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ARTICLE INFO ABSTRACT

Communicated by M. Mislove We construct a continuous domain, as a model of interval analysis, for temporal discretization of
differential equations. By using this domain, and the domain of Lipschitz maps, we formulate
a generalization of the Euler operator, which exhibits second-order convergence. We prove
Euler method computability of the operator within the framework of effectively given domains. The operator
Interval analysis only requires the vector field of the differential equation to be Lipschitz continuous, in
Lipschitz vector field contrast to the related operators in the literature which require the vector field to be at least
Runge-Kutta method continuously differentiable. Within the same framework, we also analyze temporal discretization
and computability of another variant of the Euler operator formulated according to Runge-Kutta
theory. We prove that, compared with this variant, the second-order operator that we formulate
directly, not only imposes weaker assumptions on the vector field, but also exhibits superior
convergence rate. We implement the first-order, second-order, and Runge-Kutta Euler operators
using arbitrary-precision interval arithmetic, and report on some experiments. The experiments
confirm our theoretical results. In particular, we observe the superior convergence rate of our
second-order operator compared with the Runge-Kutta Euler and the common (first-order) Euler
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operators.
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1. Introduction

Many concepts and phenomena in modern science have been formulated using differential equations. To analyze systems which
have been formulated using differential equations, apart from rare cases with closed-form solutions, numerical methods must be
used. The methods of classical numerical analysis are adequate when infrequent errors are acceptable. In safety-critical systems,
however, even isolated errors can lead to disproportionate damages, or more importantly, loss of life. Therefore, in analyses of such
systems, computations must be validated.

A powerful approach to validated computation is provided by interval analysis [59,2]. The foundations of modern interval analysis
were laid in 1950s by Warmus [79], Sunaga [73], and Moore [55], although, the most influential work has been the well-known
book by Moore [56]. Ever since, interval methods have evolved considerably, and have been applied to various tasks, e.g., interval
Newton method [58], optimization [35], solution of systems of linear equations [51], eigenvalue problems [38], solution of partial
differential equations (PDEs) [68,39,76], various topics in functional analysis [57], and security analysis of neural networks [78], to
name just a few. There is also a rich literature on the solution of initial value problems (IVPs)—which is the subject of the current
article—using interval methods, e.g., [5,62,64,47,59,77,3,48].

Interval analysis has also had a productive interplay with domain theory [1,33,34], and each subject has enriched the other. In
Dana Scott’s seminal paper on domain theory [69], the interval lattice appears as one of the only two examples of concrete data
types that are presented.! In the monograph [70]—which is a revised and expanded version of [69]—Moore’s book on interval
analysis [56] is mentioned as one of the few references related to the mathematical theory that is developed. Subsequent results
in casting mathematical analysis in a domain-theoretic framework also owe much of their inspiration and conceptual foundation to
the earlier work on interval analysis. For instance, interval methods for integration and differential equation solving appear in [56],
well before they were recast in a domain-theoretic framework [19,22,23]. Domain theory, in turn, provides a refined framework for
interval analysis, which enables systematic analyses of convergence, computability, and complexity of the methods involved. To be
more concrete, domain theory provides a model of interval analysis whereby a notion of approximation of an interval I :=[I,T] by
another interval J :=[J, J] is introduced, which requires J to contain I in its interior, i.e., [, Tc W, J).2 This notion, together with
the notion of convergence of a nested set of intervals to its intersection, allows for an analysis of computability of (say) the solution
of an IVP, bringing the study of ordinary differential equations (ODEs) and theories of computability together.

In the current article, we focus on ODEs. Specifically, we consider the IVP:

y@© = @),
»(0) = (0,...,0), (€))

——

n
in which f : [-K,K]" - [-M, M]" is a continuous vector field, for some natural number » > 1, and positive rational numbers
K,.MeQ,.

By merely assuming the vector field f to be continuous, Peano’s theorem implies that the IVP (1) has a differentiable solution
y: [—%, %] — [-K,K]" [75, Theorem 2.19]. Furthermore, if f is Lipschitz continuous, by Picard-Lindel6f theorem, the IVP must

1 With the lattice of natural numbers being the other example.
2 Also, see (2) on page 5.
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have a unique solution [75, Theorem 2.2]. The Lipschitz condition is sufficient but not necessary for uniqueness of solutions [50].
Hiroshi Okamura provided a necessary and sufficient condition for uniqueness of solutions, which may be found in [81].

Lipschitz continuity is, nevertheless, the common assumption that is imposed on the vector field in developing computational
methods. This is partly because convergence analysis is easier using Lipschitz properties of the maps involved. We also focus on
Lipschitz continuous functions due to their desirable computational properties [20,21,18].

Methods of classical numerical analysis for solving differential equations are commonly implemented using floating-point num-
bers. These implementations have inherent inaccuracies, mainly due to round-off and truncation errors. A full error analysis may be
carried out in some cases [37,8], but in general, error analysis of floating-point computations is very hard, and the computations
may be deceptively unstable, even when the operations involved are rather simple [60,49,67,66]. An effective alternative is devel-
oping algorithms which are correct by construction, i.e., do not require a separate error analysis. Validated numerics offer a sound
alternative of this kind, where results are provided with absolute guarantees of correctness.

By assuming the vector field to be analytic, a validated solution of the IVP (1) can be obtained in polynomial time [61] by using a
Taylor model. Without the analyticity assumption, IVP solving becomes PSPACE-complete, even with C* assumption on the vector
field [43]. Despite such complexity constraints, for sufficiently regular vector fields, there are feasible validated methods available
in the literature, including high-order Taylor methods [5,62,77] and Runge-Kutta methods [47,3,48].

By combining powerful tools from order theory and topology, domain theory provides a rich semantic model for validated numer-
ics. In contrast to Taylor methods, a characteristic feature of a domain-theoretic approach is that the vector field is interpreted as the
limit (under Scott topology) of a sequence of finitely-representable approximations. An added advantage of developing differential
equation solvers in a domain-theoretic framework is that they can be subsequently incorporated into domain-theoretic models for
other applications, such as reachability analysis of hybrid systems [24,54,52,53].

Domain theoretic methods for solving IVPs have indeed been studied for Picard method [20,23], (first-order) Euler method [22],
and a second-order variant of Euler method [27].2 These methods are all based on the interval domain model [29]. The Picard
operators of [20,23] have a functional style of definition. As the underlying interval domain models may be enriched with an ef-
fective structure, it is possible to study computability of the Picard operator using the classical interval domain. There are several
advantages in adopting a functional—as opposed to imperative—style of programming, such as correctness of program construction,
equational reasoning, modularity, and automatic optimization, to name a few [4,41,40]. In general, functional programs are signifi-
cantly more amenable to automatic reasoning and verification, compared with imperative programs. These are particularly relevant
when programs become larger and more complex, as in the context of IVP solving.

The Euler operators of [22,27], however, have been defined in an imperative style. As it turns out, this is not a problem that can
be rectified directly in the classical interval domain models of (say) [29,20,23].* In essence, the main difference between Euler and
Picard methods is that Euler methods proceed according to a temporal discretization. This temporal discretization is the main obstacle
which renders classical interval domain models ineffective. Runge-Kutta methods also proceed according to a temporal discretization.
As a result, the classical interval domain is not adequate for functional definition of Runge-Kutta operators either.

1.1. Contributions

At a fundamental level, the main contribution of this article is the construction of an effectively-given domain for temporal
discretization of differential equations. The construction of this domain model requires a novel approach because the classical
interval domain models are too restrictive. For further clarification, we expand on this claim informally here, while the technical
details and precise formulations will be presented in Section 4.

