-stable methods of order m+r,
r =0, 1, ..., m. Therefore the highest attainable order is 2m which, in prin-
ciple, can seem a loss in comparison with standard Runge-Kutta methods.
As a matter of fact, this is not true: in fact, Runge-Kutta-Gauss methods
have order 2m in the grid points, while the stage order is equal to m, there-
fore they suffer from order reduction in the integration of stiff problems
(see [11,12,46]), i.e. the effective order of convergence in presence of stiff-
ness is only m. Our methods, instead, do not suffer from order reduction,
i.e. the effective order of convergence in the integration of stiff problems
is 2m, because they have high stage order. In [37] we have studied the
existence of such methods, derived continuous order conditions, provided
characterization results and studied their stability properties. A complete
analysis of m-stage two-step continuous methods, with m = 1,2, 3,4, has
been provided in [38], while the analysis of the implementation issues for
two-step collocation methods has been provided in [39]. The construction
of algebraically stable two-step collocation methods is object of a current
research project.

3 Collocation methods for second order ODEs
of special type

We now concentrate our attention on the hystorical evolution of the
collocation technique for the numerical solution of initial value problems

10



based on second order ordinary differential equations with periodic and
oscillating solution

y/(.I) = f(x,y(x)), S [.Io,X],
y'(z0) = yp € RY, (3.1)
y(wo) = Yo,

where f : [z9, X] x R? — R? is assumed to be a is sufficiently smooth
function, in order to ensure the existence and the uniqueness of the solution.

3.1 Direct and indirect collocation methods

In the context of collocation methods for second order equations, two pos-
sibilities have been taken into account in the literature, i.e. methods based
on indirect or direct collocation [77]. Indirect collocation methods are gen-
erated by applying a collocation based Runge-Kutta method to the first
order representation of (3.1), which has doubled dimension. If

cl| A
b

is the Butcher array of a collocation Runge-Kutta method, the tableau of
the corresponding indirect collocation method is

c| A2

A*b
bT

which results in a Runge-Kutta-Nystrom method [45]. The theory of in-
direct collocation methods completely parallels the well-known theory of
collocation methods for first order equations (see [77]) and, therefore, the
properties of a collocation method are totally inherited by the correspond-
ing indirect collocation method. Thus, the maximum attainable order is
2m, where m is the number of stages, and it is achieved by Gauss-type
methods, which are also A-stable, while L-stability is achieved by Radau
ITA-type methods, of order 2m — 1.

In the case of direct collocation methods, the collocation polynomial
is derived directly for the second order problem. Van der Houwen et al.
in [77] studied the order, stage order of direct collocation methods and also
provided their stability analysis, extending the results of Kramarz [56].
Concerning order and stage order, the following result holds (see [77]):

Theorem 3.1 Direct and indirect collocation methods with the same col-
location nodes have the same order. The stage order of direct collocation

11



methods is one higher whenever

1 m
/ H(s —¢)ds = 0. O
0 =1

Therefore, while indirect and direct collocation methods have the same
order, their stage order is different and, in particular, direct methods have
higher stage order. However, they are not competitive in terms of stability.
Van der Houwen et al. in [77] clearly state that “From a practical point
of view, direct collocation methods based on Gauss, Radau and Lobatto
collocation points are of limited value, because the rather small stability
or periodicity boundaries make them unsuitable for stiff problems. The
A-stable indirect analogues are clearly more suitable for integrating stiff
problems”.

Moreover, Coleman [18] proved that no P-stable one step symmetric
collocation methods exist. P-stability (see Lambert-Watson paper [58])
is a very relevant property for the numerical treatment of a second order
system whose theoretical solution is periodic with a moderate frequency
and a high frequency oscillation of small amplitude superimposed. This
phenomenon is known in literature as periodic stiffness [75], which can be
reasonably faced using P-stable methods, exactly as A-stable methods are
suitable for stiff problems. In other terms, P-stability ensures that the
choice of the stepsize is independent from the values of the frequencies, but
it only depends on the desired accuracy [22,70].

In [58], the authors proved that P-stable linear multistep methods

p P
> s =h*Y ) Bifuss-
7=0 7=0

can achieve maximum order 2. In the context of Runge-Kutta—Nystrom
methods

Uni1 = Yo+ hyl+ 02D bif (@ + cih, Vi),
1=1
Yoir = U ThY_bif(wn +cih, Vo),
1=1
Yi = yotohy, + 1Y aifl@a+oh ), i=12..m,
j=1

many A-stable and P-stable methods exist, but the ones falling in the
subclass of collocation methods, whose coefficients (see [45]) are of the

12



form

aij = /0 L;(s)ds,

b = /OlLl-(s)ds,
b = /01(1_5)/:1-(5)615,

have only bounded stability intervals and are not P-stable [70].

