Jagiellonian University

Faculty of Mathematics and Computer Science

Institute of Computer Science and Computational Mathematics

A dissertation submitted for the degree
Doctor of Philosophy in Computer Science

Robert Szczelina

Rigorous integration of
Delay Differential Equations

Supervisor:
prof. dr hab. Piotr Zgliczynski

Krakow, 2014



Acknowledgments

I would like to thank my supervisor, Professor Piotr Zgliczynski, for all his invaluable
advices, discussions and effort he put into leading me to my PhD dissertation.

I am extremely grateful to my Family, especially my Mom and Dad for their constant
support thorough all the way of my education.

I would like also to thank Marzena for her love, patience and a lot of support during all
years of the PhD studies.

This research was supported in part by NCN grant no. 2011/03/B/ST1/0478 and by
the SSDNM joint PhD programme co-financed by the European Social Fund through the
Operational Programme Human Capital.

Podziekowania

Chciatbym podziekowaé¢ mojemu opiekunowi, profesorowi Piotrowi Zgliczynskimu, za wszys-
tkie cenne rady, wskazéwki i dyskusje oraz za wysitek wlozony w poprowadzenie mnie w
tej pracy.

Chciatbym wyrazi¢ niezmierna wdziecznosé dla mojej rodziny, szczegdlnie moim rodzicom,
za ich nieustajace wsparcie w trakcie trwania catej mojej edukacji.

Chciatbym takze podziekowaé¢ Marzenie za jej mitos¢, cierpliwosé i wiele wspracia podczas
trwania catych studiéw doktorskich.

Ta praca zostata w czesci sfinansowana z grantu NCN o numerze 2011/03/B/ST1/0478 oraz
z programu Srodowiskowych Studiéw Doktoranckich z Nauk Matematycznych (SSDNM)
wspotfinansowanego przez Unie FKuropejska w ramach Programu Operacyjnego Kapital
Ludzki.



1o my parents

moim rodzicom



Contents

Introduction

1.1 Motivation . . . . . . . . . e e e e e e e e
1.2 Results of this work . . . . . . . . . . ...
1.3 Organization of thiswork . . . .. . ... ... .. L Lo
1.4 Notation . . . . . . . . . e e

Preliminaries

2.1 Delay Differential Equations . . . . . . ... .. ... L.
2.2 Statement of the problem . . . . . .. .. ... o oL
2.3 Poincaré maps . . . . . ...
2.4 Exemplary problem for consideration . . . . . . .. ... ... ... ... ..

Rigorous integration of Delay Differential Equation

3.1 Taylor representation of piecewise smooth functions . . . ... .. ... ..

3.2 Integrator . . . . . ..
321 Theshiftpart . . . . . . . o
3.2.2  The forward part - computing :T;,l1 ...................
3.2.3 The forward part - computing remainder . . . . ... ... ...
3.2.4  The forward part - computing valueof z att=h . . . .. . ... ..
3.2.5 Altogether . . . . . . .. L
3.2.6 Expanding the representation . . . . . ... ... ... ...

3.3 Numerical experiments . . . . . . . . ...

Reducing the ,Wrapping Effect”: Lohner set representation

4.1 The Lohner algorithm for DDEs. . . . . . .. .. ... ... .. ... ....

4.2 Jacobian of the numerical method & . . . . . .. ... ... ... ... ..

4.3 Jacobian of a Poincaré map . . . . . . . .. ... Lo
4.3.1 Reduced Poincaré map and it’s Jacobian matrix. . . . . . . . .. ..
4.3.2 Correction to the Jacobian of the Poincaré Map . . . . . . ... ...

4.4 Doubleton Lohner set performance in rigorous DDE integration . . . . . . .

Ot U = W W

S © ooy D

12
18
21
22
23
25
25
28
28



5 Poincaré maps for DDEs 77

51 First e-method . . . . . . . . .. 79
5.2 Second e-method . . . . . ... 81
5.3 Comparison of the e-step methods . . . . . . . .. ... ... ... . .... 89
5.4 Discontinuity issues of e-methods . . . . . . . .. ... L. 93
6 Conclusions and the future work 94



Chapter 1

Introduction

1.1 Motivation

Delay Differential Equations (DDEs) are a type of differential equations in which the deriva-
tive of the function in a current time depends on one or more values of the function in the
past. DDEs gained wide interest because they are perfectly suited to model systems with
aftereffect (time lag) - systems which play an important role in many applied fields of sci-
ence like biology, engineering and the control theory. In particular, they may be used to
model real life phenomena such as: transport lags between two compartments in living cells;
population dynamics that include maturation times; aspects of control theory where control
signals must pass some distance between the controller and the controlled device; to name
only the few. One can find large number of examples in the literature ([9, 11] and references
therein): from describing several aspects of infectious disease dynamics [5], drug therapy
[17], immune response [6, 31|, chemostat models [36], circadian rhythms [20], epidemiology
[7], the respiratory system [25], tumor growth [26] and neural networks [4, 30]. Statistical
analysis of ecological data [23, 24| has shown that there is evidence of delay effects in the
population dynamics of many species.

The advantage of using DDEs lies in the fact that one can create very simple models
(even with a single variable) which produce rich dynamical behavior that can be reasonably
explained using small number of parameters. The reason for this is that the dynamical
behaviour generated by DDEs can be seen as infinite dimensional. Thus, by introducing a
few variables and parameters one can obtain dynamical system in a very big phase-space.
Moreover, we can tract solutions in the basic variables which is advantageous in contrast to
simplifying methods for large systems of ODEs [10], which may lose important informations.

There are many extensively studied classes of solutions to DDEs such as stationary
solutions and periodic orbits. It is also important to investigate other dynamical properties
of DDEs such as connecting orbits (between stationary points and/or periodic orbits) that
can reveal (part of) the structure of (global) attractors and invariant manifolds, which



together constitute the image of the full dynamics of the system and dictates its possible
behaviour for the long time evolution. Those properties are usually studied numerically,
but rigorous, mathematical proofs for their existence is often limited to the simplest cases,
where solutions can be computed analytically.

In recent years there were many important applications of computer assisted proofs of
various dynamical properties in discrete maps, ordinary differential equations (ODEs) and
(dissipative) partial differential equations (PDEs), see for example [29, 28, 12, 21, 34, 27|
and references therein. By the computer assisted proof we mean a computer program which
rigorously check assumptions of abstract theorems about the existence of some dynamical
property. In this work we are going to extend this rich theory to the case of DDEs by
creating a rigorous integration scheme for DDEs with bounded delays. By the rigorous
integration we understand a computer procedure which produces strict bounds for the
solution - in this case a finite set of representable numbers B which describes a subset B
of some functional space with a property that a real solution z(¢) to a given DDE system
belongs to B. Such a rigorous integrator may then be used in computer assisted proofs
of many dynamical properties such as the existence of stationary points, periodic orbits,
homo- or hetero- clinic connections and chaos.

1.2 Results of this work

We have created rigorous numerical algorithms to compute enclosures for the solutions to
scalar DDEs with single, bounded, constant delay of the form & = f (z(t — 1), z(t)). We
have proved their correctness and we measured their performance on the exemplary DDEs.
The methods are very promising, as they exhibit strong contraction on the estimates for
high order derivatives of the solutions, and this allow to represent the solutions by the finite-
dimensional representation. Moreover, we have developed algorithms to compute Poincaré
maps associated with a given DDE, that may be used in the computer assisted proofs of
periodic orbits both stable and unstable ones. To our knowledge the rigorous integration
of DDEs is a new subject not studied extensively yet, and we do not know of currently
available rigorous integrator designed for DDEs.

There are several works that deals with the rigorous numerics for periodic solutions to
DDEs, see [13, 32| but the approach used there is very different from the presented work.
Those mentioned works concentrate on the expansion of the periodic solutions into Fourier
series and then on solving some algebraic equations. There is no notion of the rigorous
integration and the applicability of those methods is restricted to prove the existence of
periodic solutions. The rigorous integration presented in this work may be used to prove the
existence of periodic solutions but also for connecting orbits and other dynamical properties,
for which it is necessary to integrate solutions forward in time.



1.3 Organization of this work

The paper is organized as follows: in Chapter 2 we gather all necessary notations regarding
DDEs and we present some well-known facts about solutions to DDEs, together with a
short review of currently available theoretical literature on this subject. We also present
interesting examples that were shown to generate complex dynamical behaviour. Those ex-
amples will be used to test our methods. Chapter 3 is devoted to the fixed step size method
for fast and rigorous computation of numerical solutions to DDEs with bounded delays.
We present methods and discuss its performance on exemplary systems. In Chapter 4 we
present strategy for reducing the wrapping effect during long integrations, based on similar
strategy for ODEs proposed by Lohner. We also compare the performance of Lohner sets
and basic interval set arithmetic. In Chapter 5 we present two alternative algorithms for
computing representations after an arbitrary time step smaller than basic, fixed step size
of the integrator from Chapter 3 - those methods are used to construct Poincaré maps. We
discuss advantages and disadvantages of those methods and we assess their performance. In
the last Chapter 6 the work is summarized and possible future directions for development
are proposed.

1.4 Notation

In this work we use the following notation. For a function f : R — R, By f*) we denote
k-th derivative of f. By f*! we denote the term % - f®) . By f/(t7) and f'(t*) we denote
the left-hand side and right-hand side derivative of f w.r.t. t respectively.

For F' : R™ — R"™ by DF(z) we denote the matrix (gfj <Z))' {L.n}je{l,.om} L
1€1,..,np,0€1,...m

Jacobian matrix of the function F' computed at the point z € R™,

Let A =117, [ai, bi], for a; < b;, a;, b; € R. We call A an interval set (a product of closed
intervals in R™). For two sets A C R" and B C R™ we denote by [A4, B] a minimal interval
set, such that AUB C [A, B]. In case of A and B being closed intervals in R, then [A, B] is
an interval [min(A U B), max(A U B)]. For sets A C R, B C R, a € R and for some binary
operation ¢ : RxR — R we define AoB ={aob:a € A,be€ B} and acA = Aca = {a}cA.
Analogously, for f: R — R and a set A € R we define f(A) = {f(a):a € A}.

Let D C R be a compact set and let denote by C" (D, R) the space of all real valued func-
tions of class C" over D equipped with standard supremum norm: || f|| = Y-1_, supcp | F@ (2)].

Let 7 € R such that 7 > 0. By C*(7), k € {0,1,2..., 00}, we denote space C*([—T, 0], R).
In case of 7 = 1 we will abuse notation and we will denote C*(1) by C* for simplicity.

For a given function z : [-7, +00) — R™ we denote by z; a function in C*([—7,0],R)
such that z4(s) = z(t + s) for all s € [-7,0].

For v € R" by muv for i € {1,2,..,n} we denote the projection of v onto the i-th
coordinate. For vectors u,v € R™ by (u,v) we denote the standard scalar product: (u,v) =

n
Doim1 TV U




Chapter 2

Preliminaries

2.1 Delay Differential Equations

In this work we are going to deal only with bounded delays and we will work with scalar
equations. All theorems may be extended to higher dimensions.
The most general form of the DDE with bounded delays is [3, 8]:

where for 0 < 7 € R, we have 2; € CY(7) and f : R x C°(7) — R is a given function. In
this context & stands for a right-hand-side derivative of x w.r.t. time ¢.
The initial value problem (IVP) is naturally given by:

&= f(t,x), t=>0, (2.2)
#(t) = (1), te[-r0) |

where 9 : [—7,0] — R is called an initial function. Please notice that, in general, function
1 need not to be continuous. This is the case in many areas of research like control theory
or neural networks where initial conditions are often step functions.

We assume that for each interval I C R, I = [a,b], a < b and each continuous function
w: [~ 4 a,b] — R the function f(t) = f(t,us) is integrable on the domain I.

The following definitions are natural.

Definition 1 The function u : [—7+a,b] — R" is called a solution of (2.1) on the interval
I = [a,b] if u is continuous on I and

u(t) = u(a) —i—/ f(s,us)ds (2.3)

holds for all t € [a,].



Definition 2 The function u : R — R is called a full solution of (2.2) if u is a solution of
(2.1) on each interval [a,b] C R, a < b and ug = 1.

For a given v we denote by x¥ the solution of (2.2) for a given initial data 1), that is a
solution to (2.1) interval [—7, b] for the largest possible b € R.

As in case of ODEs, stationary and periodic solutions are an important classes of so-
lutions. In the case of stationary solutions we look for functions x : R — R for which we

have:

f(z,z:) =0, VteR. (2.4)
If f(u,ut) =0 then u; = 4 for some @ € R and all ¢ > 0, but we are not able, in general,
to expand it to t < 0. In spite of this, the following definition is natural:
Definition 3 The function u is called a stationary solution of (2.2) if u is a full solution
of (2.2) and for each t € R u(t) =4 € R, 4 = const.
We see that if a solution u(t) = u for all ¢ € R, then it must be that f(u,u;) = 0.

In the case of periodic solutions we have:

Definition 4 The function u is called a periodic solution of (2.2) if u is a full solution of
(2.2) and there exist T > 0 (called a period) such that u(t) = u(t+1T) for each t € R. The
smallest period T for a periodic solution u is called a basic period.

Let assume now that ¢ € C°(7). Then we can define natural (local) semiflow ¢ in
CY(7) induced by (2.1) by

©:CU7) xRy 3 (1,1) — zf € COr). (2.5)

Thus the problem of finding solutions to DDEs reduces to investigating (local) semiflows

in an infinite dimensional phase-space C°(7).

Remark 1 If u(t) is a stationary solution of (2.2) then wugy is a fixed point of the corre-
sponding semiflow p. If u(t) is a periodic solution of (2.2) then {u;}ier is a periodic orbit
of the corresponding semiflow .

Notice that the general form of problem (2.2) allows for various forms of the r.h.s f(¢, x¢).
The function f may even consist of integrals e.g. fET x¢(s)ds as in Voltera integral formulas
[19]. However in many practical and interesting cases it suffices to restrict investigations to
the autonomous DDEs with several discrete delays 0 < 7; < 7 of the form:

&= flx@),z(t —71), 2t — 7)), f:R™ SR xcR. (2.6)
The simplest form will be
i = f(z(t),z(t—7)), f:R*=R,zeR. (2.7)

This formulation of the problem (2.6) is until now one of the most studied. Yet, there can
still be found systems with surprising dynamical behaviour [14]|. Thus, it is still important
to investigate such systems, especially for a strongly non-linear r.h.s f.