We let R denote the set of real numbers, and let (IR,C) denote the interval domain, i.e., the partially ordered set (poset) {[a, b] |
a,b e R,a < b} of non-empty compact intervals ordered under reverse inclusion:

[a,b] C [c,d] < [c,d] C[a,b].

For every interval function f : R — IR, we let f and f denote the lower and upper bounds of f,i.e.,VxeR : f(x)=[ S (x)j(x)]. It is
well-known that f is continuous with respect to the Euclidean topology over R and Scott topology over IR if and only if f : R >R

is lower semi-continuous and ? : R - R is upper semi-continuous [20]. For temporal discretization of differential equations, these
requirements turn out to be too restrictive. A typical method that proceeds by temporal discretization—e.g., Euler or Runge-Kutta
method—may only require semi-continuity from the left (Definition 4.2). The problem is that, the poset of interval functions with left
semi-continuous bounds—which we denote by D, and define formally in (26)—is not even continuous (Corollary 4.7).° This should
be contrasted with the poset of interval functions with semi-continuous bounds, which is indeed a continuous domain, and has been
used extensively, e.g., in domain-theoretic analysis of the Picard method [20,23].

To address this problem, we present a method for constructing continuous domains for function spaces [X — D], in which X is an
arbitrary topological space—i.e., not necessarily core-compact—and D is an arbitrary bounded-complete continuous domain. Then,
following this general construction, and using a suitable abstract basis, we obtain the fundamental w-continuous domain of the paper

3 A numerical scheme for solving IVPs is said to be of order p if, for every step size h, the local error incurred is of order O(h”*') [42, Page 8]. See Section 5.2 for
more details.

4 These claims will be justified formally in Section 4, after introducing the necessary technical background in Section 2.

5 The subscript Q appears in D, because we take the partition points to be rational numbers.
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as a special case, which we denote by Wp, and define formally in Definition 4.16. Although this domain is not isomorphic to Dg,
they are related to each other via a Galois connection (which is a special case of the general Galois connection of Theorem 3.15). As
such, Wp, may be regarded as an ‘optimal’ substitute for the non-continuous poset D,.

Suitability of Wy, for temporal discretization will be demonstrated by developing domain-theoretic formulation of two operators
for validated solution of IVPs:

(1) A second-order Euler operator EZ, which has its foundation in the results of [27].
(2) An Euler operator ER, which is formulated according to Runge-Kutta theory.

We will show that, the operator E? has superior theoretical and practical properties compared with the operator ER. In particular,
it exhibits superior convergence properties under weaker differentiability assumptions on the vector field of the differential equation.

In the formulation of Picard and Euler operators as presented in [20,23] and [22], respectively, the vector field is required to be
Lipschitz continuous to guarantee uniqueness of the solutions. The local Lipschitz properties of the vector field, however, are not used
in the algorithms. The second-order Euler method introduced in [27] uses the local Lipschitz properties of the vector field to speed
up the convergence. In [27], several fundamental properties of the method have been proven, such as soundness and completeness,
together with some basic convergence and algebraic complexity results. The convergence analysis of [27], however, is not fine
enough to reflect the second-order nature of the operator. As such, another important contribution of the current article is a detailed
convergence analysis of the Euler operator E2, which proves that it is truly second-order.

To summarize, the main contributions of the current article are as follows:

(i) A general construction that provides continuous domains for function spaces [X — D], for arbitrary topological spaces X and
arbitrary bounded-complete continuous domains D.
(i) Introduction of a continuous domain for temporal discretization and solution of IVPs, as a special case of the general construc-
tion.
(iii) Domain-theoretic formulations of the Euler operator according to two approaches: a direct approach, and one which conforms
to the Runge-Kutta theory.
(iv) Computable analysis of the Euler operators within the framework of effectively given domains.
(v) A detailed convergence analysis of the Euler operator EZ, which shows that the operator is indeed second-order.
(vi) Experiments which confirm the theoretical results.

Remark 1.1 (Initial values). For simplicity, we take the initial values in the IVP (1) to be all zeros. The results can be generalized, in a
straightforward manner, to initial conditions of the form y(ty) = (¢, ...,q,), in which #4,q;, ..., q, € Q. Indeed, in our experiments, we
consider IVPs that have rational initial values. Generalizing further to initial values which are irrational points, or non-degenerate
intervals, is not so straightforward, and must be studied separately. We do not follow this line in the current work, but point out that
handling uncertain initial values has been studied for the Picard operator [45].

Remark 1.2 (Autonomous versus non-autonomous IVPs). We consider only autonomous IVPs of the form (1). Given a non-autonomous
equation y'(r) = f(t, y(t)) with y() = (y;(®), ..., y,(), the function defined by Y (1) := (¢, y()) satisfies the autonomous equation Y’ (r) =
2(Y (1) with g(t,8) := (1, £(t,6)). Thus, any non-autonomous IVP can be converted to an autonomous one by adding an extra variable.
The uniqueness of solutions for the non-autonomous IVP is guaranteed if the vector field f is Lipschitz continuous in its second
argument, in contrast to the autonomous IVP (1), for which Lipschitz continuity of f is required in all arguments. As such, we lose a
slight bit of generality.

1.2. Structure of the paper

The rest of this article is structured as follows:

The necessary technical background and notation is introduced in Section 2.

The general construction of the main continuous domain is presented in Section 3.

In Section 4, we investigate the continuous domain constructed in Section 3 for the specific case of temporal discretization.
Section 5 contains the domain-theoretic analyses of the second-order Euler operator, including the formulation of the operator,
computability, and convergence analyses.

The domain-theoretic analyses of the Runge-Kutta Euler operator are presented in Section 6.

The results of some of our experiments will be presented in Section 7, where different variants of the Euler operator will be
compared in terms of their performance.

The article will be concluded by some remarks in Section 8.

2. Preliminaries

In this section, we present the technical background needed for the rest of the article.
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2.1. Domain theory

Domain theory has its roots in topological algebra [32,44], and it has enriched computer science with powerful methods from
order theory, algebra, and topology. Domains gained prominence when they were introduced as a mathematical model for lambda
calculus by Scott [69]. We present a brief reminder of the concepts and notations that will be needed later. The interested reader
may refer to [1,33,34] for more on domains in general, and refer to [29,16] for the interval domain, in particular. A succinct and
informative survey of the theory may be found in [44].

For any subset X of a partially ordered set (poset) (D,C), we write | | X and [] X to denote the least upper bound, and the greatest
lower bound, of X, respectively, whenever they exist. We also define the lower and upper sets of X by | X :={yeD|3Ixe X : yC x}
and 1X :={ye D|3x€ X : xC y}, respectively. When X is a singleton {x}, we may simply write |x and 1x, respectively.

In our discussion, x C y may be interpreted as ‘y contains more information than x’. A subset X C D is said to be directed if
X # ¢ and every two elements of X have an upper bound in X, i.e., Vx,ye X : 3z€ X : xCzA yC z. A poset (D,C) is said to be
directed complete if every directed subset X C D has a least upper bound in D. The poset (D,C) is said to be pointed if it has a bottom
element, which we usually denote by L, or if D is clear from the context, simply by L. In the current article, we assume that every
directed-complete partial order (dcpo) is pointed.