3.2 Two-step Runge-Kutta-Nystrom methods

We have observed in the previous paragraph that P-stability is a desirable
property that only few methods in the context of linear multistep methods
and Runge-Kutta-Nystrom methods possess. In order to create a good
balance between high order and strong stability properties, further steps in
the literature have been devoted to the development of multistep Runge-
Kutta-Nystrom methods for second order problems. Much of this work
has been done by Paternoster (see [64,70-74]). In particular, the author
proved that no P-stable methods can be found in the class of indirect
collocation TSRK methods, while it was possible to find P-stable methods
in the context of two-step Runge-Kutta-Nystrom methods

}/j[nil] = Yn-1-+ th’yizfl + h’2 i a’jkf(xnfl + Ckh’a Yk[nil])a ] = 15 25
k=1
}/J["] = yn+cjh’y;1+h’2iaukf(xn+Ckh’ayk[n])a j:152a"'ama
k=1

Yn+1 = (1 - o)yn + oynfl + hi(vjy;zfl + wa;z)

j=1
+ h? i 0 f(zn—1+cjh, Yj["*”) +w; f(xn + csh, Yj["]),
j=1

Ynr = (L—0)y, +0y,_1 + hi(vjf(xn—l + ¢jh, 3/}"71])

j=1

+wf(wa +cih YY),

which represent the extension to second order problems of the two-step
Runge-Kutta methods introduced in [52] for first order problems.

13



3.3 Collocation based two-step hybrid methods

In the numerical integration of Second Order Inital Value Problems through
collocation, many possibilities can be taken into account: for example,
Runge-Kutta—Nystrom methods provide an approximation to the solution
and its first derivative at each step point. However, as Henrici observed
in [47], “If one is not particularly interested in the values of the first deriva-
tives, it seems unnatural to introduce them artificially”. For this reason,
other types of methods have been taken into account in the literature, i.e.
methods which provide an approximation to the solution without comput-
ing any approximation to the first derivative: these formulae are denoted
in literature as hybrid methods. Coleman introduced in [20] the following
class of two-step hybrid methods for second order equations:

Y = gy + (1= w)yn + 52D aij f@n +cih, Y™), (3.2)
j=1
i=1,...,m,
- 9 1—9 h2 , b,y 3.3
Yn+1 Yn—1 +( )yn + ’LUJf(.In + CJ g ) ( . )
j=1

This class of methods has been further investigated in [17,36,41, 78,
79]. In more recent times, we derived in [35] collocation based methods
belonging to the class of Coleman hybrid methods (3.2)-(3.3), extending the
technique introduced by Hairer and Wanner in [46] for first order problems.
The collocation polynomial takes the form

P(zn + sh) = 01(8)yn—1 + 02(8)yn + 1> D xj ()P (@n + c;h),  (3.4)
j=1
where s = #=%= ¢ [0, 1], and unknown basis functions
{<P1(S)a <P2(S)a Xj(s)a ] = 15 25 ceey m}a
are derived imposing the following m + 2 conditions

P(xnfl) = Yn-1, P(:En) = Yn,
P"(xy, + cjh) f(xn +cjh, P(xn+cjh)), j=1,...,m.

After computing the basis functions as solutions of m+ 2 linear systems
(see [63]), the resulting class of methods takes the following form

14



Y = ouleyn1 + palci)yn + 02> xi(c) P (wn + ¢sh), (3.5)
Jj=1

Uner = ©1(Dyn—1 + e2(V)yn + 52> x; ()P (zn +cjh).  (3.6)
j=1

In [35] we have provided the study of stability and periodicity properties
and derived continuous order conditions for (3.6)-(3.5), which are object of
the following result.

Theorem 3.2
Assume that the function f is sufficiently smooth. The collocation method

associated to (3.4) has uniform order p if the following conditions are sat-
isfied:

1= p1(s) —p2(s) =0, s+p1(s) =0,

s 4+ (=) (s) — k(k — 1) ij(s)c;?*? —o.

k=2...,p, s€l0,1].

Theorem 3.2 allows us to prove that every two-step collocation method
associated to (3.4), has order p = m on the whole integration interval, and
this is result is in keeping with [20].