2.2 Statement of the problem

In this work we study the following question: will it be possible to rigorously integrate (2.7)
(or the corresponding semiflow) to obtain finite dimensional representation of the solution of
quality good enough to verify assumptions of abstract theorems about existence of dynamical
properties of the system?

The exact meaning of this short sentence is as follows:

1. By a finite representation of a function f we understand a finite collection B of
computer-representable numbers that unambiguously defines a subset B of some func-
tional space such that f € B;

2. By the rigorous integration we understand a computer procedure ®. that, given a
representation A of x;, produces strict bounds in the same representation for the
solution to (2.7) after time ¢ = ¢, that is if B = ®.(A) then z44. € B,

3. By the dynamical properties of the system we mean for example the existence of
stationary points, periodic orbits, connecting orbits, symbolic dynamics, structure of
the attractors, chaos, etc.;

4. By abstract theorems we mean theorems such as: the Brouwer theorem, the Conley
Index, Covering Relations[33], etc. Usually, application of the mentioned theorems
requires construction of the time-shift map (or a Poincaré map) P(z) = ¢ (z,ty(z)),
which is done by the recursive application of the single-step method ,;

To apply theorems mentioned above we need the compactness of the map P. It turns
out that in the case of DDEs the compactness of a map P is not a problem at all as long as
the solutions stays bounded. The real problem is to get apropriate bounds on the high-order
derivatives of the solutions to the equation (2.7). Moreover, when it comes to investigate
the dynamics of the map P by a finite, rigorous approximation it is also essential that we
get contraction on their bounds (this is one of the requirements we mean by the sentence
the quality good enough in the statement of the problem). In the following of this work we
will focus on those underlined goals.

The compactness of the time shift map P comes from the smoothing of the solutions to
DDESs and the following lemma which is a direct consequence of the Arzela-Ascoli Theorem:

Lemma 2 Let D C C™(7), be closed, bounded. Assume that for x € D, 2" egists and
|lz" | < M. Then D is compact (in C™-norm,).

To simplify things, let assume that ¢,(z) = 7 for all z, that is P(x¢) = z, where

- (t) = 20(0) + 3 [z (s),20(s))ds, te[-,0], (2.8)



wherever the integral exists. If the r.h.s. f of equation (2.7) is smooth enough then for
zg € C™(7) we have P(zg) = x, € C"T!(7). Thus, if z(t) is a bounded solution to (2.7),
that is |x(t)| < My for all ¢ and some My € R then using time-shift map P we can guarantee
that 2(¢) has uniform bounds for derivatives up to n + 1 for ¢ sufficiently large. Thus, by
Lemma 2, the map P is compact in any C™-norm. The same is essentially true for any ¢,
as long as t,(x) > 7 but the considerations in this case are very technical. We will discuss
this issue in more detail in Section 5.4.

2.3 Poincaré maps

A standard tool used in proving the existence of periodic orbits both in analytical consid-
eration and in computer assisted proofs are the Poincaré maps, which are a special case of
time-shift maps mentioned in previous section. Below we recall basic definitions concerning
Poincaré sections and Poincaré maps. We also relate problem of finding periodic solutions
in dynamical systems to finding stationary points for Poincaré maps defined for suitable
sections. For simplicity we restrict ourselves to linear sections.

Definition 5 Let V be a vector space over R and let s : V — R, s # 0, be a linear map
and let a € R. We call the set S = {x € V : s(z) = a} an (s,a)-section. If s and a are
known from the context we will simply call the set S the section.

Remark 3 If dim(V) =n then S is an (n — 1)-dimensional hyper-surface in the space V.

Definition 6 Let V be a vector space over R, let p(z,t) be a (semi)flow in V and let S be
some (s,a)-section in V. Define D C V such that for each xo € D there exist the smallest
time ty(xo) > 0 such that

o (30, tyl0) € S (2.9)

We call t, : D — R a Poincaré return time.

Definition 7 Let S be a (s,a)-section and let B C S be such that t, is defined on B. We
say that ¢ s transversal to S on B iff there exist € > 0 such that for each x € B the curve
o (z, [tp(z) — e, tp(x) +€]) intersects B transversally, that is %s (p(z,t)) > 0 (respectively
<0) for allt € [ty(z) —e,ty,(x) + €.

Definition 8 Let V' be a vector space over R, let p(x,t) be a (semi)flow in V and let S be
some (s,a)-section in V. Let B C S be such that t, is defined on B and ¢ is transversal to
S on B. Then the map
P,p:B—S (2.10)

defined by

P, p(x) = o(z,tp(x)), z€B (2.11)
15 called a Poincaré map. We skip subscripts p and B when they are known from the context
and we simply write P(z) = ¢(z,ty(x)).



We see that the question of the existence of periodic orbits in (semi)flows may be stated
as a problem of existence of fixed points of some Poincaré maps. Namely if we have a fixed
point xo of the Poincaré map P, P(xo) = x¢, then the function x(t) = ¢(z,t) is periodic
with the basic period T = t,(x0).

In the next section we present an interesting application of the Poincaré map to a
problem of finding periodic solutions in some DDE and we present sample problems on
which we are going to test our rigorous integration procedure.

2.4 Exemplary problem for consideration

Here we will present a sample problem investigated by Krisztin and Vas in their work [14].
We propose variant of this problem with smooth r.h.s for which analytical computations
are too difficult to carry out by hand and for which we may use the rigorous integrator
presented in the remainder of this work.

Consider the following equation:

2'(t) = —x(t) + f (x(t — 1)), (2.12)
where:
-7 ifz<-1
flx)=<X0 ifze(-1,1) (2.13)
7 ifz>1

Krisztin and Vas in their work [14] showed that for this system there exist periodic solutions
O, and Oy such that:

e the solutions oscillate around stationary solutions z = 1 and z = —1, thatis {—1,1} C
Op/q (R),

e for any interval [~1 + a, a] the graph of Op_144,4 and O
most 2 times.

dl[~1+a,) crosses x = 0 at

Periodic solutions with such properties are called Large-Amplitude Slowly Oscilatory Peri-
odic (LSOP) solutions.

Krisztin and Vas have constructed a Poincaré map in a suitable three-dimensional in-
variant subspace D of the space C° and showed that this map has two hyperbolic stationary
points o, and o, (with one and two unstable directions respectively) that corresponds to
LSOP solutions O, and O4. Their approach however required the system to be in form
simple enough to allow analytical computation of the explicit solutions to (2.12) in the
subspace D. This is (almost) impossible when we work with smooth, highly nonlinear r.h.s.
In this work we are going to test our approach with the following exemplary equations:

1

2 (t) = —x(t) + 5 alt— 1)2 (2.14)

10



and

' (t) = —z(t) — 3.2 -zt — 1) + x(t — 1)3. (2.15)

Numerical analysis suggests that system (2.14) has a stable stationary solution z = 0 and
system (2.15) has a stable periodic solution presented in Figure 2.1 (numerical approxima-

tion).

x()

-1.0 00 1.0

Figure 2.1: Numerical approximation to the stable periodic solution to system (2.15).

The future goal is to be able to present computer assisted proof of existence of a LSOP
solution to the system (2.16), for which we have found a numerical candidate presented in

Figure 2.2.
2/ (t) = —z(t) +a(t —1)- (-3.6 +z(t — 1)* (47— 0.1 - z(t — 1)?)) (2.16)

0
H -
c 2]
X o ]
0 -
o

| T T T T T T T

0 1 2 3 4 5 6

t
Figure 2.2: Numerical approximation to the LSOP solution to system (2.16).
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Chapter 3

Rigorous integration of Delay
Differential Equation

We are interested in the rigorous integration of the DDE (2.7). Without loss of generality
and for the simplicity of presentation we can restrict ourselves to the case of the following
equation:

2(t) = f(z(t—1),z(t)), R (3.1)

By rigorous integration we mean a procedure that gives bounds on the solution (value and
derivatives of it) at each time ¢ in some interval [—1,7]. We assume that f is a ’'nice’
function, i.e. it is sufficiently smooth for the representation we will use (for simplicity we
usually assume f € C°°). All presented algorithms and procedures can be generalized to
any dimensions.

3.1 Taylor representation of piecewise smooth functions

To create a rigorous integrator for the problem (3.1) we need a finite representation of some
function spaces. We are going to work with smooth or piecewise smooth functions.

Definition 9 Let n > 0 and p > 0 be fized integers and let h = I%. By C} we denote
the set of all functions f : [~1,0] — R such that f is of class C"*' on each interval
[—i-h,(—=i+1)-h) forie{l,..,p}.

Remark 4 Not all functions in C}' need to be continuous on the whole interval [—1,0].

Example: A function
1 te[-1,-1
0 te[-3,0]

15 by definition in C3 for any n but it is not continuous.

12



Definition 10 We assume that all the derivatives in this definition are computed as forward
m time derivatives w.r.t. time t. Let n > 0 and p > 0 be fived integers, let h =

and let f € CJ be given. An indexed collection f of closed intervals folF c R, (i, k)
{(i,k):ie{l,...,p},ke€{0,..,n+1}} U{(0,0)} such that:

o [(0)€ /o0,

o fIH (‘%) e fildl for 1<i<p, 0<k<n,

1
p
€

o fin+] (_Ig n 5) e Folrt ) for all € € [0,R) and 1 <i < p,

is called the (interval) (p,n)-representation of f. We also say that f is (p,n)-representable
with f.

We call fiI%! the (ik)-th coefficient of the representation and we call f>"+1) the i-th
remainder of the representation. The collection of all f&"t1 s called the remainder of the
representation.

When parameters n and p are known from the context we will omit them and we will simply
call f the representation of f.

Remark 5 Not all functions in C}} have a (p,n)-representations. A function

o(t) = {f)”(t) ii[ol’o) (3.3)

is Cy but it has non-bounded derivative on the interval [—1,0).

Remark 6 In this work, we will slightly abuse notation and we will write for the remainder
part that:

firt (_; +£) e frln ) e e [0, ). (34)

Here, we have computed the remainder on wider interval [0, h] than [0, h) form the definition.
Such representations are perfectly valid (p,n)-representations, but have usually slightly bigger
remainder terms. This will be no issue in the rigorous integration.

Exzample: For a function f(t) € Cs such that:

i+ te[-1,))
f(t)_{g-ﬂ te[,of (3:5)

[N

13



We can produce two sample (2,1)-representations fi and fo such that:
2000 _ g2l _ 5
- - )
f_127[1] — ']E227[1] — {_1}

#1,[0 #1,[0 1
FuO o {2}

R
o= B = {0

and the remainders are

o=

= 2
and

=

Y= 2

The remainder in f1 is computed on the intervals [—i- h,—i-h+ h), while in the case of
fo it is computed on the intervals [—i - h,—i-h+ h)], where h = %, i € {1,2}.

It is clear from Definition 10 that for t = —i-h 4+ & where 1 <i<pand 0 <& < h we

have the following:
n+1

fleyed Mgk (3.6)
k=0

In other words, a representation of f is simply a collection of (forward) Taylor expansion
coefficients of f up to order n computed in equally spaced points —i/p, i € {1,..,p}, the
value of the function at ¢ = 0 and the enclosures for the (n + 1)-st Taylor coefficients of f
on the whole intervals I; = [—%, —%). Although the value of the function at ¢ = 0 may

be derived from the other coefficients (using equation (3.6)), incorporating it as a‘cg’[o]

be important in the context of the rigorous integrator developed in the next section. The
graphical idea of the representation is given in Figure 3.1.

The following definition may be regarded as a definition of the "best’ representation for
a given function f:

will

14
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Figure 3.1: The graphical idea of the representation f of some function f. The function
[ is presented as a black, solid, sinusoidal line. In our example n = 2 and p = 4. Grid
points are located at the times ¢; = —% for i € {0,..,p}. The representation f consists
of coefficients fO and f“I* for i € {1,...,p}, k € {0,...,n + 1}. The coefficient JREIET
simply a (bound on) value of the function f at point _1% (this is also true for %), the
coefficients f>[1 are (bound on) value of derivative at a given time (presented in picture
as line stretching from the point) and so on. We draw a small circle for a given coefficient
to stress that this is a (bound on) value at the point. The coefficients f["*1 are bounds
i i1

on the (n + 1)-st derivative on the whole intervals [_17’ —7> and to stress that we draw

them as gray-shaded boxes stretching over the whole length of the appropriate interval.
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Definition 11 We define the canonical (p,n)-representation of f € C’g“ as a minimal
(p,n)-representation of f, in the sense that for each 1 < i < p the following is true:

« [P={r ()},
o Filll = {f[k] (_}%)} for0<k<n,

o film = Ll (Lige) o< <nl

Remark 7 The representation described in this chapter is an adaptation of the represen-
tation given in [2], where the term Folkl was denoted by af and term foU was denoted

It is convenient to use notation of the coefficients of (p,n)-representations in the form
fo[¥ as this clearly link the coefficient to its place and meaning in equation (3.6). However,
sometimes we would like to treat collection of coefficients :fg’[z] as a vector in some, M
dimensional, euclidean space RM, for some M depending on p and n. For this, the following
definition is natural:

Definition 12 For given integers p > 0 andn > 0 let P = {1,..,p} and N = {0,..,n+ 1}.
Then we define (p, n)-index function I,y : P x NU{(0,0)} — Ny as

I (0,0) = 1, (3.7)
L (ik) = ((i—1)-(n+2)+k)+2, (3.8)

If n and p are known from context we will omit subscripts and we will call T simply the
index function. From Definition 12 of I, , it is clear that:

Lemma 8 [, is an injection, and Dom(l, ) = {1,..,p- (n +2) + 1}.
]

From now one, using the index function, we can think of a representation f as a subset
of RM where M = p- (n + 2) + 1. Namely, we can construct a set of vectors f ¢ RM
such that 7T]I(Z‘7k)f = fulkl. We will use the same symbol f to describe both f and f, as it
will be clear from the context which one we are using. Index function will allow us to use
standard techniques for representing interval sets in computations, most notable the Lohner
sets from CAPD library. Also we can construct inclusion relation between representations
by fcg < fcg Wewill write z € f to indicate a vector z € R("2)P+1 guch that
zef.