Directed completeness is a basic requirement for almost all the posets in our discussion. A notable exception is the poset of
partitions, which is essential in temporal discretization. In what follows, we assume that a > 0 is a rational number. Although most
of the abstract theory may be presented by just assuming a to be real, for implementation and computable analysis of the algorithms
(in Type-II Theory of Effectivity (TTE) [80]) it is more convenient to take a € Q.

Definition 2.1 (Partitions). A partition of [0, ] is a finite sequence (qy, ..., q,) of real numbers such that k > 1 and 0=¢gy < - < g, = a.
Furthermore:

(i) We let P denote the set of all partitions of an interval of interest, e.g., [0, a].
(ii) We let Py denote the set of rational partitions, i.e., those that satisfy Vi € {0,...,k} : ¢, € Q.
(>iii) The norm |Q| of a partition Q = (qq, ..., qy) is given by |Q| :=max{q; —g¢;_; | 1 <i <k}.
(iv) We define P, :={Q€P||Q| <1} and P, :={Q € Py | |0 <1} =P, N Py.
(v) The minimal width of a partition QO = (g, ..., q;) is given by m(Q) :=min{q; —g;,_; | 1 <i <k}.
(vi) Weletrg := %. A partition Q = (qy, ..., q;) is said to be equidistant if and only if rp =1, i.e., Vi€ {1,...,k} 1 ¢; — ¢ = %
(vii) A partition O = (g, ..., q,) is said to refine another partition P = (py,...,p,)—denoted by P C O— if and only if {po, e pf} c
{qo, ,qk}, with py=¢9=0and p, =q, =a.

As each partition must have only finitely many points, none of the posets (P,E), (P;,C), (Pg,E), or (P o,E) may be directed
complete. They are, however, all pointed, and have lattice or semilattice structures:

Proposition 2.2. For any interval [0,a] with a € Q, the sets P and P, form lattices under the refinement order C, while P, and P, o form
join semilattices.

Proof. The fact that they form posets is immediate. Next, assume that P = {p;.....p,} € P and Q = {qy....,q; } € P. Then, the parti-
tions P LIQ and PN Q are formed from the partition points {py,...,p, } U{qo,....q,} and {py.....p,} N {qo, ..., q; }, respectively. []

We let KR’ denote the poset with the carrier set {C CR" | C is non-empty and compact} U {R"}, ordered by reverse inclusion,
ie,VX,Y €KR| : XCY < Y C X. By further requiring the subsets to be convex, we obtain the sub-poset CR'| . Finally, we let IR’}
denote the poset of hyper-rectangles of R"—i.e., subsets of the form [];_, [4;, b;]—ordered under reverse inclusion, with R" added as
the bottom element. The three posets are dcpos and | | X = () X, for any directed subset X.

At the heart of domain theory lies the concept of way-below relation. Assume that (D,C) is a dcpo and let x,y € D. The element x
is said to be way-below y—written as x <« y—if for every directed subset X of D, if yC | | X, then there exists an element d € X such
that x C d. Intuitively, the relation x < y may be phrased as ‘x is a finitary approximation of y’, or even as ‘x is a lot simpler than y’
[1, Section 2.2.1]. An element x € D is said to be finite if x < x. The way-below relation is, in general, stronger than the information

order C. For instance, over KR'| (hence, also over IR’ and CR') we have the following characterization:
VK, K, €KR : K| <K, <= K, CK,°, (2)

in which K;° denotes the interior of K. In particular, KR’ (hence, also IR} and CR') has no finite element except L, which is
always finite.

For every element x of a dcpo (D,C), let x := {a€ D | a< x}. In domain-theoretic terms, the elements of |x are the true
approximants of x. In fact, the way-below relation is also known as the order of approximation [1, Section 2.2.1]. A subset B of a
dcpo (D,C) is said to be a basis for D, if for every element x € D, the set B, :={x n B is a directed subset with supremum x, i.e.,
x=|]|B,. Adcpo (D,C) is said to be:

(i) continuous if it has a basis;
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(ii) w-continuous if it has a countable basis;
(iii) algebraic if it has a basis consisting entirely of finite elements;
(iv) w-algebraic if it has a countable basis consisting entirely of finite elements.

In this article, we call (D,C) a domain if it is a continuous dcpo.®
Assume that ¥ is a finite alphabet. Let £* denote the set of finite strings over X, and let £ denote the set of countably infinite
sequences over X. A typical example of an w-algebraic domain is given by the set £* :=%* U X®, ordered under prefix relation:

Vs,t €Z® 15t <> (SEX’As=NV (s€EZ ATz ET® 1 52=1),

in which sz denotes the concatenation of s and z. The set * is a basis of finite elements for £*. Although algebraic domains have
been used in real number computation [12,30], non-algebraic domains have proven more suitable for computation over continuous
spaces, e.g., dynamical systems [17], exact real number computation [29,16], differential equation solving [23], reachability analysis
of hybrid systems [24,54], and robustness analysis of neural networks [82], to name a few. Hence, in this article, we will also be
mainly working in the framework of non-algebraic w-continuous domains.

The three dcpos IR", KR, and CR', are all w-continuous domains, because:

. Bmi :={R"}U{C €IR’ | C is a hyper-rectangle with rational coordinates} is a basis for IR ;
. BKRI :={R"}u{C €KR | C is a finite union of hyper-rectangles with rational coordinates} is a basis for KR’ ;
+ and BCRK :={R"}u{C € CR' | C is a convex polytope with rational coordinates} is a basis for CR’, .

They are all non-algebraic because their only finite element is the bottom element L.
The following interpolation property is one of the most important features of the way-below relation over domains:

Lemma 2.3 ([1, Lemma 2.2.15]). Assume that (D,C) is a continuous domain. Let z € D and let X C D be a finite set satisfying Vx € X :
x < z. Then, there exists an element y € D interpolating between X and z, i.e., satisfying Vx € X : x < y < z, which we write as X < y < z.
Furthermore, if B is a basis for D, then y can be chosen from B.

Remark 2.4. In what follows, we use ‘enclosure’ as a generic term referring to intervals, hyper-rectangles, polytopes, etc., or functions
that take such set values.

Remark 2.5. Dcpos which are not continuous seldom appear naturally in applications, and examples of such posets are usually
manufactured for providing insight (see, e.g., [1, Section 2.2.3]). One such instance, however, appears naturally in our discussion.
The poset D of left semi-continuous enclosures, which we will study in Section 4.1, is a non-continuous dcpo.

Apart from order-theoretic structure, domains also have a topological structure. Assume that (D,C) is a poset. A subset O C D is
said to be Scott open if it has the following properties:

(1) Itis an upper set, i.e., Vx€O0,Yye D :xCy = yeO.
(2) For every directed set X C D for which | | X exists, if | | X € O then X n O #§.

The collection of all Scott open subsets of a poset forms a T, topology, referred to as the Scott topology. A function f : (D,,C,
) = (D,,E,) is said to be Scott continuous if it is continuous with respect to the Scott topologies on D, and D,. Scott continuity
can be stated purely in order-theoretic terms, i.e., a map f : (D;,C;) - (D,,C,) between two posets is Scott continuous if and only
if it is monotonic and preserves the suprema of directed sets, i.e., for every directed set X C D, for which | | X exists, we have
F(UX) =] f(X) [34, Proposition 4.3.5].

For every element x of a dcpo (D,C), let ftx :={a€ D |x < a}.

Proposition 2.6 ([1, Proposition 2.3.6]). Let D be a domain with a basis B. Then, for each x € D, the set ftx is open, and the collection
O := {ftx|x € B} forms a base for the Scott topology.