3.4 Mixed collocation methods

The development of classical collocation methods (i.e. methods based on
algebraic polynomials), even if it is not the most suitable choice for second
order problems that do not possess solutions with polynomial behaviour,
is the first necessary step in order to construct collocation methods whose
collocation function is expressed as linear combination of different func-
tions, e.g. trigonometric polynomials, mixed or exponential basis (see, for
instance, [21,50]), which can better follow the qualitative behaviour of the
solution. It is indeed more realistic to choose basis functions which are not
polynomials.

Many authors have considered in literature different functional basis,
instead of the polynomial one, e.g. [8,19,22,36,40,42,50,55,67,69,71,73,76].
In particular we mention here the work by Coleman and Duxbury [21],
where the authors introduced mixed collocation methods applied to the
Runge-Kutta-Nystrom scheme, where the collocation function is expressed

15



as linear combination of trigonometric functions and powers, in order to
provide better approximations for oscillatory solutions. The methods are
derived in order to exactly integrate the armonic oscillator

y' =k,

where k is a constant, a feature which is not achievable by algebraic poly-
nomial collocation. The term mixed interpolation appeared for the first
time in [40] to describe interpolation by a linear combination of a sine and
cosine of a given frequency, and powers of the relevant variable, and later
used by Brunner et al. in [8] in the context of Volterra integral equations.
The solution on the generic integration interval [x,,, €, +1] is approximated
by the collocating function

m—1
u(xy, + sh) = acosfs + bsin fs + Z s’ (3.7)
i=0

which satisfies the following collocation and interpolation conditions
u(Tn) = Yn, U (2n) = Yn,
u'(zp+cjh) = flan +cjh,u(zn+¢h)), j=1,...,m.

Integrating (3.7) twice, we obtain the Runge-Kutta-Nystrom formulation
of the methods, i.e.

u(zn+sh) = 1y, + hz i (8) fate; s
i=1
uw(x, +sh) = yn +shyl, +h? Z Bi(8) frte: s
i=1

where
ozl-(s):/0 L;(7)dr, Bi(s) :/0 (s = 7)L;(7)dr.

Outside collocation, many authors derived methods having frequency de-
pendent parameters (see, for instance, [50,55,68,76] and references therein
contained). The linear stability analysis of these methods is carried out
in [22]. In [36] also a method with parameters depending on two frequency
is presented, and the modification in the stability analysis is performed,
leading to a three dimensional region.

4 Collocation methods for VIEs

Piecewise polynomial collocation methods for VIEs introduce a number of
aspects not present when solving ODEs. In this section we will present the
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main results in the context of collocation and almost collocation methods
for VIEs of the form

y(x) = g(x) + /Omk(x,T,y(T))dT z el :=][0,X], (4.1)

where k € C(D x R), with D := {(z,7): 0 <7<z < X}, and g € C(I),
also underlying connections and differences with the case of ODEs.

4.1 Classical one—step collocation methods

Let us discretize the interval I by introducing a uniform mesh
I, ={z,:=nh,n=0,..,N, h>0,Nh=X}.
The equation (4.1) can be rewritten, by relating it to this mesh, as

y(x) = Fn(x) + (I)n(x) RS [xm anrl]a

x

where F,,(z) := g(z) —|—/Omnk(3:, 7,y(7))dr and ®,,(z) := / k(z,7,y(r))dr

Tn

represent respectively the lag term and the increment function. Let us fix
m collocation parameters 0 < ¢; < ... < ¢, < 1 and denote by x,; =
Zn + c;h the collocation points. The collocation polynomial, restricted to
the interval [z, 2,+1], is of the form:

Un(@n +sh) =3 Lij(s)Un; s€[0,1] n=0,.,N—1 (4.2)

j=1

where L;(s) is the j —th Lagrange fundamental polynomial with respect to
the collocation parameters and U,; := un(xn;). Ezact collocation meth-
ods are obtained by imposing that the collocation polynomial (4.2) ex-
actly satisfies the VIE (4.1) in the collocation points x,; and by computing

Yntl = Un(Tpy1):

Yni1 = Zle(l)Unj (4.3)
J:

where
n—1 1
Fri = g(xn;) + hZ/ k(zni, x, + shyu,(x, + sh))ds i=1,...m (4.4)
v=0"0
D, = h/ k(zni, Tn + shyup(z, + sh))ds i=1,...,m. (4.5)
0
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Note that the first equation in (4.3) represents a system of m nonlinear
equations in the m unknowns U,;. We obtain an approximation u(zx) of
the solution y(x) of the integral equation (4.1) in [0, X], by considering

u($)|(mn,mn+1] = up(z) (4.6)

where u, (x) given by (4.2).
We recall that, in contrast with what happens in the case of ODEs,
generally u(x) is not continuous in the mesh points, as

u(z) € S5 (In), (4.7)
where

Sgd>(1h):{vecd(1); | €11, (ogngN_m}.