The representation of a given function f usually can describe more than a single function
f- Therefore we define:

16



Definition 13 The support of (p,n)-representation f is a set:
Supp(f) :=={g € C;,H'l : f is a (p,n)-representation of g} (3.9)

By Definition 13 we see that f is a (p,n)-representation of each g € Supp(f). We also know
that the set Supp(f) is contained in CZ}H. Sometimes however, for a given representation
f, we will need to work only on a subset of functions in Supp(f) of some continuity class
C* on the whole interval [—1,0]. Therefore we define:

Definition 14 The C*-support of (p,n)-representation f, k € {0,1,2,...,00}, is a sel:

Supp®™ (f) 1= Supp(f) N C* (3.10)

As we seen in example in Remark 4, not all functions in Supp(f) are continuous. There-
fore it is reasonable to state the following:

Definition 15 We say that f is C*-admissible iff Supp® (f) # 0.

The notion of C*-admissible (p,n)-representations will be used in Chapter 5.

As a last thing in this section we would like to show a procedure that, given a (p,n)-
representation f of some function f, will return a rigorous bounds for each derivative f[¥! (t)
for each t € [—1,0]. This procedure will be an essential component of the rigorous integrator
presented in the next section. Using equation (3.6) we can prove that:

Lemma 9 Assume f € C’I?H and its (p,n)-representation f are given. Let define

n+1
) = 3 (li) ek il (3.11)

1=k
for0<e< ]%, Then
fIE (—; + e> e (). (3.12)
Proof: Let first look at the Taylor expansion of f (—% + 5):

. . n l . n+1 1
()= () R () i o (). oo
=1

where &y = &y(e) € [0,¢]. Using Definition 10 of the representation we get the following:

. . n+1
400 <_;+5> _ <_2+5) e S el fill = lle), (3.14)

p =0

17



Now, similarly, we can express each f(*¥) (—% + 8) by:

() <_1% + 5k>
(n+1-Fk)!

for some &, = & () € [0,¢]. Dividing both sides by k! and setting f¢) = 1!. fll we get the
following:

+ Z_:n—‘,—l—k .

n+1
7 (‘“) 25w e = e, (3.15)

A single coefficient ¢[¥] (¢) for a given k may be computed using an iterative procedure
presented in the algorithm 1. We usually would like to compute all coefficients at once. For

Algorithm 1 compute-c-k

Input: f, i, k, ¢

Output: ()

Require: fis a (pn)-representation, 1 <i<p, 0<k<n+4+1,0<e

S

A’ [k] — fz JIn+1]

for l=n,n—1,..,k do

e et

end for

bkl (€) é; k]

this we introduce Algorithm 2.

This ends the preparative this section, where we have described in details the (p,n)-
representations of (sufficiently) smooth functions and discussed some properties of those
representations. Now we are ready to describe rigorous integration method for DDEs of the
form (3.1).

3.2 Integrator

Let assume that we are at time ¢ = 0 and we have some a priori representation zg of the
initial function xp. We denote by x = z(¢) the solution of (3.1) with initial condition zg.

18



Algorithm 2 compute-c

Input: f, i, ¢

Output: {Ci’[k}(s)}ke{o,..,nJrl}

Require: fis a (p,n)-representation, 1 <i <p, 0 <e <

D=

1: fork:1<k<ndo
2: H(e) «— compuTE-C-K( f,i,k, &)
3:  end for

The goal: we want to compute Zj, - the representation of ;. For this we will use Taylor-type
integration algorithm.

The goal which we want to achieve is graphically presented in Figure 3.2. We can see
that most of the coefficients overlap in the new representation at ¢ = h with those in the
representation at ¢t = 0. The procedure of moving them from zy to the new representation
xp is called the shift part. The procedure of computation of new elements (empty circles
and an empty rectangle in Figure 3.2) is called the forward part. This part is more involved
than the shift part so we will divide it into three separate algorithms, which will be executed
in the following order:

e computing coefficients :i,ll’[k] for k € {1,..,n},

_1,[n+1]
h

e computing the remainder z ,

e computing the value of xj at t = 0 (stored in 3‘02’[0]).

In the forward part we will use the r.h.s f of equation (3.1) and its derivatives w.r.t.
time. As in [33] we will use an automatic method for obtaining z(*)(¢) using equation (3.1).
The details may be found in |18, 16]. From equation (3.1) we have that:

dkfl
P = Tt (= 1), 2(1)). (3.16)
Let z = (z1,22), 21,22 € Rand f(z) = f(z1,22). For k=1,2 and 2(t) = (z(t — 1), z(t)) we
get:

@) = fe1) = flalt—1),20), (3.17)
2O = Lf) = (3.18)
_of 0z
= P Z (3.19)
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Figure 3.2: A graphical presentation of the integrator scheme. On top we see a representa-
tion after one step of size h = zl)‘ Black solid dots and gray rectangles represent the values
we need not to compute - this is the shift part. The elements that need to be constructed
are presented as empty dots and an empty rectangle - this is the forward part. The doubly
bordered dot is a (bound on) value of the function at the time t = h = %. The doubly
bordered empty rectangle is an enclosure for the n 4+ 1-st derivative on the whole interval

03]
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Where - in equation (3.19) is a scalar product. Thus we get:

D) = gi (z(t —1),z(t)) - M (=1) + (3.20)
b 2 e 1),0(0)) - 200 (3:21)
Z2

We see that the second derivative with respect to t of z(t) is a function of four variables:
z(t—1), M (t —1), z(t) and (D (t). Thus, there exist function F() : R* — R such that:

FO (:U(t—1),:1:(1)(75—1),x(t),x(1)(t)) = 2®). (3.22)

This procedure can be applied recursively to obtain a family {F(k) : R2(k+1) R}keN of
functions such that:

26D (1) = p®) (:c(—1 1), ™ (1 4 8), 2(1), .., 2@ (t)) : (3.23)
where
F(O) (Zl, 22) = f(Zl, Zz). (3.24)

We also introduce the following notation for the simplicity of the implementation of the
algorithms:

1

F¥(z1, . 2. 641)) = EF(k) (01 21,0 k! 2g1, 01 2iego, o K 2064 1)) S (3.25)
for which we have:
2R () = k-lu . FlK) (x[ﬂ}(—1 4 1), a®(—1 +1), 290), ., 2 ¥ (t)) . (3.26)

This notation is important in the context of computer rigorous numerics as the functions

F™ can be efficiently computed using the automatic differentiation (AD) algorithm [18, 16],

provided we know the bounds on the Taylor expansion of x in the ¢ variable up to order k.
Now we are ready to describe all subroutines that will be used in the integrator.

3.2.1 The shift part

The shift part is simply a direct substitution, realized by Algorithm 3. We assume that
the shift part is always executed before the forward part, as the forward part will use the

coefficient :f:}ll’[o] in all subsequent computations.
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Algorithm 3 shift
Input: z(

Output: z)™ for 2<i<pand0<k<n+1

fori,k:2<i<pand0<k<n+1do

end for

700 700

3.2.2 The forward part - computing f,ll’[k]

The coefficient 53,11’[0}
part. For £ > 0 we get the following:

is already present in the representation Z; after execution of the shift

Lemma 10 For 0 < k < n let define:
1K1 1 (=pf0]  _plk=1] -1,00]  _1,[k—1
xh[]:%-F[k 1] (mgu,..,xlg[ ],xh[],..,xh[ ]>. (3.27)

Then:
2¥(0) € 20 (3.28)

Proof: Using equations (3.16), (3.25) and (3.26) we get for 1 < k <n:

1
(%] — — .,k —
z™(0) = A 0) =
1 dk—l
1 1 _ _ _
- E . (k? — 1)' ’ F(k Y ($<_1)7“’x(k 1)(_1)7‘%,(0)7”’3:(19 1)(0))
1 _ —
[ ]
Notice that, in Algorithm 4, we need to apply (3.27) iteratively, as all coefficients :ﬁ,ll’m

for [ < k are needed for the computation of :Eill’[k]. Elements needed for computation of

U for 1 < k < n are presented in Figure 3.3. The procedure itself is presented in

Algorithm 4 and accepts a rather generic list of parameters, as we will use it in many
(k]

applications thorough the text. We want to point out that for the computation of :T;,l1 for
1 < k < n given a representation g and the value j(});[o} we need to call the procedure with
the following list of arguments: n — 1, :Ez’[o], ey fz’[n_l], 5:2’[0].
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Algorithm 4 compute-rep-k
Input: n, {x[k] (t— 1)}O<k<n7 a(t) = 20(t)
Output: {:):[k]

()} <henta

1: fork:1<k<n+1do
2: albl(t) « 1 FE (200 — 1), L 2l — 1), 200(2), ., a1 (1))
3: end for

3.2.3 The forward part - computing remainder

Computing an enclosure for the remainder on the interval [0, ﬂ is the most involved part

of the integration scheme.
From the mean value theorem we have:

1 n 1 0 1 .
o 2 = O+ gy 1) e =

= (n—l&— ) . Flnl (m(—l),..,m[n](_l),x(()%“’x[n}(o),) + (3.29)

- (n+11)! - plntl] (:c(—1 +¢), ..,z (—1 —|—§),x(£),..,x["+”(§)> e

for0<¢<e< %. From Definition 10 of the representation and from Lemma 9 we have
for0<k<n+1:

dH—14¢6 e &M (o) (3.30)
2M(=1) e W (3.31)
M) e zp" (3.32)

The only things left to estimate are the values of x!¥! (&) for & € [O, %} .

Lemma 11 Let z(t) be a solution of (3.1) on the interval {71, ﬂ Assume that Y C R is

a set such that

7 = 2(0) + [0, ;] f <m <[_1, 14 ;D ,Y) C int(Y), (3.33)

@ ([o, ;D cz (3.34)

Then
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Figure 3.3: Elements needed to compute a’:,ll’[k] (empty circle) for k = 2 are presented as
bold, dark circles.

Proof: We can treat equation (3.1) on the interval [0, ﬂ as a non-autonomous ODE of

the form:

a = f(a(t)a I’), (335)
where a(t) = z(t) for t € [-1, —1+ h] is a known function. Now the conclusion follows from
the proof of the analogous theorem for ODEs. The proof can be found in [33, 35]. [

Definition 16 The set Z in Lemma 11 is called a rough enclosure of x on the interval
1

[0, E]

Remark 12 A heuristic algorithm for finding the rough enclosure Z is described elsewhere

[33, 35]. In our computations we use a standard procedure implemented in the CAPD
library.

Having rough enclosure Z we set d% = Z and we compute di*! for k& > 0 using equa-
tion (3.27). This procedure is summarized in Algorithm 5.

Now we can state the following lemma:
Lemma 13 Let 720 pe an output from Algorithm & executed for the representation Zg

and :Efll’[o], . a‘ci’[n] such that z*(0) € i,ll’[k]. Then 11 ([0, h]) C i"}ll’[nH].

24



Algorithm 5 compute-remainder

L] =L[n]
B T

1,[n+1]
; . a*, b

Input: %o, T

Output: =

1: {Cw}ogkgnﬂ « compure-c( 28 22 [0, 7))

2:  dl% « rovGH-ENCLOSURE( f(c[, -),fg’[o],% )

3: {d[k]}1<k<n+1  COMPUTE-REP-K( n,c%, ..., ¢l dl% [0,h] )
4 o e gk FR@ER, 2t ) 0 )

5. b* « FIHU(0 el eln 1] gl gin] gl

6: 2" a4 (0,8 b

Proof: The proof follows from the Lemmas 11 and 9 and from equation (3.29). [

Elements needed to compute the remainder are presented in Figure 3.4.

3.2.4 The forward part - computing value of x at t = h

Now, having all the coefficients and the remainder at ¢ = 0, we can simply use Definition 10

0,[0]

of the representation and equation (3.6) to compute z, . Namely, for h = 1% we have:

n+1
w(h) e gy =3 "zpM gk (3.36)
k=0
The elements needed to compute a‘c?jr[(;} are presented in Figure 3.5.

3.2.5 Altogether

In Algorithm 6 we present a full list of steps needed for one step of the rigorous integration.
The graphical representation of the integrator is presented in Figure 3.2.

For simplicity, we will use ®(-) in the text of this manuscript instead of the name of
Algorithm 6: compute-Phi. That is, we will write Z;yp = ®(Z;), having in mind that ® is
computed using the numerical Algorithm 6.

Remark 14 By equation (2.5) defining ¢ and from Algorithm 6 we can write p(x,h) €
(I)(.f't) = Tyth-
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Figure 3.4: Elements needed to compute the remainder i}l’[nﬂ] (a rectangle with double

black-white border) are presented as gray, dark rectangles and black dots. The enclosures
¥l over the interval [—1, —1 + h] are computed from the representation, using bottom-up
procedure (solid arrows) for better performance. For ¢ = 0 we need to use rough enclosure
(a dashed rectangle) and then compute top-bottom (as pointed by dashed arrows). Dotted
lines connects elements cl! needed in computation of a given element dl*¥! (remember that
all ¥l for k' < k are needed also). Notice, that we also need to compute dl" 1 which is

here presented as gray rectangle inside i}l’["H]

,[n+1] (

. Having all those coefficients we can finally

compute the remainder 5:,11 a white rectangle).
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Figure 3.5: Elements needed to compute 7},
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(an empty circle) are presented as bold, dark
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Algorithm 6 compute-Phi
Input: z;

Output: ;1

L: {fil&[—kil}(i,k)G{(Lk)12§i§p,0§k§n+l}u{(l,0)} < SHIFT-PART( Ty )

~1,[K] ,[0} —p,[n—1] _1,[0]
2: {a: } < COMPUTE-REP-K(n —1,T , T , T
t+h 1 cpcn ( t t t+h)
1 __10] -1
3: {z,, "+ I ar ,b*} <~ COMPUTE-REMAINDER( xt737t4£iz]7 ..,xtf,i] )
. 0 [O] n+1 -1, k
4z, <2l xt+h h

3.2.6 Expanding the representation

As it was pointed in Chapter 1 the imminent property of DDEs is the smoothing of solutions.
If the r.h.s of equation (3.1) is smooth (i.e. of class C*°) then the solution z(t) gets smoother
and smoother on each interval [n,n 4+ 1], n € N. We can exploit this property in our
integrator. For this purpose we return in procedure compute-remainder coefficients a*
and b* separately to be able to remember them for future use. After p steps we can use
this history to expand (p, n)-representation to (p, n+1)-representation as presented in the
algorithm 7.

3.3 Numerical experiments

Here we discuss numerical experiments done for the integrator presented in this Chapter
operating on the interval representation (i.e. the product of closed intervals) of the (p,n)-
representation. We use two test cases:

1. a stable stationary solution x = 0 for the system (2.14).

2. a stable periodic solution for the system (2.15). Its numerical approximation is pre-
sented in Figure 2.1.