The maximal elements of IR}, KR, and CR’| are singletons, and the sets of maximal elements may be identified with R". As a
corollary of Proposition 2.6, if Oy is the Scott topology on IR/, KR', or CR'}, then the restriction of Og over R" is the Euclidean
topology. Thus, the sets of maximal elements are indeed homeomorphic to R". For simplicity, we write x to denote a maximal
element {x}. For any K > 0, by restricting to [-K, K]", we obtain the w-continuous domains I[-K, K]", K[-K, K]", and C[-K, K]",
respectively.

In general, if D and E are two domains, the space of Scott-continuous functions from D to E, under pointwise ordering, may
not be a domain. The study of Cartesian closed categories of domains has a rich literature, and the interested reader may refer to,

6 Recall that, in this article, we assume every dcpo to be pointed.
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e.g., [1,34], and the references therein for more details. We say that a poset (D,C) is bounded-complete if each bounded pair x,y € D
has a supremum. By [1, Corollary 4.1.6], the category of bounded-complete domains is Cartesian closed. The domains I[-K, K]",
K[-K,K]", and C[-K, K]" are all bounded-complete. In fact, all the domains that we use in the framework developed in this article
are bounded-complete.

Assume that (X, Q(X)) is a topological space, and let (D,E ) be a bounded-complete continuous domain. We let (D, %(D)) denote
the topological space with carrier set D under the Scott topology X(D). The space [X — D] of functions f : X - D which are
(©(X),=(D)) continuous can be ordered pointwise by defining:

Vf.g€lX—>D]: fLEg<= VxeX: [f(x)EpsgX.

It is straightforward to verify that the poset ([X — D],C) is directed-complete and Vx € X : (| |,c; /)(x) = LI{fi(x) | i €I}, for any
directed subset { f; | i € I'} of [X — D]. A central question in our discussion is whether this poset is continuous or not.

Consider the poset (Q(X),C) of open subsets of X ordered under subset relation. For any topological space X, this poset is a
complete lattice, with @ as the bottom element, and X as the top element. Furthermore, we have:

vacQx): | |a=|JAand |_|A=(ﬂA)°.

A topological space (X,Q(X)) is said to be core-compact if the lattice ((X), C) is continuous. It is well-known that:

Theorem 2.7. For any topological space (X,Q(X)) and non-singleton bounded-complete continuous domain (D,Ep), the function space
([X = D],C) is a bounded-complete continuous domain <> (X,Q(X)) is core-compact.

Proof. For the (<) direction, see [28, Proposition 2]. A proof of the (=) direction can also be found on [28, pages 62 and 63]. []

Notation 2.8 (X = D). Whenever (X,Q(X)) is a core-compact topological space, and (D,C ) is a bounded-complete continuous domain,
we use the notation X = D to denote the bounded-complete continuous domain ([X — D],C).

Every locally compact space is core-compact [34, Theorem 5.2.9]. It is well-known that Euclidean spaces are locally compact.
Furthermore, every domain is locally compact in its Scott topology [34, Corollary 5.1.36]. As such, Euclidean spaces and continuous
domains form two important cases of core-compact spaces that are relevant to our discussion.

Definition 2.9 ( Df,?)(X )). For any set X C R” which is locally compact under the restriction of the Euclidean topology, we let Df,?)(X )
denote the function space X = IR, with X under the restriction of the Euclidean topology and IR’ under the Scott topology.

If (X,Q(X)) is any topological space, then f : X — R is said to be:

+ upper semi-continuous at x, € X <= for every y> f(x), there exists a neighborhood U € Q(X) of x, such that Vx e U : f(x) < y.
+ lower semi-continuous at x, € X < for every y < f(x;), there exists a neighborhood U € Q(X) of x, such that Vx e U : f(x) > y.
+ upper (respectively, lower) semi-continuous < it is upper (respectively, lower) semi-continuous at every x, € X.

The following is a well-known fact (see, e.g., [20]) and follows from the definition of semi-continuity:

Proposition 2.10. A function f = (fy,....f,) : [0,a] > IR is in DE,O)([O, a)) if and only if for every j € {1,...,n}, f_j is upper semi-
continuous and f; is lower semi-continuous.

As IR’ is a sub-poset of KR', for any compact set K € KR, we may define the hyper-rectangular closure as KO :=

LI{R IR’ | K C R}, i.e,, the smallest axes-aligned hyper-rectangle containing K.
Proposition 2.11 ([82, Corollary 2.17]). The map ()0 : KR'i - IRZ is Scott-continuous.

Definition 2.12 (Extension, canonical interval extension I f, approximation).

() Amap u: KR — KR is said to be an extension of f : R" — R" iff Vx € R" : u({x}) = { f(x)}.
(i) A map u : IR — IR is said to be an interval extension of f : R" — KR iff Vx e R" : u({x}) = FH.
(iii) For any f : R" — KIRT, we define the canonical interval extension I f : IRi - IIRT by:

Va €IR" : If(@) =[]0 3)
XEa

(iv) Amap u: IR’ — IR is said to be an interval approximation of f : R" —» KR} if uC I f.

7
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Proposition 2.13. For every Euclidean-Scott-continuous f : R" — KR!, the canonical interval extension I f defined in (3) is the maximal
extension of f among all the interval extensions in the domain IR'| = IR In particular, I f is Scott-continuous.

Proof. Givenamap f : R" — KR, we define fH : R" - IR7 by U :=()Hof, i.e., Vx eR" : fO(x) = f(x)H. If f is Euclidean-Scott-
continuous, then, by Proposition 2.11, so is f0. It is straightforward to verify that a map u : IR’ = IR is an interval approximation
of f if and only if it is an interval approximation of fU.

Thus, it suffices to prove the proposition for the special case of f : R" — IR'". This has already been proven in [19, Lemma 3.4]
for the case of n =m = 1. But, the proof given in [19] is independent of the values of n and m, because the crucial property that is
needed is that IR is a continuous []-semilattice, for any meN. [

As the restriction of the Scott topology of KR'! over R™ is the Euclidean topology, we may consider any continuous map f : R" —
R™ also as a function of type R" — KR, and construct its canonical interval extension accordingly, which will be Scott-continuous.

In lambda calculus, a fixpoint combinator is used for recursive definitions. One common fixpoint term is the so-called Y combi-
nator Y := Af.(Ax.f(xx))(Ax.f(xx)). As previously mentioned, domains were introduced to construct mathematical models of lambda
calculus [69]. The denotation of a fixpoint combinator may be provided by the (domain-theoretic) fixpoint operator, as specified in
the following theorem:

Theorem 2.14 (fixpoint operator: fix). Assume that D is a dcpo with bottom element L. Then:

(i) Every Scott-continuous f : D — D has a least fixpoint given by | |,y f" (L)
(i) The fixpoint operator fix : [D — D] — D defined by fix f :=| |,en " (L) is Scott continuous.

Proof. See [1, Theorem 2.1.19]. [

Domains provide a natural setting for the concept of approximation. In particular, objects which are not finitely-representable
may be constructed via their finite approximations. A common approach in this context is through the use of the fixpoint operator.
One of the main contributions of the current paper is the formulation of Euler and Runge-Kutta operators using the fixpoint operator
(Theorem 5.7 and Definition 6.7).