’U|(mn,mn+1
Here, IT,, denotes the space of (real) polynomials of degree not exceeding p.
A complete analysis of collocation methods for linear and nonlinear Volterra
integral and integro—differential equations, with smooth and weakly singu-
lar kernels is given in [7]. In particular, as shown in [7,10], the classical
one-step collocation methods for a second-kind VIE do no longer exhibit
O(h?™) superconvergence at the mesh points if collocation is at the Gauss
points, in fact they have uniform order m for any choice of the collocation
parameters and local superconvergence order in the mesh points of 2m — 2
(m Lobatto points or m—1 Gauss points with ¢,, = 1) or 2m—1 (m Radau
IT points). The optimal order is recovered only in the iterated collocation
solution.

We observe that, differently from the case of ODEs, the collocation
equations are in general not yet in a form amenable to numerical com-
putation, due to the presence of the memory term given by the Volterra
integral operator. Thus, another discretisation step, based on quadrature
formulas F,,; ~ F,; and ®,; ~ ®,; for approximating the lag term (4.4)
and the increment function (4.5), is necessary to obtain the fully discretised
collocation scheme, thus leading to Discretized collocation methods. Such
methods preserve, under suitable hypothesis on the quadrature formulas,
the same order of the exact collocation methods [10].

The connection between collocation and implicit Runge-Kutta methods
for VIEs (the so called VRK methods) is not immediate: a collocation
method for VIEs is equivalent to a VRK method if and only if ¢,, =1 (see
Theorem 5.2.2 in [10]). Some other continuous extensions of Runge-Kutta
methods for VIEs, which do not necessarily lead to collocation methods,
have been introduced in [5].

Many efforts have been made in the literature with the aim of obtaining
fast collocation and more general Runge-Kutta methods for the numerical
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solution of VIEs. It is known that the numerical treatment of VIEs is
very expensive from computational point of view because of presence of
the “lag-term”, which contains the entire history of the phenomenon. To
this cost, it has also to be added the one due to the “increment term”
which leads, for implicit methods (generally possessing the best stability
properties), to the resolution of a system of nonlinear equations at each
step of integration. In order to reduce the computational effort in the lag—
term computation, fast collocation and Runge-Kutta methods have been
constructed for convolution VIEs of Hammerstein type, see [14,27,61,62].

The stability analysis of collocation and Runge-Kutta methods for VIEs
can be found in [4,10,15,31] and the related bibliography. In particular a
collocation method for VIEs is A-stable if the corresponding method for
ODEs is A-stable.

4.2 Multistep collocation

Multistep collocation and Runge-Kutta methods for VIEs, have been in-
troduced in order to bring down the computational cost related to the res-
olution of non-linear systems for the computation of the increment term.
As a matter of fact such methods, showing a dependence on stages and
steps in more consecutive grid points, permit to raise the order of conver-
gence of the classical methods, without inflating the computational cost or,
equivalently, having the same order at a lower computational cost.

A first analysis of multistep collocation methods for VIEs appeared
in [29,30], where the methods are obtained by introducing in the collocation
polynomial the dependence from r previous time steps; namely we seek for
a collocation polynomial, whose restriction to the interval [, 2,+1] takes
the form

r—1 m
Po(n+sh) =Y op()yn—r+ Y _ ()Y, s€[0,1], n=0,..,N-1,
k=0 j=1

(4.8)
where

and ¢k (s), ¥;(s) are polynomials of degree m+r—1 to be determined by im-
posing the interpolation conditions at the points @, _, that is u, (z,—x) =
Yn—k, and by satisfying (4.9). It is proved in [26, 28] that, assuming ¢; # c;

19



and ¢1 # 0, the polynomials ¢g(s), ¥;(s) have the form:

m .
wrs) = IT == 11 255

ik 4.10
w(s)zrﬁls_ﬂ.ﬁﬂ ( )
! im0 G ST
i#J

The discretized multistep collocation method is then obtained by im-
posing the collocation conditions, i.e. that the collocation polynomial (4.8)
exactly satisfies the VIE (4.1) at the collocation points x,;, and by com-

puting Y41 = Pp(Tnt1):