Since the presentation of the exact output (lower and upper bounds) of the (p,n)-representation

may be difficult, even for quite small (but reasonable) parameters p and n we have de-
cided to present here only the diameters of the resulting set, which capture the contract-
ing/expanding nature of the integration process. The full data and more figures are available
on the authors home page[22].
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Algorithm 7 expand-rep

Input: Z1,{a] }icq1,.p3» 16} bictn,..p}
Output: 4

Require: 7 is a (p,n)-representation of x1, 1 = ®P(xy), a’, b are coefficients remembered

in i-th step of computing ®P(Z).

Ensure: g is a (p,n+1)-representation of x;

00 7000

fork:1<k<n,i:1<i<pdo
gzl'a[k] <_ :Eil’[k}

end for

fori:1<i<pdo
?ff[nH] —api

_i,[n+2] *
(7 by

end for

177

For the stationary solution we have prepared an initial (p,n)-representations Zy such
that:

zorl0l [—a,d] (3.37)
2 = [—aa), ie{l,..p}ke{0,.,n} (3.38)
ot = 10 [—aya),, i€ {1,.p). (3.39)

(3.40)

We have created five test cases, for three of them we have prepared variants with modified
parameter a:

e Tests la, 1b, lc: p=8, n =17, a € {0.4,0.2,0.1} respectively,

Tests 2a, 2b, 2c: p=8,n =29, a € {0.4,0.2,0.1} respectively,

®

e Tests 3a, 3b, 3c: p =8, n =11, a € {0.4,0.2,0.1} respectively,
o Tests4: p=16,n="7,a=0.1,

o Tests5: p=32,n="7,a=0.1.
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We have run an iteration process for each test for N = p - (n + 2) steps to guarantee that
the resulting representation contains solutions of class C™*2 - this will be important later.
Then we have compared the diameters of the resulting (p, n)-representation, at each step
i € {0,..., N}. Because of the rapid contraction in the first 2 - p steps of the integration,
we have decided to present in figures only the history after that step, to be able to see
the contraction effect. Full history (after 2 - p initial steps) of the integration process is
presented in Figures 3.6, 3.8 and 3.10, and the history recorded every p steps (after 2 - p
initial steps) is presented in Figures 3.7, 3.9 and 3.11 for tests lc, 2¢, 3¢ respectively. Also
we present the solution together with all derivatives up to order k = 8 over the whole time
interval ¢t = [p,p - (n 4+ 1)] in Figure 3.12. The dependence of the resulting set diameter on
the diameter of the initial set in test 3 is presented in Figure 3.13. The influence of the
diameter of the resulting set on the choice of the parameter p (the grid spacing) is presented
in Figure 3.14, where we have used tests 1c, 4 and 5, and we have compared diameters of
the corresponding representation coefficients. All other comparison charts may be found
on the author’s web page.

As we can see from Figures 3.6, 3.8 and 3.10 we get very good contraction along the
whole history of the integration for this stationary solution. What is important, we get
the strong contraction on the remainder part- it is what we required from our integrator
in the statement of the problem in Section 2.2. The sudden drops in some coefficients that
can be seen in the figures corresponds to the times ¢ € {1,2,3,...} where the solution get
smoothed. We cannot now explain, why this smoothing property of the DDEs generates
such a behaviour in the integrator - we will investigate this in our future work.

The dependence of the initial set diameter is also very good, as presented in Figure 3.13.
We see that changing parameter a to § results in decreasing the resulting set diameter two
or more times. This is because we also decreased the diameter of the remainder which
seems to play dominant role in the resulting set diameter.

The dependence of the diameter on the step size (grid size) is less visible. In Figure 3.14
we see that increasing grid spacing from p to 2-p gives slightly better results for coefficients
zF for k < n, but surprisingly it can produce bigger remainder coefficients.

Nevertheless, the integrator seems to be working very well in the case of the stationary
solutions.
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Figure 3.6: Diameters of the coefficients of a sequence {®"(Z0)},c 16, s.(742)) (2 full history after
2 - p steps) for some (8,7)-representation Z( of a stable stationary solution x = 0 for system
(2.14). Red horizontal line marks the diameter of the representation of the initial function. On
the z-axis we have the iteration steps, each tick represents p steps of iteration. The data from test
1c was used. System (2.14), interval set representation and (8,7)-representation were used for the
integration process. The data is stored in the file steady_08_07_out_3/int_di.txt.
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Figure 3.7: Diameters of the coefficients of a sequence {®5"(Z) }ne{2,..,(7+2)} for some

(8,7)-representation Ty of a stable stationary solution z = 0 for system (2.14). Red horizon-

tal line marks the diameter of the representation of the initial function after 2 - p steps. On the
r-axis we have the iteration steps, each tick represents p steps of iteration. The data from test
1c was used. System (2.14), interval set representation and (8,7)-representation were used for the
integration process. The data is stored in the file steady_08_07_out_3/int_di.txt.
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Figure 3.8: Diameters of the coefficients of a sequence {®"(Z0)},c (16, s.(942)) (2 full history after
2 - p steps) for some (8,9)-representation Z; of a stable stationary solution x = 0 for system

(2.14).

Red horizontal line marks the diameter of the representation of the initial function. On

the z-axis we have the iteration steps, each tick represents p steps of iteration. The data from test
2c was used. System (2.14), interval set representation and (8,9)-representation were used for the
integration process. The data is stored in the file steady_08_09_out_3/int_di.txt.
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Figure 3.9: Diameters of the coefficients of a sequence {®5"(Z) }ne{2,..,(9+2)} for some

(8,9)-representation Ty of a stable stationary solution z = 0 for system (2.14).

Red

tal line marks the diameter of the representation of the initial function after 2 - p steps.
r-axis we have the iteration steps, each tick represents p steps of iteration. The data from test
2c was used. System (2.14), interval set representation and (8,9)-representation were used for the
integration process. The data is stored in the file steady_08_09_out_3/int_di.txt.
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Figure 3.10: Diameters of the coefficients of a sequence {®"(Zo)},c(16, s.(1142); (@ full history
after 2- p steps) for some (8,11)-representation I, of a stable stationary solution x = 0 for system

(2.14).

Red horizontal line marks the diameter of the representation of the initial function. On

the z-axis we have the iteration steps, each tick represents p steps of iteration. The data from test
3c was used. System (2.14), interval set representation and (8,11)-representation were used for the
integration process. The data is stored in the file steady_08_11_out_3/int_di.txt.
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ne{2,..,
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tal line marks the diameter of the representation of the initial function after 2 - p steps.
r-axis we have the iteration steps, each tick represents p steps of iteration. The data from test 3c
was used. System (2.14), interval set representation and (8,11)-representation were used for the
integration process. The data is stored in the file steady_08_11_out_3/int_di.txt.
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Figure 3.12: A graph of the solution x(t) = 0 to (2.14), together with the all derivatives up
to order k = 7 (black lines). Blue and red lines present lower and upper bounds respectively.
For k = 8 we present the bound on the 8-th derivative on the intervals of the length h = %.
On x axis we have time t. The data is as in Figure 3.6.
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Figure 3.13: Dependence of the diameter of the interval set on the initial data diameter. After
initial 2 - p steps a history of the integration of some neighbourhood of a stable stationary solution
x = 0 to system (2.14) was recorded every p steps for three runs with initial data of decreasing
diameter. On the z-axis we have the iteration steps, each bar is a diameter of the representation
coefficient after p steps of iteration. The data is generated for tests la, 1b, 1c (black, white, gray
respectively). System (2.14), doubleton Lohner set representation and (8,7)-representation were
used for the integration process. The data is stored the files steady_08_07_out_1/int_di.txt,
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Figure 3.14: Dependence of the diameter of the representation on the grid size p. A history of
one integration of three representations of a stable stationary solution z = 0 for system (2.14) for
parameter p € {8, 16, 32} was recorded every p steps (black, white, gray respectively). The diameters
of corresponding representation coefficients (i.e. that represents appropriate derivative at the same
time t) are drawn for comparision, i.e. z®[P! for p = 8, 22%P for p = 16 and 2**>[P! for p = 32.
Each bar is a diameter of the representation coefficient after p steps of iteration. The tests used
are: lc, 4, 5 (black, white, gray respectively). For all integrations the system (2.14) and interval
set representation were used. The data is stored the files steady_08_07_out_3/int_di_p.txt,
steady_16_07_out/int_di_p.txt and steady_32_07_out/int_di_p.txt respectively.
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Now we set our attention to a more involved case - a stationary periodic solution. For
the periodic solution to equation (2.15) we have prepared an initial (p,n)-representations
Zo using non-rigorous version of the integrator. We have integrated an initial function
x(t) = sin (g : t) for p - 4 steps and then we refined the resulting solution with the Newton
method applied for a suitably created non-rigorous Poincaré map until the accuracy of
about 1074 was achieved. We denote the resulting representation with p and then we
define:

3—68,[0} — o0

ol — Gl g (p0)E b (p- b)), i {1,..p} ke {0,..n 3.41

0 p p p 9 ’ 7p7 PR
" = 10 [—a- (p-0)" - (p- b)Y, i€ {1,..,p).

(3.42)

The intuition behind this choice of the initial diameters is as follows: in the infegration
process each coeflicient Esz] contribute to the coefficient f;fﬂrh with additional factor h* =

# (we call it contribution factor). So, to achieve a equal contributions we should choose
jzfg{”] ~ (h¥)~! = p*. For the remainder at k¥ = n + 1 from equation (3.29) we get that
the contribution factor is A"*2. The parameters b may be chosen arbitrarily to get better
results. We created 5 test cases, three of them have diameter variants, exactly as in case

of stable stationary solutions discussed previously:
e Tests 1: p=8, n="7,a € {0.4,0.2,0.1} respectively,

Tests 2a, 2b, 2c: p =8, n =9, a € {0.4,0.2,0.1} respectively,

Tests 3a, 3b, 3c: p=8, n =11, a € {0.4,0.2,0.1} respectively,

Tests 4: p=16,n=7,a=0.1,

Tests 5: p=32,n="7,a=0.1.

Our numerical experiments (see author’s web page for data files) suggests that for sys-
tem (2.15) it is best to choose b = 0.5.

Remark 15 We have also used heuristics from equation (3.41) for the stable stationary
solution to system (2.14) and it resulted in very rapid contraction, from the first iteration
of the integration process. Hovewer, due to this rapid contraction, the resulting figures were
non-informative and not suitable for presentation. We reffer the author’s web page for the
results from those numerical experiments.

We have run an iteration process as for stable stationary solution. Full history of the
integration is presented in Figures 3.15, 3.17 and 3.19, and the history recorded every p
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steps is presented in Figures 3.16, 3.18 and 3.20 for tests 1lc, 2¢, 3¢ respectively. In this case,
contrary to the stationary solution presented earlier, we have included all representations
from the history of the integration, including initial representation Zo. Also we present
the solution together with all derivatives up to order kK = 8 over the whole time interval
t=[-1,p-(n+1)] in Figures 4.11 and 4.12. The first one presents the numerical solution
together with the rigorous bounds, while the second one presents only the bounds, centered
at 0. The dependence of the resulting set diameter on the dimater of the initial set in
test 3 is presented in Figure 3.23. The influence of the diameter of the resulting set on
the choice of the parameter p (the grid spacing) is presented in Figure 3.24, where we have
used tests lc, 4 and 5, and we have compared diameters of the corresponding representation
coefficients. All other comparision charts may be found on the author’s web page.

As we can see from Figures 3.15, 3.17 and 3.19 we have obtained a strong contraction on
the remainder, and some of the higher order derivative coefficients. However we have failed
to obtain contraction for coefficients with £ < 4, and we can see that the further integration
may result in the blow-up of the representation. We also see that the oscillatory properties
of the system are reflected in the diameter of the set. This is due to the fact that we have
represented each set as a product of closed intervals. When rotated, the representation can
no longer be represented by the product of intervals, thus we must enclose it, introducing
overestimates. This is an example of the phenomena called wrapping effect. We will show
in Chapter 4 how to reduce this problem and we will analyze the performance of proposed
algorithms.

The dependence of the initial set diameter is very good, as presented in Figure 3.13. We
see that changing parameter a to § results in decreasing the resulting set diameter about
two times as expected.

The dependence of the diameter on the step size (grid size) is better visible for the
periodic solution than in the case of stationary solution. We see that changing p from 8 to
16 leads to approximately 2 times smaller diameters of the resulting sets. Changing p from
16 to 32 is less visible, but it still gives better estimates.

Despite the fact that we do not get the contraction on all coefficients, we see that the
integrator reflects the strong contraction for the efficients of high order, especially for the
remainders, that is what we wanted to achieve. In the Chapter 4 we will show how to
obtain better estimates for low order coefficients (for small k).