2.2. Domain-theoretic derivative

We recall the concept of a domain-theoretic derivative for a function f : U - R defined on an open set U C R". Assume that
(X,Q(X)) is a topological space, and (D,C) is a dcpo, with bottom element L. Then for any open set O € Q(X), and any element
b e D, we define the single-step function by, : X — D as follows:

_ [ b ifxeo0,
bro(x) '_{J_, ifxeXx\O, Q)

Definition 2.15 (L-derivative). Assume that O C U CR", both O and U are open, and b € CRj_:

(i) The single-step tie 5(0O, b) is the set of all functions f : U — R which satisfy:

Vx,y€O: bx—y L f(x)-f().

The set b(x — y) is obtained by taking the inner product of every element of b with the vector x — y, and C is the reverse
inclusion order on CR .
(i) The L-derivative of any function f : U — R is defined as:

L) =] |{bro|f €6(0.5)}.

The L-derivative is a Scott-continuous function. When f is classically differentiable at x € U, the L-derivative and the classical
derivative coincide [14]. Many of the fundamental properties of the classical derivative can be generalized to the domain theoretic
one, e.g., additivity and the chain rule [25]. A generalization of the mean value theorem [21, Theorem 5.4] is essential in the
proof of Lemma 6.1, which underlies the soundness of the Euler and Runge-Kutta operators. This generalization follows from the
corresponding result for the Clarke-gradient [9, Theorem 2.3.7], and the fact that the Clarke-gradient coincides with the domain
theoretic derivative, which was first proven for finite dimensional Banach spaces by Edalat [14], and later generalized to infinite
dimensional Banach spaces by Hertling [36].

In this paper, instead of working with the general convex sets in CR', we work with the simpler hyper-rectangular ones in IR :

Definition 2.16 (L-derivative). Let U C R" be an open set. In the definition of L-derivative (Definition 2.15), if CRY is replaced with
IR’} then we obtain the concept of L-derivative for functions of type U — R.
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Clearly, the ‘L-derivative is, in general, coarser than the L-derivative:

Example 2.17. Let D, dengte the closed unit disc in R”, and define f : R” - R by f(x) =|| x ||, in which || - ||, is the Euclidean norm.
Then, L(f)(0) = D,, while Z(f)(0) = [-1,1]".

Definition 2.18. For every open set U C R” and vector valued function f =(f,..., f,,) : U - R™, we define:
— — — T
L) = (T L))

in which, (-)T denotes the transpose of a matrix. In other words, for each 1 <i<m and x € U, let L( = (0,0, €IR]. Then,
for each x e U, Z(f)(x) is the m x n interval matrix [&; ;1) <j<m 1<j<n-

The solution of the IVP (1) is a function of type y = (y;,...,¥,) : [0,a] = [-K, K]". For each component y;, with 1 <j <n, if M is
a local Lipschitz constant for 7 around x, then [-M,M]C L( V(X)) = I( y;)(x). We also have:

L) = (L. L)' 1 [0,a] = IR].

In general, L(»)(x) contains the generalized Jacobian of y at x.
Definition 2.19 (V'). Consider the domain:
V* :=I[-K,K]"=>1[-M,M]") X (I[—K, K1"=> I[—Ml,Ml]"z) :

We say that a pair (u,u’) € V* is consistent if there exists an 4 : [-K, K]" — [-M, M]" satisfying uC I'h and «' C TL(h). We define the
domain V! to be the sub-domain of V* consisting of consistent pairs (u,u’) € V*.

We use consistent pairs to approximate functions and their derivatives. Specifically, in a consistent pair (u,u’), the component u is
meant to approximate a function while »’ approximates the derivative.” For more on consistency and strong consistency, the reader
may refer to [20,21], where it has also been shown that V! is indeed a domain.

The domain V! can be equipped with an effective structure [21]. This is crucial when dealing with imprecisely given input data
as we need an effective method for verifying the consistency of a given pair (u,u’') € V*. The effective structure will also be central in
computable analysis, as will be seen when we study computability of the Euler operator in Section 5.1.

Remark 2.20. Although the L-derivative is coarser than the L-derivative, we will still obtain completeness and second-order conver-
gence for our IVP solver (Theorem 5.21). Implementing hyper-rectangles is easier and more efficient compared with compact convex
sets. Furthermore, the consistency relation is decidable over rational hyper-rectangles, but it remains open whether it is decidable
over rational convex polytopes in CR’| [21].

Definition 2.21 ( Vfl). We define the continuous lattice vfl to be the sub-domain of V! with the carrier set:
vf' ={w,u)eV' |uCTIf and v’ CIL(f)},

in which f : [-K,K]" — [-M, M]" is a Lipschitz continuous vector field with M, as a Lipschitz constant.®

Notation 2.22. If f = (fy,...,f,) : [a,b] = R" is k-times differentiable and 0 < i < k, we write f© : [a,b] — R" for the i-th classical
derivative of f. In particular, f© = f, fO =f', and f® = f".

The following is a generalization of the domain of scalar C' functions introduced in [20]. The constants M, M,..., M » will be
fixed depending on the application:

Definition 2.23 (D®, f)(fi”)). For every p €N, we define the domain:
DY :=([-K,K]=I[-M, M) x (I[-K, K] = I[-M, M,]) X ... x (II-K,K] = I[-M,, M,]).
We let DO := D, and for every p> 1, we let D® denote the sub-domain of consistent tuples of D, i.e.:

HO o= {(uo, oo sut,) € DY

JgeCr N (-K, K] :Vie(0,....p— 1} 1y, ETg¥ Au,C IZ(g<P—1>)}.

7 The presence of K, M, and M, in Definition 2.19 reflects the fact that the pair (u,4) is meant to approximate the vector field f of (1) and its derivative.
8 In the current article, we will be mainly concerned with the continuous lattice V/' where f is the vector field of the IVP (1).
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For a fixed f € C?~!([-K, K]), we define:

O ._ O

DY :={ueD”|ucIf},
and for p > 1, we let ﬁ(f") denote the sub-domain of D) consisting of those tuples that approximate f and its derivatives, i.e.:

15<;’) = {(uo,...,up)eﬁ(”)’Vie {0,....p=1} 1, ETfD Au, ;IZ(f<P—1>)}. (5)

Note that in (5), for 1555’) to be non-empty, the following must hold:

(i) Vxe[-K,K]: f(x)€[-M,M].
(i) Vx€e€[-K,KLVie(1,....p—1}: fO(x) € [-M;, M,].
(iii) The function f®~D must be Lipschitz continuous with M » as a Lipschitz constant.

2.3. Interval analysis

We will also use some concepts from interval analysis, especially for convergence analysis in Section 5.2.

Definition 2.24 (Width).

(i) For any interval a = [a, «], the width of « is defined by w(a) :=a —a.
(ii) For an n-dimensional hyper-rectangle (i.e., interval vector) @ = (al, ,an), the width is defined by w(@) := max,;, w(a,).
(iii) For an interval matrix A =[A;;],x,, we define w(A4) := max {W(Aij)| 1<i<ml1<j< n}.
(iv) If width is given over a set B, then it can be lifted to functions from any set A to B by:
Vf:A—>B: w(f) :=sup{w(f(x))|xe€A}.

Note that it is possible to have w(f) = co.

Definition 2.25 (|| [ ||, || All;, || A ll.,)- For every interval I = [a, b], we define || I || := max(|a|,|b|). For an interval matrix A = [A4;;],x>
the norms || A ||, and || A ||, are defined as follows:

{”AHI
Al

Remark 2.26. Assume that A =[A4; lmxn 18 @ matrix of real numbers, viewed as a linear operator A : R" — R"™. For each p € [1, o], if
we use the p-norm for vectors on R” and R™, then the corresponding operator norm for A is:

max, ¢jcy Loy I Ay I,
n
maxy<i<m Z,-:l A1l

©

Il Ax1l,

oy lxll,

I1Al,= sup
xeR"\

It can be shown that for the specific cases of p € {1, o}, we have:

{ IAll = maxgq, XL, 1Ay,
n
lAlle = maxiqen X |4l

@

As such, the interval matrix norms of (6) are generalizations of the real matrix norms of (7).