= u 4.11
poit = 3 Ui+ 365 (1)Ya, )
k=0 j=1
The lag—term and increment-term approximations
B n—1 p1
Fi = g(@ni)+h Y bik(wni, 2,+&h, Py(v,+&h) i=1,..,m (4.12)
v=0 1=0
B 1220)
Cpi =h > witk(Tni, o + dith, Po(xn +dgh)) i=1,..,m  (4.13)
1=0
are obtained by using quadrature formulas of the form
(é.l; bl)‘luzlla (dila wil)‘luzola 1= 15 U (414)

where the quadrature nodes & and d;; satisfy 0 < & < ... < &, <1 and
0 <dn < .. <diyy <1, o and p; are positive integers and wy;, b; are
suitable weights.

The discretized multistep collocation method (4.8)-(4.11) provides a
continuous approximation P(z) of the solution y(x) of the integral equation
(4.1) in [0, X], by considering

P(x)|(mmmn+l] = P,(z) (4.15)

where P, (x) is given by (4.8). We note that usually the polynomial con-
structed in the collocation methods for VIEs doesn’t interpolate the nu-
merical solution in the previous step points, resulting a discontinuous ap-
proximation of the solution (4.7). In this multistep extension, the colloca-
tion polynomial is instead a continuous approximation to the solution, i.e.

u(z) € S (1)
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The discretized multistep collocation method (4.8)-(4.11) can be re-
garded as a multistep Runge-Kutta method for VIEs:

_ Mo r—1 m
Yoi = Fu(zn:) +h Y wak (xn +eith, Tn+dih, Y YikYn—k + Zﬁuﬁﬁu)
=1 k=0 =1

3

r—1 m
Ynt1 = 2 Oktn—k + D NjYa,
k =1

=0
(4.16)
where
B n—1 p1 r—1 m
Fo(x) = g(x) +hzzblk z, x, +&§ih, 5lkyufk+z77ljyu,j
v=0 |=1 k=0 j=1
(4.17)
and

ei = ¢y Yk = er(din), Buj = ¥;(di),
ok = wk(l)a )‘J = wj(l)a
ok = er(&), my = ¥i(&)-

The reason of interest of the multistep collocation methods lies in the
fact that they increase the order of convergence of collocation methods
without increasing the computational cost, except for the cost due to the
starting procedure. As a matter of fact, in advancing from x,, to z,41, we
make use of the approximations y,—x, kK =0, ...,7 — 1, which have already
been evaluated at the previous steps. This permits to increase the order,
by maintaining in (4.11) the same dimension m of the nonlinear system
(4.3).

The r—steps m—points collocation methods have uniform order m + r,
and order of local superconvergence 2m+r—1. The knowledge of the collo-
cation polynomial, which provides a continuous approximation of uniform
order of the solution, will allow a cheap variable stepsize implementation.
Indeed, when the stepsize changes, the new approximation values can be
computed by simply evaluating the collocation polynomial, without run-
ning into problems of order reduction, as a consequence of the uniform
order.

4.3 Two—step collocation and almost collocation meth-
ods

Unfortunately multistep methods of the form (4.8)-(4.11) do not lead to
a good balance between high order and strong stability properties, infact,
altough methods with unbounded stability regions exist, no A-stable meth-
ods have been found. Therefore in [30] a modification in the technique has
been introduced, thus obtaining two-step almost collocation methods, also
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for systems of VIEs, by relaxing some of the collocation conditions and
by introducing some previous stage values, in order to further increase
the order and to have free parameters in the method, to be used to get
A-stability.

The methods are defined by

P(x,, 4 sh) = @o(8)Yn—1 + ©1(5)yn + Z X (8)P(wn-1,5)
+ i ¥ (s) (Fnj + ‘i’nj)), (419

Yn+1 = P(anrl)a

s€(0,1],n=1,2,....,N —1.
If the polynomials ¢o(s), @1(s), x;(s) and ¥;(s), j = 1,2, ..., m satisfy
the interpolation conditions

©0(0) =0, ¢1(0) =1, x;(0) =
wo(=1) =1, p1(=1) =0, x;(=1)

and the collocation conditions

wo(ci) =0, p1(ci) =0, xj(ei) =0, Yi(ei) = dij,
polci—=1)=0,  pi(c;=1)=0, xj(ci—=1)=6;5, (e —1)=0,

i=1,2,...,m, then we obtain order p = 2m + 1.