41



0.009
0.006
0.003

0.024
0.016
0.008

0.033
0.022
0.011

0.063
0.042
0.021

0.09
0.06
0.03

0.39
0.26
0.13

15
1.0
0.5

6.3

2.1

104.7
69.8
34.9

| diam(z>") i diam(z™") i diam(z%") i dian(z*") i diam(z*") i diam(z*(") i diam(z>") i diam(z"") dian(z*")
Y12 Y12 P12 ST\ ST 1 [ [ |
| diam(z®1) i diam(z"1) i diam(z®1) i diam(z>1) i diam(z*!) i diam(z*1) i diam(z?!!) i diam(zb1)
oottt oLl l ol
| diam(z*?) i dian(z"?) i dian(z%?) i dian(z>?) i dian(z*?) dian(z*?) dian(z*?) dian(z"?)
:m&:ml:ml:mi:#uuu
| diam(z*F) i diam(z™F) i diam(z%F) i dian(z*F) i diam(z*F) i diam(z*F) i diam(z*F) i diam(z")
I : ﬁ__l | ":__I I &:ﬂ::ﬂ::ﬂ:: |

diam(z*1) diam(z™) diam(a®1) diam(a®!) diam(z*) diam(z*1) diam(z*!) diam(z")
L..AMM: : i:M:M:MA

diam(z®P!) diam(z") diam(z%) dian(z>) diam(z*Pl) diam(z*P)) diam(z>?)) diam(z"P)

[
C
C

3

3

-

diam(z*) diam(z"0) diam(z%0) diam(z*0) diam(z) diam(z*0) diam(z>0) diam(z0)
diam(z*() diam(z") diam(z®7) diam(z>") diam(z*(™) diam(z*™) diam(z>!7) diam(zb7)
diam(2*") diam(a™®) diam(a®®) diam(a>®) diam(z*") diam(a®®) diam(a>®) dianm(z"®)

r
r
r

Figure 3.15: Diameters of the coefficients of a sequence {®"(Zo)},c(o, s (742); (@ full history)
for some (8,7)-representation o of a stable periodic orbit for system (2.15). Red horizontal line
marks the diameter of the representation of the initial function. On the z-axis we have the iteration
steps, each tick represents p steps of iteration. The data from test 1lc was used. System (2.15),
interval set representation and (8,7)-representation were used for the integration process. The data
is stored in the file periodic_08_07_out_3/int_di.txt.
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Figure 3.16:

(8,7)-representation T, of a stable periodic orbit for system (2.15). Red horizontal line marks
the diameter of the representation of the initial function. On the z-axis we have the iteration steps,
each tick represents p steps of iteration. The data from test 1c was used. System (2.15), interval set
representation and (8,7)-representation were used for the integration process. The data is stored in
the file periodic_08_07_out_3/int_di.txt.
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Figure 3.17: Diameters of the coefficients of a sequence {®"(Z0)},c(o, 5. (9+2); (@ full history)
for some (8,9)-representation I, of a stable periodic orbit for system (2.15). Red horizontal line
marks the diameter of the representation of the initial function. On the z-axis we have the iteration
steps, each tick represents p steps of iteration. The data from test 2c was used. System (2.15),
interval set representation and (8,9)-representation were used for the integration process. The data
is stored in the file periodic_08_09_out_3/int_di.txt.
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Figure 3.18:
(8,9)-representation T of a stable periodic orbit for system (2.15).
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the diameter of the representation of the initial function. On the z-axis we have the iteration steps,
each tick represents p steps of iteration. The data from test 2c was used. System (2.15), interval set
representation and (8,9)-representation were used for the integration process. The data is stored in
the file periodic_08_09_out_3/int_di.txt.
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Figure 3.19: Diameters of the coefficients of a sequence {®"(Zo)},c 0, s.(1142); (a full history)
for some (8,11)-representation Zg of a stable periodic orbit for system (2.15). Red horizontal line
marks the diameter of the representation of the initial function. On the z-axis we have the iteration
steps, each tick represents p steps of iteration. The data from test 3c was used. System (2.15),
interval set representation and (8,11)-representation were used for the integration process. The
data is stored in the file periodic_08_11_out_3/int_di.txt.
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Figure 3.20: Diameters of the coefficients of a sequence {® (a:o)}ne{07“’(11+2)} for some

(8,11)-representation T, of a stable periodic orbit for system (2.15). Red horizontal line marks
the diameter of the representation of the initial function. On the z-axis we have the iteration steps,
each tick represents p steps of iteration. The data from test 3c was used. System (2.15), interval set
representation and (8,11)-representation were used for the integration process. The data is stored
in the file periodic_08_11_out_3/int_di.txt.
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Figure 3.21: A graph of the stable periodic solution z(t) to (2.15), together with the all
derivatives up to order k = 7 (black lines). Blue and red lines present lower and upper
bounds respectively. For kK = 8 we present the bound on the 8-th derivative on the successive
intervals of the length h = ]%. On z axis we have time ¢. The data is as in Figure 3.15.
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Figure 3.22: A graph of the lower and upper bounds for the stable periodic solution z(t)
to (2.15) and its derivatices shifted by the numerical approximation to the solution. On x
axis we have time ¢t. The data is as in Figure 3.15.
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Figure 3.23: Dependence of the diameter of the interval set on the initial data diameter. A
history of the integration of some neighbourhood of a stable periodic orbit for system (2.15) was
recorded for three runs with initial data of decreasing diameter. On the z-axis we have the it-
eration steps, each bar is a diameter of the representation coefficient after p steps of iteration.
The data is generated for tests la, 1b, 1c (black, white, gray respectively). System (2.15), in-
terval set representation and (8,7)-representation were used for the integration process. The data
is stored the files periodic_08_07_out_1/int_di.txt, periodic_08_07_out_2/int_di.txt and
periodic_08_07_out_3/int_di.txt respectively.
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Figure 3.24: Dependence of the diameter of the representation on the grid size p. A history of
one integration of three representations of a stable periodic orbit for system (2.15) for parameter

p € {8,16,32} was recorded every p steps (black, white, gray respectively).

The diameters of

corresponding representation coefficients (i.e. that represents appropriate derivative at the same
time ¢) are drawn for comparision, i.e. z®[! for p = 8, 22%P for p = 16 and 2**[P! for p = 32.
Each bar is a diameter of the representation coefficient after p steps of iteration. The tests used

are: lc, 4, 5 (black, white, gray respectively).

For all integrations the system (2.15) and interval

set representation were used. The data is stored the files periodic_08_07_out_3/int_di_p.txt,
periodic_16_07_out/int_di_p.txt and periodic_32_07_out/int_di_p.txt respectively.
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Chapter 4

Reducing the ,Wrapping Effect”:
Lohner set representation

Up till now we have only discussed basic algorithms which work theoretically in the set
arithmetics, with no computer precisions errors, and with ideal representation of sets. When
it comes to rigorous numerics implemented using the interval arithmetic we have two major
limitations: (1) set representation by the product of intervals and (2) the finiteness of the
computer representation of real numbers. The first of the limitations is a source of two
imminent negative effects: the wrapping effect and dependency problem.

Dependency problem arises when the same interval is used several times in a complicated
numerical formula, for example evaluating formula x — x using interval arithmetic for x =
[—1,1] produces [—2,2] instead of expected [0,0]. This is very simple and rather artificial
example, but similar pattern occurs for example when computing values of function using
the Taylor expansion up to a given order, which is quite common in many applications.

The wrapping effect is a direct consequence of the fact that a result of a function
computed on an interval set must again be an interval set. It is visible when there exist
some kind of rotation in the system. The geometric intuition is simple in 2D: when we
rotate a rectangle we can get a rhomboidal shape. To produce interval enclosure of this
shape we need to introduce many unnecessary points - the corners. When the procedure
is repeated many times (iteration of the map/function) the errors may grow exponentially,
eventually 'blowing up’ the whole solution. An illustration of this phenomenon is presented
in Figure 4.1.

Wrapping effect is usually regarded as more dangerous in many applications than the
dependency problem. It is even more dangerous in DDE setting as most of the eigenvalues
of the system are imaginary, giving rise to many rotations, even though the eigenvalues
associated with rotating directions are small. To reduce the wrapping effect during the
integration we are going to use the Lohner algorithm and Lohner sets[15].
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Figure 4.1: An illustration of the wrapping effect problem for a classical, idealized, math-
ematical pendulum ODE & = —xz. The picture shows a set of solutions in a phase space
(z,&). The gray boxes present points of initial box moved by the flow. The color boxes
presents the wrapping effect occurring at each step when we want to enclose the moving
points in a product of intervals in the basic coordinate system.

4.1 The Lohner algorithm for DDEs

To deal with the wrapping effect one usually employ an algorithm to locally change the
coordinate frame during the computations to minimize the size of overestimates introduced
by the wrapping effect. In our work we will use the method of Lohner[33, 15]. We would
like to briefly recall the procedure in the case of ODEs. In the following we use the notation
[A] to stress that set A is an interval set. We assume that we have IVP:

gt = Gz), G:RM 5RM (4.1)
z(0) = o,
and for some step size 0 < h < 1 we are interested in the enclosures [zg] of xx = z(i - h)
for i € N. We assume that we have a numerical method ®¢, : RM — RM guch that
va(x,h) = ®gn(x) + Remg p(x) for some Remg y, : RM — RM Remg p(z) € O(R™).

Assume that we have enclosure [xg] for z; and we want to compute enclosure [z11] of Zg41
the lohner method is as follows:

1. compute rough enclosure Wi: let [W7] be such that ¢ ([zx], [0, h]) C Wh,

2. Ay = 2290 ([2,)),

3. let m([zy]) be a midpoint of the set [z], then:

[2rr1] = Pan (m ([2x]) + [Ax] - (2] = m([zr])) + Reman(W1]). (4.2)
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All the methods are also valid for non-autonomous r.h.s. G = G(z,t). We see that there
are three advantages of using Lohner method:

1. while the Rem is of order n+ 1 in h then the influence of rough enclosure W; should
be small,

2. moving forward the enclosure is done by the numerical method only on the midpoint
of [zy], so there are no errors introduced by the evaluation on the whole set (in the
case of idealized numerics),

3. the interval matrix [A] gives us opportunity to change the coordinate frame, which
allows to control the wrapping effect. If we would represent [xx] as xy + [ry], where
xr = m([zk]) and [rg] = [xx] — xx then the equation (4.2) to be solved reduces to:

1 = Pop (zg) (4.3)
[Tk+1] [Ak] - ([rx]) + Remg n([W1]). (4.4)

The quality of the wrapping effect control will depend on the way we will represent ry.
Namely:

1. Interval set: [ry] = 1M, I;, I, - interval,
2. Parallelepiped: [ry] = By - [7k], By is a matrix, [rg] is an Interval set,
3. Cuboid: [ri] = Q- [r%], Br is an orthogonal matrix, [r] is an Interval set,

4. Doubleton: [ry] = Cy - [ro] + [rk], Ck is a matrix, [rg] is either an interval set, cuboid
or parallelepiped.

We are not going to discuss in details how to achieve conservation of the Lohner representa-
tion at each step, we only want to give an example for the case of Parallelepiped (method 2).
We see that for this representation the r.h.s. of equation (4.2) is equivalent to evaluating:

Biyi1 - [rira] = [Ak] - Bk - [1%] + Remg pn([2]), (4.5)

thus we usually set:
Bry1 = m([Ax]- By), (4.6)
[7";{_,_1} = (Bl;il . [Ak] . Bk) . [ﬁc} + Bl;—i{l . Remah([xk]). (47)

We see that the choosing of By, leads (in ideal case) to Bk_+11 - [Ag] - By, being close to
identity, thus in the next step [ryy1] should not suffer from the wrapping effect.
The method 1 is equivalent to using a bare interval arithmetic. Other methods has their

own advantages and disadvantages, but making our integration scheme compatible with
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the standard Lohner notation (implementing ® and Rem) will allow us to use the standard
Lohner sets implementation in the CAPD library, thus it will allow us to exchange the
representation as needed without need for reimplementing all Lohner sets. See the online
documentation [22] for details.

Since in our DDE integration scheme we can use the Lohner algorithm, as for t € [0, 1] we
can regard solving equation (3.1) as solving non-autonomous ODE. In the case of DDEs we
must modify Algorithm 6. We divide it into two parts, just like in the Lohner algorithm: the
numerical method ® in Algorithm 8 and the remainder Rem in Algorithm 9. The Jacobian
of the ® at x will be computed using Automatic Differentiation. As you see we abused
notation here and used ® to denote the numerical method without remainder. From now
on, in this chapter, the symbol ® will be used as a name of the procedure in Algorithm &
and symbol Rem will mean Algorithm 9.

Algorithm 8 ¢
Input: x;

Output: ;1
Require: 7, is a (p,n)-representation

Ensure: 7, is a (p,n)-representation containing nonzero entries on (i, k) and (0,0) for
1 <i<pand 0<k<n, compute-Phi(z) = ®(x) + Rem(z).

_i,lk _
L: {xtﬂ}(i,k)e{(i,k):2§igp70§kgn+1}u{<1,0)} < SHIFT-PART( 7t )

2: {jiilz]}1<k<n « compuTE-REP-K( 1 — 1,200 z2 1) jziﬂ)
0,00 1,k
3: t+[h] k= Oxt+[h] h*

Algorithm 9 Rem
Input: Z;, Tyip

Output: 7ryp
Require: 7, is a (p,n)-representation, T, = ®(z)

Ensure: 7.y, is a (p,n)-representation containing nonzero entries on (i,n + 1) and (0, 0)
for 1 <1i <p, compute-Phi(z) — ®(x) + Rem(x).

1, [n+1] o] A,
1. {r H[T a*,b*} < COMPUTE-REMAINDER( xt’xtJr[h}’ ..,xtﬁ] )
) 0,0 , =Llnt+l] nt1
2o T ST b
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As it was show in [33] using the Lohner algorithm gives us chance to do C'! computations,
that is, to compute derivatives of the flow w.r.t. initial conditions. This is due to the fact
that in each step of the Lohner algorithm we need to obtain the Jacobian of ®. Using
this C'! data in the case of computing enclosures for Poincaré map images one can obtain
the Jacobian of this Poincaré map. The knowledge of the Jacobian may be used to find
a better first approximation to the stationary point via Newton method and/or to choose
good initial coordinate frame for the Lohner set, which might be important in computer
assisted proofs of covering relations. In the few next sections we want to give some formulas
that will be helpful in faster computation of the Jacobian for a single step of integration
and we will present method for obtaining the derivative of the flow (non-rigorously).

4.2 Jacobian of the numerical method &

As it was shown, construction of robust rigorous integrators based on the Lohner algorithm
that avoids wrapping effect needs some method for computing Jacobian of the map ®(-)
at the current point. Moreover those one-step Jacobians may be used to construct (non-
rigorous) derivatives of the flow gij (x,tp(x)) needed in the computation of the Jacobian
of the flows and/or Poincaré Maps. A straightforward method to compute D®(a) is to use
Automatic Differentiation for this task, but we will show that in the case of the rigorous
integrator of DDE it may be a huge loss of computing time, as the form of the ®(-) allows
for vast optimization. Here we will present a faster method for computing the Jacobian of
® for a single step h = % than by using Automatic Differentiation on all coefficients of the
representation.