For error analysis of interval computations, a metric structure is required. Moore, Kearfott, and Cloud [59, page 52] used the
Hausdorff distance for interval analysis. The following extends their definition to tuples and functions:

Definition 2.27 (Interval distance).

(i) For any pair of intervals x = [x,x] and y= [X,i], let d(x,y) :=max ('5_2 R |E—}|).
(i) For a=(ay,...,a,) and f=(B;,....B,) in IR", we let d(a, f) :=max{d(e;,f;)|1<i<n}.
(iii) Let X be an arbitrary set, and let f,g : X — IR". Then, we define d(f,g) :=sup{d(f(x),g(x)) | x € X}.

Definition 2.28 (Symmetric expansion). For any « = ([a;,a]....,[a,.a,]) € IR" and r > 0, we define the symmetric expansion of the
interval vector a with the real constant r as follows:

a@®r:=(ay—ra +rl,...,la,—r,a,+r).

10



A. Edalat, A. Farjudian and Y. Li Theoretical Computer Science 980 (2023) 114221

Note that « @ r is the Minkowski sum of [T, <i<nl@;>a;] and [—r,r]", as subsets of R".
We say that a function u : I[Rj'_ - IRT , with n,m € N, is interval Lipschitz [59, Definition 6.1] with constant L > 0 if and only if:

VaelR" :  w(u(a)) < Lw(a).

Remark 2.29. If u is interval Lipschitz, then it is total, i.e., it maps every maximal element of IR’ to a maximal element of IR,
because Vx € R"” : w(u({x})) < Lw({x})=0.

3. A domain for function spaces

The interval [0,a] under the Euclidean topology is core-compact. Thus, the function space Df,o)([O, a]) of Definition 2.9 is a
continuous domain. The domain D;O)([O, a)) is suitable for IVP solving using Picard method [20,23]. For methods such as Euler and
Runge-Kutta, which proceed according to a temporal discretization, the Euclidean topology is not suitable. Instead, we must work
with (a variant of) the so-called upper limit topology on [0,a], which is not core-compact (Proposition 4.5). This necessitates the
construction of a continuous domain for dealing with function spaces [X — D] when X is not core-compact.

A function f : X — D is said to be a step function if it is the supremum of a finite set of single-step functions, i.e., f =|l;c; b; 0,
in which I is finite and b, Xo, is as defined in (4). Assume that B(X) is a base of the topology Q(X), and B(D) is a basis—in the
domain-theoretic sense—of the continuous domain D. We let /3 denote the set of step functions defined using elements of B(X) and
B(D), i.e.

B::{f:x-»D

f=||bixo, 1is finite,Vie I : 0, € B(X)Ab; € B(D)} ) ®)
iel

In (8), we have tacitly assumed that each f is well-defined. More precisely, the supremum | |,c; b;xo, exists if and only if

iel
{b,- Xo, ‘i el } satisfies the following consistency condition:

vicl: ()0;#8 = 3b,eBD):VjeJ b Chy.
jer

When X is core-compact, the set B provides a basis for the continuous domain [X — D] [28]. If X is not core-compact, then
by Theorem 2.7, the function space [X — D] is not a continuous domain. In applications of domain theory, normally a continuous
domain is constructed first, and then one of its bases is identified for further analysis. At times, however, it is useful to take the
opposite approach, i.e., start with a given structure as a basis, and then construct a continuous domain over that basis. The essential
properties required of such a structure to enable the construction of a continuous domain are quite minimal. This is captured by the
concept of an abstract basis:

Definition 3.1 (Abstract basis). A pair (B, <) consisting of a set B and a binary relation < C B X B is said to be an abstract basis if the
relation < is transitive and satisfies the following interpolation property:

« For every finite subset AC B and element x€ B: A<x = JyeB: A<y<x.

Here, by A<x wemeanVa€ A :a<x.

Continuous domains may be constructed over abstract bases by a completion process which is similar to how the set R of real
numbers is constructed by completion of the set Q of rational numbers.® The process is referred to as ideal completion, which requires
a certain type of ideals, called rounded ideals:

Definition 3.2 (Rounded ideal). A subset I of an abstract basis (B, <) is said to be a rounded ideal if it satisfies the following
conditions:

@) I is non-empty.

(ii) I is alower set,i.e.,, Vyel,xeB:x<y = x€l.
(iii) I is directed, i.e., for every finite set A C I, there exists an element z € I such that A < z.

Remark 3.3. Condition (i) in Definition 3.2 is redundant as it follows from condition (iii) by taking A = . Nonetheless, we keep
non-emptiness in the statement as it makes it explicit and also makes the proof of some later statements (e.g., Proposition 3.12) more
intuitive.

9 To be more specific, the completion process is similar to the construction of real numbers via Dedekind cuts of rational numbers [33, Exercise I11-4.18].

11
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A continuous domain can be constructed over an abstract basis (B, <) by taking the set of rounded ideals of B under the subset
relation. In other words, if we denote the set of the rounded ideals of (B, <) by RId(B, <), then (RId(B, <), C) is a continuous domain.
For more on construction of domains using abstract bases, the reader may refer to [1, Section 2.2.6] or [33, Section III-4].

Remark 3.4. The symbol ‘<’ is commonly used to denote the order over abstract bases. In what follows, we will use the symbol ‘<’
instead to distinguish the order over the abstract bases of step functions from the general case of Definition 3.1. Furthermore, this
helps us avoid confusion with the common ‘strictly less than’ relation symbol, which will also be used over the elements of some
abstract bases of real valued function that we will need later on (especially in Section 4).

Given a step function | |;,c; b; %0, : X — D, for every x € X we define I, := {iel |x € 0,}. We observe that:

VxeX: (L]b,-zo,)(x)= L] b; = |_| b;. ®

i€l x€0; i€l
Proposition 3.5. For any pair of step functions | |,c; b;xo, and | |;c; b;. Xo'» we have:
i J

| |bixo, 2], Xo, = Vig€1: 0, o b';(or) (1b;,)- (10)
iel JjeJ JjEeJ

Proof. To prove the (=) direction, for any given i, € I and x € 0;,, we derive:

by €| ] &

i€l
(by equation (9)) = (|_| bx0,)(x)
iel
(by assumption |_| bixo, |_| 4 Xo’) C (|_| Y Xo! )(x),

iel
which implies that O; C (L, b ,Xo’ )’I(Tb,»o).
To prove the («) direction, we fix an i; € I. From the assumption O;; C (| |;c, ){Or) NG b;,) we deduce that Vx € O; @ by Xo,, (x)=

b, C(Ujes d Zo' )(x). This, combined with the fact that Vx € X \ O, b,O Xo,, (x) J_ implies that b;; Xo,, E Ujes bj Xo)- As iy was
chosen arbltrarlly, by taking the supremum we obtain | |;c; b;xo, C |_| jes ¥ )(o’ O

Definition 3.6 (Stable space). A core-compact space (X,Q(X)) is called stable if U <V and U < V' imply U <V nV’, for any
U,V,V'eQX).