In our search for A-stable methods we will have been mainly concerned
with methods of order p = 2m — r, where r = 1 or r = 2 is the number of
relaxed conditions. Namely we for p = 2m + 1 —r, r = 1,2, have chosen
©o(s) as a polynomial of degree < 2m+1—r, which satisfies the collocation
conditions

wolei) =0, i=1,2,...,m. (4.19)
This leads to the polynomial ¢g(s) of the form
@o(s) = (g0 + @15 + ..+ Gmyr—rs™ ) H (s —ci), (4.20)
i=1

where qg, q1, ..., gm+1—r are free parameters. Moreover, for p = 2m — 1 we
have chosen ¢1(s) as a polynomial of degree < 2m — 1 which satisfies the
collocation conditions

v1(c;) =0, i=1,2,...,m. (4.21)
This leads to the polynomial ¢1(s) of the form
©01(s) = (po + p15+ .. + Pu_15™ ) H (s —¢), (4.22)
i=1
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where pg, p1,...,pm—1 are free parameters.

The methods have uniform order of convergence p = 2m — r, and are
therefore suitable for an efficient variable stepsize implementation. More-
over methods which are A-stable with respect to the basic test equation
and have unbounded stability regions with respect to the convolution test
equation have been provided.

4.4 Mixed collocation

In the case of VIEs with periodic highly oscillatory solutions, traditional
methods may be inefficient, as they may require the use of a small stepsize in
order to follow accurately the oscillations of high frequency. As in the case
of ODEs “ad hoc” numerical methods have been constructed, incorporating
the a priori knowledge of the behaviour of the solution, in order to use wider
stepsizes with respect to classical methods and simultaneously to simulate
with high accuracy the oscillations of the solution.

A first work on the numerical solution of VIEs with periodic solution
is [6], where numerical methods were constructed by means of mixed in-
terpolation. Recently, mixed collocation methods have been introduced
in [8,9] for VIEs and VIDEs. In particular in [8], mixed collocation meth-
ods have been introduced for linear convolution VIEs of the form

x

va) =g+ [ Ko-ydn selo.Xl  (@2)
with

y(.I) = 1/’(33)a T e [—OO, O]a
where k € L'(0,0), g is a continuous periodic function and v is a given
bounded and continuous function. The collocation polynomial is taken in
the form

m

Py + sh) = 3 Bi(s)Yax
k=0

where the By (s) are combinations of trigonometric functions and algebraic
polynomials given in [8]. The numerical method is of the form

Yn+1 = Z;cn:O Bk(l)Yn,k ’
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where the lag-term and increment term approximations are given by

0 n—1 m
Fni - g(xnl) + / k(xnl - T)‘/’(T)dT + h Z Z wl(l)k(xnj - xl/,lPu(xu,l)
—o0 v=0 =0
®,,; = he; Z wi(1)k(xp; — xn — heicy) (Z Bk(cicl)Yn7k>
1=0 k=0

with s
wﬂs):/o By(7)dr.

With some suitable choices for collocation parameters such methods accu-
rately integrates systems for which the period of oscillation of the solution
is known. In the paper [16] the authors introduce a family linear methods,
namely Direct Quadrature (DQ) methods, specially tuned on the specific
feature of the problem, based on the exponential fitting [49, 50], which is
extremely flexible when periodic functions are treated. Such formulae are
based on a three-term quadrature formula, that is of the same form as the
usual Simpson rule, but specially tuned on integrands of the form &(s)y(s)
where k and y are of type

k(z) = e**, y(x) = a + beos(wx) + esin(wz), (4.25)

where o, w, a,b, c € IR. The coefficients of the new quadrature rule depend
on the parameters of the integrand, i.e. @ and w. It has been shown as the
use of exponentially fitted based three-point quadrature rules produces a
definite improvement in the accuracy when compared with the results from
the classical Simpson rule, and that the magnitude of the gain depends on
how good is the knowledge of the true frequencies. The results also indicate
that, as a rule, if the input accuracy is up to 10 percent, then the accuracy
gain in the output is substantial.

5 Conclusions and future perspectives

In this paper we have described, at the best of our knowledge, some of the
collocation methods appeared in the literature for ODEs and VIEs. Some
interesting properties of collocation-based methods are, in our opinion, still
to be exploited. For instance, the knowledge of the collocation function
on the whole interval of integration might allow cheap and realiable error
estimators, to be used in a variable stepsize-variable order environment,
also for problems with delay. Therefore, although collocation technique is
an old idea in Numerical Analysis, we strongly believe that it will constitute
building blocks for the development of modern software for an efficient and
accurate integration of evolutionary problems.
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