From now we will use the following notation in subscripts to simplify notation: (i, k) :=
index(i, k) as defined by the inder function from Definition 12. For a representations &
and 7, = ®(z) we will write ®(; 1,)(Z) to indicate :i’;b’[k}. Moreover, we will use capital letters
(eg. I, J) as the indices where it is not so important to remember grid point 7 and order
k. However, we will remember that I = index(i, k) for some unique ¢ and k - the value of

i and k may be obtained from I via inverse function index':

index"'(1) = (0,0), (4.8)
index (I) = (I-2)+~n+2)+1,T—-2)% (n+2), I>1,

where % and =+ are integer modulo and division operators:

a+b = L%J, a,beN (4.9)

a%b = a—-b-(a+b), abeN (4.10)

We will write N as the size of the representation, that is N := (n + 2) - p + 1. The
Jacobian of ® at z (denoted by D®(Z)) is a N x N matrix of partial derivatives g%(a’:) for

J
I,Je{l,...,N}.
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The integrator method ®(-) presented in algorithm 8 was divided into two parts: the shift
part presented in Algorithm 3 and the forward part that uses procedure compute-rep-k

from the algorithm 4 and the Taylor sum that computes a‘c%[o}. From Algorithm 3 it is clear
that:
8@@ k)
~(z) = 1,j=i—1, 1=k, (4.11)
05,)
0P ;
(i.k) (Z) 0, otherwise, (4.12)
0(5,)
for 7 > 2 and:
0P
M0y = 1, j=0, 1=0, (4.13)
6<I>
— 10z = 0, otherwise. (4.14)

Using those equalities we saved computational time for many of the coefficients of the
Jacobian D,®(z) reducing the size of the problem from O ((p - n)?) to O(p - n?). Namely,

we need only to compute ﬁ( z) for k > 1 (that is, (n + 1) - NV elements) and 0P io ZO)) (z)
(that is, 1+ N elements), which comes from the forward part. We will further show that we

may again set some of them explicitly to 0.
From the formulation of Algorithm 4 we see that ®(; ;) depends on k + 1 variables,

namely 7 0.(0] [O] . 7p’[k71]

and k values in the past; x . For k=n it gives maximum of
pin—1)- For all others we can set (<1 M(z) to 0, thus
reducing number of elements to (n 4+ 1) - (n + 1) € O(n?).

Finally, the formula for %(i‘) comes from the fact that @ y(7) is simply a Taylor

n + 1 variables x (g 0y, Z(p,0), -+ Z(

summation of T LM and from the fact that i,ll’[ I = (I>(1 0)(To) = jg,[o] (see Algorithm 3). As

00 g 200, gple-1

we stated previously, each :zzh[ ] depends only on z Ty , SO the value

=0,[0] e [0] —n[n 1]
s T

®(0,0)(Z) depends also on Zy"" and ¥ . Finally, the a* coefficient in the sum

is dependent also on :f'g[ ! Thus, we obtaln O(n?) coefficients in the Jacobian that are
needed to be computed.

The graphical idea of the dependence of the elements of the Jacobian for a single step
method is shown in Figure 4.2.

All those computations allowed us to reduce the input and output size to the Auto-
matic Differentiation procedure to the O(n) and O(n?) respectively. Thus, the problem
of computing the Jacobian in the each step of the integration process does not depend on
the number of interpolation points but only on the order of the interpolation. Still, it has
an impact on the size of the Jacobian matrix, and thus on the complexity of basic matrix
operations performed in each step of the Lohner algorithm.
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(0,0) (1,0) (1,1) (1,2) (1,3) (2,0) (2,1) (2,2) (2,3) (3,0) (3,1) (3,2) (3,3)

(0,0) * * * * * *

(3,0) 1

3,1) 1

(3,2) 1

(3,3) 1

Figure 4.2: Dependence of the elements of the Jacobian for the single step method ®(-) for
a (3,2)-representation. Star (%) represents some meaningful value, empty space represent
value 0. As we can see the matrix is singular, as it has empty last column and n+ 2-nd row.
This is due to the fact that those elements corresponds to the remainders :Z"g’[nH] (which
is not used in the ® procedure) and a‘c,ll’[nﬂ} (which is computed in the Rem procedure),
respectively.
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4.3 Jacobian of a Poincaré map

4.3.1 Reduced Poincaré map and it’s Jacobian matrix

As a side effect of using the Lohner set representation, we are able to compute Jacobian of
the Poincaré map associated with the semiflow ¢ and some section S. We will assume that
S is representable, in the sense of Definition 17:

Definition 17 We say that an (s,a)-section S is (p,n)-representable if there exist a finite
dimensional mapping 5 : RM — R for M = 1+ p - (n + 2) such that for any (p,n)-
representation [ we have:

5(f) = s (Supp(f)) (4.15)
We call the set S = {x € RM : 5(z) = a} the representation of the (s,a)-section S.

Remark 16 An example of a (p, n)-representable section for anyn and p is an (s,a)-section
S defined with s(f) := f(0) and with any a € R. The corresponding finite dimensional
section is then defined simply with §5(x) = m(x).

An example of a (2, n)-representable but not (3, n)-representable section for any n > 1
is an (s, a)-section S defined with s(f) == f (3) and with any a € R.

For the simplicity of notation from now on we are using symbol P to denote Poincaré
map Pgs, and we assume that S and ¢ are given and we assume that we have some (n,p)-
representable (s,a)-section S with representation 5. We assume that we are working in some
neighbourhood f of a function g such that P, s(g) = g and we assume that ¢,(f) exists for

any f € Supp(f) and t,(f) > 1.
Let g € g and let 29 be a solution to the equation (3.1) with initial function g. We

have P, 5(9) = ¢(9,tp(9)) = mfp(g) and we can define x € RM and P(z) € RM for
M = (n+2)-p+ 1 such that:

T = 9(0) (4.16)

zipy = M (=i h) (4.17)

P(x)0) = i ,(0) (4.18)
1 02f _

Ple)igy = 7-—2(=i-h) (4.19)

for 1 <i<p, 0 <k <mn. Wecall the map P(-) a reduced Poincaré map. We see that
the reduced Poincaré map is hard to compute explicitly, but we can compute it rigorously
using the integrator scheme. Since it closely resembles real Poincaré map P, g, but exists
in a finite dimensional space closely resembling our space of (p,n)-representations, we can
use its Jacobian matrix to achieve two important goals:

59



e find better approximation to a priori chosen initial set g, for example using nonrigorous
Newton algorithm,

e choose better initial coordinate frame for the Lohner set representation, by computing
(nonrigorously) eigen vectors of the Jacobian matrix DP.

Remark 17 The value t,(z) usually is not a multiplicity of base step h, thus it is neccessary
to allow other time steps in the integration process. We will deal with this problem in
Chapter 5.

In this section, we denote by z the element of RM and by x; the J-th element of the
vector x, that is z; = my(x), J € {1,..., M}. For the Poincaré map P we will denote by
Py the I-th component of P, that is a function P; : RM — R, Pj(z) = 7 (P(z)). Using
equation (4.8) we know that I and J are given by:

I = index(i,k) (4.20)
J = index(j,1) (4.21)

for some i, k, 7, [. We will use indices I, J to simplify notation where it is appropriate.
For an index I we denote by

er(z,t) = x(0), I=index(0,0) (4.22)
1 (%t . 1 . .
or(x,t) = T o <—z . p) , I =index(i, k), (4.23)
thus we can simply write:
P(2)1 = o1 (2, ,()). (4.24)
Now, for I and J, 1 < I,J < M we want to compute:
8P] a(p[ a(p[ 8pr
o = S @ty + S (@ tyla) - S (@) (125)

This equation resembles the standard formula in the ODE setting [33]. The first term
991 (g, tp(z)) may be computed numerically using single-step Jacobians of the integrator -

ox g
we call it derivative of the flow. The second term % (z,tp(x))- g% (x) is called a correction

term. It can be computed using the section S and the implicit function theorem. Here we
would like to reformulate the calculations presented in [33] to the case of DDEs as there
are some minor subtleties in the equations.
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4.3.2 Correction to the Jacobian of the Poincaré Map

We would like to compute the correction term % (z,tp(x)) - g% ().

The term % (x,tp(z)) may be obtained from equation (3.1). In the ODE setting, it
corresponds to the vector field where simply we have % (z,tp(x)) = Fr(P(z0)). In DDE
case it is more involved as in our case r.h.s of equation ' = f(z(t — 1), z(¢)) depends only
on the past and present value of the function and it returns only single scalar (so we do not
in fact have fr). We need to look closer at the ¢r (x,t,(z)).

By equation (4.24) we have:

ky 1
o1 (w0, tp(z0)) = % : (27 (tp(xo) - p) (4.26)

where I = index(i,k) and = on the r.h.s is a solution to DDE on [—1,%,(z¢)], with the
initial function xg. Now we have:

1 0%z i 1 3kxtp(x0) i
L otk (tp(fo) - p) T R ok <_p) ) (4.27)

that is, we have changed a solution x to a point @ (4,) in the phase-space C, and we
changed time variable accordingly. We remember that P(z) = x4, (5,). Now we compute:

g1 01 w0
1 ak+1xtp(zo) Z
S a1 <p> _ (4.29)
— 1) - . UAGLVAN B 4.
(k+1) (k+ 1)! Otk+1 < p) (4.30)
Now, for k < n we have:
O¢1 —(k+1 —(k+1)-P 431
g¢ (@o:tp(x0)) = (k +1) - pri1 (w0, tp(20)) = (K + 1) - Pry1(20) (4.31)

because index (i, k + 1) = index(i,k) +1 =1+ 1. For k = n we may use:

S (o, tp(@0)) = = - FI (2l (ty(a0) = 1), 2! (tp(a0) = 1) 2l (ty(0)) 2l (t(0))

(4.32)
This is the reason why we have assumed that ¢,(z) > 1 at the beginning of this section.
Ity

As in [33] to compute 72 (z) we use section S and the implicit function theorem. We

assume that S has a (p,n)-representation 5. We have:

§(P(x0)) = 0 = 5 (¢(xo, tp(20))) = 0 (4.33)
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taking derivative % we get:

05 (Pl o)) = 0 (4.34)
T

(Vs (P, (5 (antlan) ) ) =0 (435)

The . in the above equation is a standard scalar product in RM. We use (4.25) to get:

_ Op dp ot
<v8 (Pay)), (8J (@ ty(a)) + 5 (@) <x>)> —0,  (430)
where by 887“; we mean a vector of derivatives (2730;, ey %‘?j ) After reorganization:

(Vs (P, 5 @ty(o) ) 5 (@) = = (Vs (Plan) 5 nta))) . (43T)
finally:
o (V5 (Pa0)) 5 (@ (@) .
O (Vs (P(20), 5 (@,ty(x)) )

4.4 Doubleton Lohner set performance in rigorous DDE inte-
gration

We have performed the same tests as in Section 3.3, but instead using interval sets we have
used the doubleton Lohner set (Lohner representation 4): x = xg + C - ro + r, where r is
an interval set.

We run tests as in the case of basic tests in Section 3.3. Here we briefly present some
of the results, rest of them can be found on the author’s web page. Full history (after 2 - p
initial steps in case of stationary solution) of the integration process for (8,7)-representation
for both stationary and periodic solution is presented, respectively, in Figures 4.3 and 4.9
The history recorded every p steps (after 2 - p initial steps in case of stationary solution) is
presented in Figures 4.4 and 4.10. Also we present the solutions together with all derivatives
up to order k = 8 over the whole time interval t = [-1,p-(n+1)] (t = [p,p- (n+1)] in the
case of stationary solution) in Figures 4.5, 4.11 and 4.12. The first one is for the stationary
solution to equation (2.14), the two others are for periodic solution to equation (2.15).
The dependence of the resulting set diameter on the diameter of the initial set in test 3 is
presented in Figures 4.6 and 4.13. The influence of the diameter of the resulting set on the
choice of the parameter p (the grid spacing) is presented in Figures 4.7 and 4.14.
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We see that the strong contraction on the high order coefficients is maintained and we
also get the contraction for all or almost all other coefficients, contrary to the interval set
representation. To better see the advantage of the Lohner set over the interval set we also
included comparison of the set representations in Figures 4.8 and 4.15. The advantage of
using Lohner sets is more clear in the case of periodic orbit than in the case of strongly at-
tracting stationary solution. Still, in both cases, we obtain better estimates on the diameter
of the set if we use doubleton Lohner set representation.

Remark 18 We have also done numerical experiments for doubleton Lohner sets, where
the error part r was represented by the cuboid set (QR decomposition was used) instead
of interval set. Surprisingly, this approach gave worse results and sometimes behaved as
classical interval set. We attribute this strange behaviour to the problem of computing QR
decomposition for matrices of very big dimensions (in our case the dimension of the Jacobian
matriz is p- (n + 2) + 1). This phenomena should be studied in the future.
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Figure 4.3: Diameters of the coefficients of a sequence {®"(Z0)},c 16, s.(742)) (2 full history after
2-p steps) for some (8,7)-representation Zg of a stable stationary solution x = 0 for system (2.14).
Red horizontal line marks the diameter of the representation of the initial function. On the z-axis
we have the iteration steps, each tick represents p steps of iteration. The data from test 1c was
used. System (2.14), doubleton Lohner set representation and (8,7)-representation were used for

the integration process. The data is stored in the file steady_08_07_out_3/rect_di.txt.
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Figure 4.4: Diameters of the coefficients of a sequence {®57(Z) }ne{2,..,(7+2)} for some

(8,7)-representation Ty of a stable stationary solution z = 0 for system (2.14). Red horizon-
tal line marks the diameter of the representation of the initial function after 2 - p steps. On the
z-axis we have the iteration steps, each tick represents p steps of iteration. The data from test 1c
was used. System (2.14), doubleton Lohner set representation and (8,7)-representation were used
for the integration process. The data is stored in the file steady_08_07_out_3/rect_di.txt.
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Figure 4.5: A graph of the solution z(t) = 0 to (2.14), together with the all derivatives up to
order k = 7 (black lines). Blue and red lines present lower and upper bounds respectively.
For k = 8 we present the bound on the 8-th derivative on the intervals of the length h = ]19.
On x axis we have time t. The data is as in Figure 4.3.
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Figure 4.6: Dependence of the diameter of the interval set on the initial data diameter.

.