When X is stable, based on [28, Lemma 1 and Proposition 5], we know that:

| |60, <<|_|b;(0/ = Vviel: O<<(|_|b’;(0/) b)) (1)
iel JjEeJ JjEJ

We point out that, for the (<) implication to hold, it suffices for X to be core-compact [28, Lemma 1]. Our aim is, however, to
develop a framework for any arbitrary topological space X. In fact, our focus will be on spaces X which are not core-compact.
Hence, with (10) and (11) in mind, we define an approximation order < on the step functions in 5 (defined in (8)) as follows:

|_|b;(0<1|_|b;(01 = Vviel: 0,g(|_|b’;(0/) “b)). (12)
iel JjEJ

For the relation < to be well-defined, we must show that (12) is independent of how step functions are presented. The def-
inition is clearly independent of how |];c; b} ¥ is presented. Hence, we must show that, if | |;c; b;x0, = Ler, ¢itu,, then

Lier, bixo, <l;jes ) )(o’ = Lier, ci2u, <Ujes b ;(Ojr_. This follows from item (i) of the following Proposition:

Proposition 3.7. For dll 6,0’,6" € B, we have:
(i) 0Co' <0’ = 0<0".

(i) 6<6'CO" = 0<6".

(iii) 6<6’ = 0L .

@) O<0")A O <0") = | |{0,0'}<0".

Proof. Let us assume that 6 =| |,c; b; 10, 0’ = e/ b;.;(o}, and 0" = |,k b;(’)(OL/.

12
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(1) From the assumption 6 C ¢’, we deduce that Vie I : b, y, C |_]j€J b;.;(ol . From (9) and (10), for any i € I and x € O;, by setting
! J

J, ;={jeJ’er}},wehave:

BT |6, = () 1, Shb, = @7 ([) 1)< @) (b)) 13

JEJ JEJ, JjEJ

On the other hand, from the assumption 6’ <", we obtain Vj € J, : O; c (" )’l(ﬂb;). Hence:

) oic @)

JEJ JEJ

<In general, f‘l(ﬂ X,) = ﬂ f_l(Xs)> ="y ﬂ ﬂb;)

SES sES JEJ
(By (13)) € (@) (1by).

In other words Vx € O, : x € (8")"1(ftb,), which implies that O; C (8”)~!(fb;). As i was chosen arbitrarily, by (12) we infer that
0<0".

(ii) From 6<6’ and (12) we deduce Vi € I : O; C (8")"'(fth;). On the other hand, from ¢’ C §” we obtain Vi € I : (8")~'(fh;) C
@")~1(1vb;). Thus, we have Vi € I : O; C (6"")~1(ftb;), which implies that § <6".

(iii) If 6<¢’, then by (12) we have:

viel:0,c( | b;)(oﬁ)—l(ﬂbi) = Viel:V¥xe0,:b<(| | b, 10))(x)
jer jed
= Viel:Vx€O0;:b g(|_| ¥, yo) )
I
jel
= Viel:byo | |bxo
= !
= |_|bi)(0, c |_| b;}(o;-
iel JjeJ
(iv) By item (iii) and assumption of (0<16"") A (8’ <0""), 6" is an upper bound of {9,0’ }. Hence, since D is bounded-complete, the
function | | {6,6’ } is well-defined. Without loss of generality, we may assume that the index sets I and J are disjoint, let
A :=1UJ, and define:

_{Oa, ifael, ._{ba, ifael,
= L=

VaeA: Y, :
“< «T\ o, ifaed, b, ifaed.

14
It is straightforward to verify that | | {0,6'} =| |,c, ds Xy,» which entails that | | {6,6'} is indeed a step function in B. From (14)
and the assumption (9 <0”) A (6" <0""), we deduce that Va € A : ¥, € (6”)~!(f1d,), which implies that | | {6,6'}<6”. O

Proposition 3.8. For any 6,,0, € B3 satisfying 0, <0,, there exists a step function interpolating them, i.e., 30 € B : 6, 10 <0,.

Proof. We first prove the claim for the case where 0, is a single-step function. Hence, assume that 6, = by, and 6, =| |, b:. Yo' - As
J

before, for each x € O, we let J, := { JjeJ ‘ X€ O;. } As J is a finite index set, then the collection C := {Jx ‘x € O} must be finite. If

b= 1p, then by taking 6 := Lx-pj> the result follows. If b # 1 ,, then we have C # @ and we may write C = {JX1 e dy, }, for some
k>1andxy,...,x, €O0. For each 1 <¢ <k, we define Q, :=);, O;. If b# 1, then we must have:
x¢
oc | o (15)
1<f<k

The assumption by, <16, entails that V& € {1,... .k} : b<by(x,) = ];e; b;.. Using the interpolation property of continuous domains
x¢
(Lemma 2.3), for each # € {1,...,k} we choose an element b’f’ € B(D) satisfying:
b<< b <6, (xp). (16)

We now define 8 := L <r<k b’f’ X0, The fact that by, <18 follows from (15) and (16). On the other hand, for any 1 < ¢ <k, we have
Vx € Q, @ 05(x,) C 0,(x), which, combined with (16) implies that Vx € Q, : b’f’ < 0,(x). Thus, Q, C (62)"(ﬂb;,’). Hence, 6 <6,.

Now, we generalize the proof to any step function ;. Thus, assume that 6, = | |;c; b; 1o, For each i € I, we obtain an interpolating
step function 6; such that b, y, <6, <6,. By using Proposition 3.7 (iv), we deduce that 6, = | |,c; b;xo, <L lic; 6;<6,. O

Lemma 3.9. The pair (J3,<) forms an abstract basis.

13



A. Edalat, A. Farjudian and Y. Li Theoretical Computer Science 980 (2023) 114221

Proof. To prove transitivity, let us assume that 6, <6, <6;. By Proposition 3.7 (iii), from 6, <6; we deduce that 6, C 6;. Hence, we
have 6, <0, C 65. From Proposition 3.7 (ii), we obtain 6, <6;.

Next, we must prove the interpolation property for (3,<). Assume that §; <6 and 6, <6. If we define 8; = | |{6,,0,}, then by
Proposition 3.7 (iv) we have 65 <0. By Proposition 3.8, we obtain another step function  such that 0; <6<6. Once again, from
Proposition 3.7 we deduce that §, <6< and 6, <6 <6. [

Definition 3.10 (W). Let W denote the rounded ideal completion of (13, ).

Let i : B— W be the map i(b) := (b’ € B| b’ <b}. By [1, Proposition 2.2.22], we know that W is a continuous domain, for which
i(B) forms a basis. When (X, (X)) is second countable and (D, L) is w-continuous, we can choose the bases B(X) and B(D) to be
countable. In this case, /3 is also countable, and W is an w-continuous domain with i(53) as a countable basis.

3.1. Relationship between W and [X — D]

In this section we demonstrate that, regardless of whether X is core-compact or not, the function space [X — D] is tightly
linked with the continuous domain W via an adjunction, also known as a Galois connection. We briefly recall the concept of Galois
connection, but for a more comprehensive account, the reader may refer to, e.g., [1, Section 3.1.3].

Definition 3.11 (Category Po, Galois connection F - G). We let Po denote the category of posets and monotonic maps. A Galois
connection in the category Po between two posets (C,C.) and (D,Cp) is a pair of monotonic maps:

such that:

VxeC:VyeD : xCrG(y) < F(x)Ep y.

In this case, we call F : C — D the left adjoint and G : D — C the right adjoint, and write F - G.