After

initial 2 - p steps a history of the integration of some neighbourhood of a stable stationary solution
x = 0 to system (2.14) was recorded every p steps for three runs with initial data of decreasing
diameter. On the z-axis we have the iteration steps, each bar is a diameter of the representation
coefficient after p steps of iteration. The data is generated for tests 1a, 1b, 1c (black, white, gray
respectively). System (2.14), doubleton Lohner set representation and (8,7)-representation were
used for the integration process. The data is stored the files steady_08_07_out_1/rect_di.txt,

steady_08_07_out_2/rect_di.txt and steady_08_07_out_3/rect_di.txt respectively.
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Figure 4.7: Dependence of the diameter of the representation on the grid size p. A history of one
integration of three representations of a stable stationary solution x = 0 for system (2.14) for param-
eter p € {8, 16, 32} was recorded every p steps after initial 2-p steps (black, white, gray respectively).
The diameters of corresponding representation coefficients (i.e. that represents appropriate deriva-
tive at the same time t) are drawn for comparision. Each bar is a diameter of the representation
coefficient after p steps of iteration. The tests used are: 1c, 4, 5 (black, white, gray respectively).
For all integrations the system (2.14) and doubleton Lohner set representation were used. The data
is stored the files steady_08_07_out_3/rect_di_p.txt, steady_16_07_out/rect_di_p.txt and
steady_32_07_out/rect_di_p.txt respectively.
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method (black) and a Lohner set rep-
In both cases we have integrated the

same initial representation of a stable stationary solution = = 0 to system (2.14) and we have used
interval set representation and (8,7)-representation. On the chart we present the diameter of the
interval hull of each representation coefficient every 8 steps of the integration. The data from test
1c was used. The data is stored in the file steady_08_07_out_3/int_di.txt.
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Figure 4.9: Diameters of the coefficients of a sequence {®"(Z0)},,c(o s.(712); (a full history) for
some (8,7)-representation Z, of a stable periodic orbit for system (2.15). Red horizontal line marks
the diameter of the representation of the initial function. On the z-axis we have the iteration steps,
each tick represents p steps of iteration. The data from test 1c was used. System (2.15), doubleton
Lohner set representation and (8,7)-representation were used for the integration process. The data
is stored in the file periodic_08_07_out_3/rect_di.txt.
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Figure 4.10:
(8,7)-representation T of a stable periodic orbit for system (2.15).
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the diameter of the representation of the initial function. On the x-axis we have the iteration steps,
each tick represents p steps of iteration. The data from test 1c was used. System (2.15), doubleton
Lohner set representation and (8,7)-representation were used for the integration process. The data
is stored in the file periodic_08_07_out_3/rect_di.txt.
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Figure 4.11: A graph of the stable periodic solution z(t) to (2.15), together with the all
derivatives up to order k = 7 (black lines). Blue and red lines present lower and upper
bounds respectively. For kK = 8 we present the bound on the 8-th derivative on the successive
intervals of the length h = %. On z axis we have time ¢. The data is as in Figure 4.9.
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to (2.15) and its derivatices shifted by the numerical approximation to the solution. On x
axis we have time ¢. The data is as in Figure 4.9.
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Figure 4.13: Dependence of the diameter of the interval set on the initial data diameter. A history
of the integration of some neighbourhood of a stable periodic orbit for system (2.15) was recorded
for three runs with initial data of decreasing diameter. On the z-axis we have the iteration steps,

each bar is a diameter of the representation coefficient after p steps of iteration.

The data is

generated for tests la, 1b, 1c (black, white, gray respectively). System (2.15), doubleton Lohner

set representation and (8,7)-representation were used for the integration process.

The data is

stored the files periodic_08_07_out_1/rect_di.txt, periodic_08_07_out_2/rect_di.txt and
periodic_08_07_out_3/rect_di.txt respectively.
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Figure 4.14: Dependence of the diameter of the representation on the grid size p. A history of
one integration of three representations of a stable periodic orbit for system (2.15) for parameter
p € {8,16,32} was recorded every p steps (black, white, gray respectively). The diameters of
corresponding representation coefficients (i.e. that represents appropriate derivative at the same
time ¢) are drawn for comparision, i.e. 2>/ for p = 8, z2%[P for p = 16 and z* %! for p = 32. Each
bar is a diameter of the representation coefficient after p steps of iteration. The tests used are: 1c,
4, 5 (black, white, gray respectively). For all integrations the system (2.15) and doubleton Lohner
set representation were used. The data is stored the files periodic_08_07_out_3/rect_di_p.txt,
periodic_16_07_out/rect_di_p.txt and periodic_32_07_out/rect_di_p.txt respectively.
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Figure 4.15: Comparision between basic interval numeric method (black) and a Lohner set repre-
sentation by the doubleton z¢ + C - rg + B - r (white). In both cases we have integrated the same
initial representation of a stable periodic solution to system (2.15) and we have used interval set
representation and (8,7)-representation. On the chart we present the diameter of the interval hull
of each representation coefficient every 8 steps of the integration. The data is stored in the file
periodic_08_07_out_3/int_di.txt.
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Chapter 5

Poincaré maps for DDEs

In this chapter we consider the following question: how we can rigorously compute the
Poincaré map Ps, associated with the system (3.1)7 Namely, we consider the following
problem: given the representation Zo such that ¢,(zo) exists for any g € Supp(z) find a
representation Ty, (4, such that Ps,(20) € Supp(Zy,(zy))-

For this purpose we will use the rigorous integrator discussed in Chapter 3. We must
however notice, that there is a problem with the integrator: a fixed step size. The fixed
step size disallow to move a representation as close to section as possible and, in turn, it
may prevent to produce small image of the initial set on the section, unless we choose a
very small h at the beginning of the iteration process. But a very small step increases size
of the representation and the number of iteration steps needed to reach the section, thus
making the integration very slow. An alternative would be to construct a procedure that
can create representation of a solution after arbitrary step size 0 < € < %. Such a procedure
would be used to do the last step of the computation of map P, after moving close enough
to the section using basic integrator from Section 3.2.

In this chapter we propose two procedures (called for convenience the e-methods) that
given a representation of x compute a representation of o(x,¢) for step size 0 < € < L.
We compare their effectiveness in integration of the neighbourhood of exemplary periodic
solutions both stable and hyperbolic with one or two unstable directions. We also discuss
application of those methods to compute Poincaré maps, their limitations and the problem
with discontinuities imminent in the DDEs (see Remark 19).

Remark 19 Here we want to stress that, in general, we will not be able to guarantee that
@ (20,tp(0)) € Ty, (0y) for each zg € Supp(To)! Below we present two exzamples where (p,n)-

representable functions cannot be represented with the same (p,n)-representation after ar-
bitrary time step.

e Example 1: Assume that r.h.s. f of (3.1) is
flz,y) =0, Va,yeR (5.1)
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and let zo(t) be an initial function such that:

1 1

7_|_t _1<t<_,
zo(t) = ¢ 2 2 9.2
0() { %<t< ( )

We see that x(t) is continuous on [—1,0] and C*° on each interval [—i- 1, —i- 1 + 1]

thus we can construct a (2,n)-representation for any n € N. We cannot however
construct such representations for x. = p(x,e) for 0 < & < h, due to the existing
discontinuity at t = —% in x(t) which propagates to a discontinuity at t = —% —cin
xe ().

Exzample 2: Assume r.h.s. f of (3.1) as in Ezample 1 and assume two initial
functions:
Slio(t) =1 (53)

and

yo(t) =t (5.4)
which give rise to solutions x(t) and y(t) respectively. Let x. = p(xg,€) and y. =
©(yo,€) for 0 < e < h, namely:

z(t)=1, te[-1,0] (5.5)
ys(t):{é zi:;o—]&‘] (5.6)

We see that x. can be represented with a (p,n)-representation for any p and n while y.
cannot as its deriwative has a discontinuity at t = —e. This phenomenon is possible
as zo(t) is aligned to ¢ in the sense that 2/(07) = f (z(—1),2(0)) = 2/(0%). In the
case of y(t) we have y'(07) =1 # 0 = f(y(=1),y(0)) = v/ (07), thus the solution y.
s only continuous.

Having those examples in mind, we see that we will only be able to investigate a re-

striction of P to some subset of phase-space of reqularity high enough for our methods to
work (such as x(t) in Example 2). This however will be no issue in computer assisted
proofs, as we assume high reqularity of r.h.s. of equation (3.1) and we will be applying our
methods to investigate solutions for which we will be able to assure their regularity a prori
using smoothing property of the DDE. We discuss this issue further in this chapter in the
Section 5.4.

Remark 20 To compute Poincaré maps we also need to estimate the final time step € =
[e1,€2] such that t,(x) € h- N +¢ for some N € N and all x € Supp(Zo). We do not discuss
this issue here, as it is rather simple matiter and may be resolved using various approaches
like Newton method, binsearch algorithm or other heuristic algorithms.
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5.1 First e-method

Formula for ci’[k] (€) in equation (3.11) from Lemma 9 together with a simple estimation of
the remainder part of the representation immediately brings the first e-method H; presented
in the algorithm 10.

Algorithm 10 H;
Input: ¢, Zg, xp

Output: 7.
Require: 0 < e < % Tp = ®(x9),

1 for k:0<k<n,i:1<i<pdo

2 i?[k] < COMPUTE-C-K( Zo,1,k,€ )

3 end for

4: fori:1<i1<pdo

5 ol INTERVALHULL(:E%’[H+1],i‘Z[TH—l] )
6 end for

7. 7ol ZZ+(1) ji K] . ok

The idea behind Algorithm 10 is very simple. Let zp € o and let z(¢) be a solution to
(3.1) with the initial function z¢. Then from Lemma 9 we get that:

(<] Z) — gl ( ’ ) L[kl
Ty =z +e)€c 5.7

forany 1 < i < pand 0 < k < n. For the :f:g’[o] we use simply equation (3.6) on the
representation Zp = ®(Zp). What is left to compute are the remainders, but for them, as
we said in the introduction to this chapter, we need to restrict ourselves to a subset of
functions in Supp(Zp) of regularity high enough.

Lemma 21 Let Zg be a representation and let T. be an output from Algorithm 10 executed
for arguments €, xo, ®(wg). Assume that function z(t) of class " on the interval [—1, h]
is a solution to (3.1) with smooth r.h.s. such that o € To. Then p(xo,e) € Supp(Z.).

Proof: the proof is obvious. All the coefficients of the representation Z. were computed
with formulas valid for any function zg € Zg, except for the remainders. Now, if z(t) is C"+!
n [—1, h] then the n+ 1-st derivative of = exists on each interval [—i-h+¢e,—i-h+ h + €],
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Figure 5.1: The idea of the first e-method Hj. On the left: what we want to compute
(above) and what we have on the input (below). On the right: what is really computed by
the procedure Hj.

1 <7 < p. From the fact that 0 < e < h we have:

et (=i h4[0,h]) = 2l (—i-h4e+[0,h]) C (5:8)
c a(—i h+0,h) Uzt (=i h+h+1]0,h]) C (5.9)

c [jé,[n+1},f2[n+1q (5.10)

| ]

The graphical presentation of the idea of the e-method Hj is shown in Figure 5.1.

Remark 22 In fact, procedure Hy uses r.h.s. of equation (3.1) only to compute coefficient

720 (as it sums coefficients from the representation xp = ®(xg)). Apparently, when we
analyze the formula for ci’[k] (€) from Lemma 9 (which is used in procedure Hy to obtain
rigorous bounds on almost all coefficients) we can draw a conclusion that e-method Hy may
produce poor estimates for the solution because of the ‘bottom-up’ computation approach
which builds all ci’[k] (¢) based on the remainder estimation T°"1. The remainder is often

big, because it holds bounds on the n+1-st derivative on the whole interval [—i-h, —i-h+h].
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The effect of this overestimation is not so important in the standard integration procedure
D, as it is only used to estimate a remainder in Taylor series of usually high order n + 1.

But it may have great impact on coefficients C?[k] (€), especially for k ~n or k =~ 2, as for

27
those k’s the approxzimation given by ci’[k] (€) is either of a low order in the variable ¢ (k
close to m) or it has quite big coefficients (,i) in (3.11) (k close to ). Thus it would be
advisable to find a better procedure for computing e-method - a method that will use r.h.s.
of equation (3.1) to compute more coefficients, and thus it would be able to ,exploit” inner

dynamics of the system.

5.2 Second s-method

Here, we will use the fact that remembering the history on an interval [—2,0] instead
only on [—1,0] gives us chance to compute all coefficients of Z. using an analogue of the
forward-part algorithm from Section 3.2. This will allow to exploit the inner dynamics of
the equation (3.1) to (probably) get better numerical results on all coefficients than it can
be done in the case of procedure H;. The idea is simple: we would be able to compute

coefficients 72" using equation (3.27) if we have two ingredients:

[0] L,[k]

e value for 7% , which can be simply obtained using equation (3.6) on coefficients z, ™,

e the derivatives in the past, namely estimates for zkl (e —1), 0 <k <n. For this, we
will simply use already presented procedure Hj.

We hope, that this procedure will be better than H; because equation (3.27) uses r.h.s. f
of the equation (3.1), thus it can take advantage of the contracting properties of the system
to compensate for overestimates given by H;. The idea behind the second e-method Hj is
presented in the series of figures 5.2-5.5 and the numerical procedure itself is presented in
Algorithm 12.

In the procedure Hy we will use an auxiliary method presented in Algorithm 11 for
computing remainder on the interval of length ¢ instead of length h as it is in case of
Algorithm 5.

The following lemma is true:

Lemma 23 Let x be a solution to (3.1) with some initial function .
Let r* be an output from Algorithm 11 executed for e, i, {:f;’l’gl]} , {:Z‘z’[k]}
0<k<n+1 0<k<n
such that:
o c€0,h],
e 1<i1<p,

o a:yc_]l(—i -h) € E;_[kl], for0<k<n
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Algorithm 11 compute-remainder*

- [ ilk T
Input: ¢, ¢, {xill]}0<k<n+1’ {xi[ ]}O<k<n

Output: r*, a*, b*

1. {dH} « compuTe-c(z)(~1), ..., z]" " (=1),[0,€])

b FIntIl(co]  clnl clnt] glol gl gln+ly

r* < a* +[0,¢] - b*

2:  dl% « ROUGHENCLOSURE( f(cl, -),@8’[0],5 )

3: fork:1<k<n-+1do

4: Akl % . plk=1] (6[0}7 ., k=1 gl ._7d[k*1])

5:  end for

6: a* « (n}rl) - Pl (z01(=1), .., 2" (=1), 21(0), .., zI")(0))
T:

8:

e ol i bt &) e sl for any € € [0.4),

. xyc](—i -h) € i’i’[k], for0<k<n

Then " ([—i - h, —i - h +¢]) C r*.
Proof: The proof is analogous to the proof of Lemma 13. ]

Now we are able to present the method Hy in Algorithm 12.

Lemma 24 Let T_1 be a representation and let T, be an output from Algorithm 12 executed
for arguments ¢, x_1, ®(x_1), ®P(z_1), P (z_1). Assume that function x(t) of class
C™tL on the interval [—2,h] is a solution to (3.1) with initial function x_1 € T_1. Then
p(x-1,1+¢) € Supp(Z:).

Below we present only sketch of a proof, as it is rather technical application of Definition 10,
equation (3.6), equation (3.1), Lemma 21 and Lemma 11.

Proof: First of all, by Lemma 21, we have z_11. = ¢(x_1,e) € Supp(F). Let z. =
o(x_1,1+¢€), then:

e we use equation (3.6) and Definition 10 to obtain that z.(—i-h) € 720 for all 0 < i < D

e we use equation (3.1) to obtain J:Lk](—i -h) € ié’[k] foreach 1 <i<pand 0 <k <n,
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Algorithm 12 Hy

Input: €1, €2, prast; :Epast’a jbefo're: "Eafter
Output: 7.

Rech.lil‘a: €€ (07 h)a :Epast/ = <I>(-'Epast); fbefco're = CIﬂ)(mpast); fafte'r = <I>P+1(xpast)a

1: €+ [e1,e2]
2: T 4 Hl(sl’EQ’jpaSi’fpast')
3: fori:1<i<pdo

. i, * - —i,[0] ~i,[n+1] -i,[0] =15 [n]
4: r** <~ COMPUTE-REMAINDER™( [0,52],2,:cpast,,., past > Lpefores > Lhe fore )

. ~4,[0] n  -i,[k] k i ont1
5: T a0 Tpefore "€ H TV

_i,[k i i Tk—1] =i
6: {zl’[ ]} + coMPUTE-REP-K( n — 1,70[0]  7ilk 1],:102’[0] )
1<k<n

7 end for

8: fork:0<k<n+1,i:1<i<pdo
i,[k]

9: Cpast ¥ COMPUTE-C-K( Tpast, i, k, [0, h] )
10: oIkl -o-k( 2 ik, [0
: Cpast! <~ COMPUTE-C K( Tpast!s i ,[0,e2] )
. =i, [k i,[k]  4,[k]
11: &k — iNTERVALHULL( Cpast: Cpast/ )

12: end for
13: fori:1<i<pdo

14: d®19 «— rouGHENCLOSURE( f, Ei*[o],:f?[o], h)

15: {(ii’[k]} +— compuTE-REP-K( n, &[0 . &hlk=1] gi.[0] )
1<k<n+1

16: end for

ot #1 . plnl (Fi,[0]7"77—,1',['”]75;?[0]7._7i,é:["]>+

17: . -
+ [0,h] - Flnt1] (51',[@, ,.,5i,[n+1],di,[ohdi,[nm)

18: fork:0<i<n+1do

19: P [Fl « cOMPUTE-C-K( Tpe fore, i, K, [0, ] )

20: end for

21:  d%9 « roueHENCLOSURE( f, cP*[O],ig’e[ﬁire,az )

22: {J*W} + coMpPUTE-REP-K( n, cP 0] . cPolk=1] g+ [0]
. 1 ~p,[0] =p;[n]  -1,[0] =1,[n]

23: ™ nt+i F[n] (xbefor57 "7xbefore’xafter’ “’xa,fter>

24: b [0,e9] - Flnt1] (Cp,[OI,“,cp,[n+1]’J*7[01?3*7[n+1]>

25 20 3 gL

ek wx  ontl sk n+2
T fper € +a € +b 5

e we use Lemma (11) and the fact that z(¢) is of class C" ™! on [—2, k] to get x
h+1[0,h) c z2" ™ forall 1 < < p
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The idea of the method Hs is presented in a series of figures. In Figure 5.2 we have a
graphical representation of the setup to the procedure Hs. Figure 5.3 shows the usage of
the method H; to compute a representation 7 of x_14.. The representation 7 is then used
in other procedures to obtain other coefficients using r.h.s. of equation (3.1). Computation
of i’é’[k] for 0 < k < n is presented in Figure 5.4. The final computation of the value of the
function at time ¢ = ¢ is shown in Figure 5.5.

Remark 25 The procedure Ho in the form presented in Algorithm 12 has the following
advantage: in the case of r.h.s. of equation (3.1) independent of x(t — 1), i.e. when
fz(t—1),2(t)) = f (x(t)) we can show that the method is essentially equivalent to rigorous
Taylor method of order n for an ODE of the form ' = f(x) for any step size € € [0, h].
We set f(x(t —1),z(t) to f(x(t)) and FI (x[o](t — 1), ..,z — 1), 20), .., ¥ (t)) to
FlKl (x[o] (1), ., k] (t)) to indicate that there is no dependence on the past. We see that all
coefficients of the resulting representation T. are estimates given by the classical rigorous
Taylor method for ODFEs. Namely, in the past, we have:

n

ié,[o} — ng[k] gk gL gt

k=0
, 1 , ,
okl — — . plk=1] (0] i [k—1] <k<
7 2 F (acg sy Ty ) 1<k <n,

Where b** becomes a Taylor remainder computed using classical rough enclosure for ODE:
as we can see in Algorithm 11 f depends only on x(t), which reduces computation of dl o
computation of the classic rough enclosure for ODE x' = f(x). Then, the coefficients dl¥]
depends only on dl0:
1 _ _
ik — = FlE=1] (d[OJ, L dl 11) C1<k<n+l (5.11)

exactly as in case of ODE Taylor method of order n.
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Figure 5.2: Computing a. with the second method - what we have (bottom) and what
we want to have (up). On the bottom, marked with gray dots and rectangles, there is
an additional column of representation a; for h = % which is needed to compute ig’[o}

(double-bordered circle above timeline). The element a‘cg’[o] = a‘c(l’[lo] that is present in both

representation a_1 and ag is marked with border on the bottom. Dotted arrows shows time
t=¢— %, where we need to look for past values when computing given coeflicient.
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Figure 5.3: Here we have computed r = Rc(a—1) (double-bordered rectangles with gray
interior). We will use it as values at times ¢ — > (dashed lines). The elements needed
to compute r are drawn as solid black dots and dark gray rectangles. Notice that 7+
are much bigger than needed, but we are not able to overcome this (a pointed out in

Section 5.1).
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5.3 Comparison of the s-step methods

Here we compare the performance of the e-methods Hy and Ho. The test are performed as
follows: we use as the input to the e-methods the representations after N = p-(n+2) steps
from the integration process history in tests 3¢, both for stationary solution to system (2.14)
and periodic solution to system (2.15). Here, the number of steps equal is important as
we need another representation after p - (n + 1) steps to compute procedure Hy and we
want to assure that this representation contains smooth enough functions. We present
the comparison of the diameters of the sets obtained from H; and H, for three step sizes
€€ {% - h, % - h, % . h} to be able to asses the influence of the step size on the resulting set.

Figure 5.6 presents comparison of the e-methods applied to a stationary solution x =
0 to system (2.14). In the first column we see the diameter of the (8,7)-representation
after N = p- (n + 2) steps of integration (p = 8, n =7, h = é) Three other columns
present diameters of the resulting sets after applying e-method for increasing step size
€€ {% - h, % - h, % . h}. We see that the diameters do not differ significantly for coefficients
7% for k < 7. Closer inspection however reveals that the e-method Hy is always better or
equal than the procedure Hy. For k = 7 method Hs is evidently better than H;, especially
for longer step sizes. Moreover, it allowed to achieve contraction on the remainder part
(k = 8), where method H;p simply preserved the diameter of the set (this is consequence
of the way in which we compute remainder in Hi, as a interval hull of two consecutive
remainder terms).

Figure 5.7 presents comparison of the e-methods applied to a stable periodic solution
to system (2.15). First column presents the size of the initial function. Te second column
presents the diameter of the (8,7)-representation after N = p - (n + 2) steps of integration
(p=8n="7 h= %) Three other columns presents diameters of the resulting set after
applying e-method for increasing step size € € {% - h, % - h, % . h}. For coefficients z>*] for
k = 0 we see that the results does not differ significantly, but surprisingly we see that the
method Hs is worse than Hy for coeflicients with & = 1,2. From k& = 3 the method Hs
starts to behave much better than H;, especially for longer step sizes. Especially, method
Hs guarantee that the remainder part is contracting, where method H; fail, producing quite
big overestimates.

We cannot now explain the surprising behaviour of the Hs method for small values of
k. It may be that the diameter of the set in the past, ®V (%) used in the Hy method to
compute r*, play a crucial role. But, as we see in Figure 5.8 the sets Zpqs = dN-P(z() and
Tpresent = N (Zg) cannot be so easily compared - as some coefficients are larger in past
(p steps before the section), but some of them are larger at the present time (just before
the section). So it is hard to draw a clear conclusion. This experiment suggests that the
preferred way of computing the representation after ¢ step size is to use both methods and
return intersection of the resulting representation.
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Figure 5.6: Performance of the e-methods H; and Hsy (black and white respectively) computed
for three values of the step size ¢ € {2-h,1-h,2.h} (second, third and fourth column re-
spectively). In the first column we have diameter of a set ZTycfore used to compute e-method,
Tpefore = @p'(”+2)(fo) for initial representation Z, of a stable stationary solution for system (2.14).
System (2.14), doubleton Lohner set representation and (8,7)-representation were used for inte-
gration. The data from test 1c was used. Presented data for e-methods H; and Hs is stored in
files steady_08_07_out_3/di_epsi_1_rect.txt and steady_08_07_out_3/di_epsi_2_rect.txt

respectively.
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Figure 5.7: Performance of the e-methods H; and Hy (black and white respectively) computed

for three values of the step size ¢ € {7 -

spectively).

h,%-h,3-h} (second, third and fourth column re-

In the first column we have diameter of a set Zpcrore used to compute e-method,
Tpefore = P ("+2) (7)) for initial representation Zo of a stable periodic solution for system (2.15).
System (2.15), doubleton Lohner set representation and (8,7)-representation were used for integra-
tion. The data from test lc was used. Presented data for e-methods H; and H> is stored in files
periodic_08_07_out_3/di_epsi_1_rect.txt and periodic_08_07_out_3/di_epsi_2_rect.txt
respectively.
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Figure 5.8: Comparison of diameters of the sets Zpqs = ON-P(z4) and Tpresent = N (z) (left
and right bar respectively) for the periodic orbit in system (2.15). The sets Zpqst and Zpresent are
used as an input to the Hy method and N =p - (n + 2).

92



5.4 Discontinuity issues of e-methods

In Remark 19, we have presented a problem that arises when we want to produce a (p, n)-
representation of a set ¢ (Supp(Zo),e) for 0 < e < h. Namely, we are not able to represent
o(z,e) for all functions x € Supp(ZTo) because many of them, in general, have discontinu-
ities in derivatives of various order at grid points t = —i - h (see examples in Remark 19).
In Lemmas 21 and 24 we have established a classes of functions for which procedures H;
and Hs produces valid (p, n)-representations. It is advisable then to be able to assure or
check a priori if those classes have nonempty intersection with the Supp(Zg) of the initial
representation Ty and this section is devoted to this problem.

This problem is important in the case of rigorously proving the existence of periodic
orbits in system (3.1) with r.h.s. f smooth enough. Let assume that f is C°°, then we can
show that any periodic solution x(t) to (3.1) must be of class C*° (for details see [8]). Thus
we can do rigorous computation using the integrator and the e-methods to obtain estimates
of z(t) and to construct Poincaré map P in the vicinity of the initial function xg.

In the examples in Remark 19 we have shown that even C™ initial function xg may give
rise to a solution x(t) that is only CY. Only the solutions that are in some sense aligned to
the flow ¢ will give rise to a smooth solutions. Definition 18 gives a rigorous definition of
an alignment of an initial function and Definition 19 defines a subset of Supp(f) of aligned
functions.

Definition 18 Let z € Ck. We say that xo is C*-aligned to system (3.1) iff ;v(()j)(O*) =
%f (xo(t — 1), 20(t)) |t=0 for all 0 < j < k.

In other words, zq is C*-aligned if left and right derivatives of a solution x(t) of system (3.1)
with initial function zg are equal up to order k at ¢t = 0.

Definition 19 We say that a (p,n)-representation To is C*-consistent iff there exist xo €
Supp(Zg) such that zq is C*-aligned. By Cons®)(Zq) we denote the set of all C*-aligned
functions in Supp™® (Z).

Now, if the initial representation Zg is C"*!-consistent then we can use e-methods to
rigorously estimate restriction of the Poincaré map P, s to a set Cons™t1)(zg) - thus
we will be able to use those estimates in computer assisted proofs. By the smoothing
property discussed shortly in Section 2.2 we know that the simplest method for obtaining
C*-consistent representation is iteration of time shift by 1 map P(z¢) = x1. If f in (3.1)
is of class at least C™t! and if Z is any interval (p, n)-representation then we have that
®P* must be C*-consistent. This approach may be applied in the case of computer assisted
proofs of contracting periodic orbits but may fail when the orbit is repelling. Thus it is
advisable to provide other means for assuring that a representation is C*-consistent - we
are going to address this issue in our future work.
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Chapter 6

Conclusions and the future work

In this work we have presented rigorous numerical algorithms to compute enclosures for the
solutions to scalar DDEs with single, bounded, constant delay of the form & = f (z(t — 1), z(t)).
We have proved their correctness and we have measured the performance of our imple-
mentation of those algorithms on the exemplary DDEs, moreover we have developed and
implemented algorithms to compute Poincaré maps associated with the given DDE.

We have implemented the algorithms in a C++ library which extends the CAPDI1]
package. The implementation heavily uses template-based approach to provide high per-
formance during computations. The library, its documentation and the sample codes to-
gether with data from numerical experiments are available from the author’s web page:
http://wuw.ii.uj.edu.pl/"szczelir.

The results obtained in this work are promising for the future application to the proofs
of dynamical phenomena existing in DDEs. However, to achieve this we need to overcome
several difficulties and questions that we have encountered during our research:

e how to choose good coordinate frame for initial function representation to be able
to create covering relations (needed in the proofs of unstable periodic orbits)? How
to compute rigorously inverses of big and usually close to singular matrices, that
comes from choosing (approximate) eigenvectors of the reduced Jacobian matrix of a
Poincaré map as the coordinate frame?

e why is the doubleton Lohner set with the cuboid error term representation worse
than the doubleton Lohner set with interval error term representation? What is the
performance of the QR decomposition in this case?

e is it possible to implement C'-computations from the work [33] (or some kind of their
analog) in the context of DDEs to be able to prove uniqueness of the solutions and
other important features of the solutions?

e test other strategies for computing e-methods and access their performance.
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e how to check a priori if a representation is C*-consistent without need to do many
steps of basic numerical method?

Besides overcoming those theoretical problems we would like also to extend our methods
to include any number of equations (systems of DDE), any number of discrete delays and
(if possible) time- and state- dependent, positive delays.

We hope that we will be able to overcome those problems and to provide in near future
an unified framework to create computer assisted proofs in DDEs.
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