We extend the order < that was defined in (12) over step functions to all functions from X to D as follows:

Vf,g: X—->D: f<g < 30,,0,eB:fL0O<6,Cg. 17)

Intuitively, f < g if and only if f and g are separated by two step functions 6, and 6, satisfying 6, <6,. Based on this intuition, we
refer to the relation < as the separation order. We point out that (17) is indeed a consistent extension of (12). Specifically, assume
that f and g are two step functions in B:

+ If f<g according to (12), then by taking 6, = f and 6, = g, the separation order of (17) will also be satisfied.
« If f<g according to (17), then by referring to Proposition 3.7, it can be verified that (12) also holds for f and g.

Let us briefly recall the concept of a monotone section-retraction pair. For a more detailed account the reader may refer to [1,
Section 3.1.1]. Assume that D and E are two posets. A pair of maps s : D — E and r : E — D is called a monotone section-retraction
pair if s and r are monotone and ros =id,. In this case, D is said to be a monotone retract of E. It is straightforward to verify that if
s and r form a section-retraction pair, then s must be injective and r must be surjective.

Let X be an arbitrary topological space. For every f € [X — D], we define:

f.={beB|baf}. (18)
Proposition 3.12. For every f € [X — D], the set f, is a rounded ideal in B.

Proof. Consider a function f € [X — D]. Then:

@) f, is non-empty, because L € f,.

(i) f, is a lower set, because Vg, g’ € B: gCg' <f = g« f.

(iii) f, is directed: Assume that g;,g, € B satisfy g, </ and g, < f. By (17), there must exist g|,g} € B satisfying g, <g, C f and
£ <g,C f. Let us define g,¢' € Bas g :=| | {g1.8} and g’ ;=] {g;g;} By Proposition 3.7, we have g<ig’ C f. Since (3, <)
is an abstract basis, then it must have the interpolation property. Hence, there must exist a step function h € B satisfying
g<1h<g’. Again, by Proposition 3.7, we have g, <h< f and g, <h< f.

Thus, the set f, is a rounded ideal. []

14
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Proposition 3.13. For every f € [X — D], we have f = | f,.

Proof. It is clear that f 3| | f,. To prove the C direction, choose any elements x € X and b € (| f(x) N B(D)). By the interpolation
property of continuous domains (Lemma 2.3), we choose another basis element ' € B(D) such that b < b’ < f(x). By Proposition 2.6,
we know that #+4’ is Scott open. Hence, f~'(ft4') € Q(X). As B(X) is assumed to be a base for Q(X), there must exist an open set
O € B(X) for which we have x € 0 C f~}(ftd'). Clearly, we have by, € B and b’ y,, € B. Furthermore, by, <b' o C f.

Since f(x)= || f(x)n B(D)) and b was chosen arbitrarily, we have:

@ =] [{bro®|bro € £.}

which implies that f(x) E| |{g(x)|g € f.}. Finally, as x was chosen arbitrarily, then we must have fC| | f,. O

In the other direction, for every rounded ideal ¢ € W, we define ¢* : X — D by:

o= | (19)

begp

Recall that every rounded ideal is directed. Thus, as [X — D] is a dcpo, then ¢* is well-defined and continuous.
Lemma 3.14. The pair (-), and (-)* form a monotone section-retraction pair between [X — D] and W.

Proof. By Proposition 3.12, the map (-), is a function from [X — D] to W. Monotonicity of (-), follows directly from (18). In the
other direction, since [X — D] is a dcpo, for each ¢ € W, we have ¢* € [X — D]. Monotonicity of (-)* follows directly from (19).
Finally, the fact that the two maps form a monotone section-retraction pair is a consequence of Proposition 3.13, because for each
f€[X - D], wehave f=(f,)*. O

Theorem 3.15 (Galois connection). The maps (-)* and (), form a Galois connection:

[OF
[X — D] T w

Ok

in the category Po, in which, (-), is the right adjoint, and (-)* is the left adjoint. Furthermore:

(i) The map (-)* is an epimorphism, and (-), is a monomorphism.
() ()*o(), =idx_pp, Le, VfE€[X = D]: (f)*=f.
(iii) The left adjoint (-)* is Scott continuous.

Proof. To prove that the maps (-)* and (-), form a Galois connection, we must show that:

VpEW,fE[X >D]: ¢Cf, < ¢*Cf.

which is a straightforward consequence of the definitions of (-)* and (-),.

 Claims (i) and (ii) follow from Lemma 3.14.
+ For any adjunction between two dcpos, the left adjoint is Scott continuous [1, Proposition 3.1.14]. Claim (iii) now follows from
the fact that both [X — D] and W are dcpos. []

Corollary 3.16. If the right adjoint (-), is Scott continuous and D is not a singleton, then X must be core-compact.

Proof. By Lemma 3.14 and Theorem 3.15, the pair ((~)*, (~)*) forms a monotone section-retraction, with a Scott continuous retraction
map (-)*. When the section (), is also Scott continuous, the dcpo [X — D] becomes a continuous retract of the continuous domain
W. By [1, Theorem 3.1.4], any continuous retract of a continuous domain is also a continuous domain, hence [X — D] must be a
continuous domain. By Theorem 2.7, this means that X must be core-compact. []

3.2. Core-compact X

By Theorem 3.15, the continuous domain W is a suitable substitute for [X — D] when X is not core-compact, which is the
main focus of the current article. In this section, however, we briefly explore the relationship between W and [X — D] when X is
core-compact. In particular, we show that the converse of Corollary 3.16 is not true in general.

When X is core-compact, by Theorem 3.15, W contains [X — D] as a sub-poset. First, we show that, when X is stable (Defini-
tion 3.6) the separation order over step functions in 73 is finer than the way-below relation over [X — D]:

15
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Proposition 3.17. Assume that X is a stable core-compact space, and let | |;c; bi %o, and | |;c, ) xo/ be two step functions in B. Then:
' j

|_| biyo, < |_| b;.)(O} = |_| bix0, < |_| b})(o;. (20)
j€J

i€l = i€l
Proof. Claim (20) follows from (11) and (12). [
Next, we show that the way-below relation over W is finer than that over [X — D]:

Lemma 3.18. Assume that X is a stable core-compact space. Then, for any f,g € [X — D], we have:

g = f. <8,

Proof. By [28, Proposition 2], the set of step functions in B forms a basis for the continuous domain [X — D]. By applying the
interpolation property of continuous domains (Lemma 2.3) twice, we obtain two step functions | |, b; %o, and | |;c; b} xor which
! J

satisfy:

TE|bixo, <| | ¥jxo Ee- 1)
iel jel /

According to Proposition 3.17, we must have:

|_| b xo, < |_| b;.)(oj. (22)

iel JjeJ

From (21) we deduce that:

foc(bixo). < (| | Bz, .. (23)

i€l jes

By [1, Proposition 2.2.22], the relations (22) and (23) imply f, <g,. [

The converse of Lemma 3.18, however, is not true in general. In other words, the way-below relation over W can be strictly finer
than that over [X — D].

Example 3.19. Assume that X = [-2,2] under the Euclidean topology and D =IR,. As such, X is core-compact and stable. Let
O =(-1,1), b=[1,3], and b’ =[2,2]. Then, we have by, <b’ yp, which implies (by), < (b’ xp).. But, by (11), byy ¢ b’ xo.

In particular, Example 3.19 shows that the left adjoint (-)* does not preserve the order of approximation. While (b)), < (&' xo).
holds, we have ((bxo)..)" =bxo ¢ xo= (' x0).)"- By [1, Proposition 3.1.14], this means that the right adjoint is not Scott contin-
uous, and the converse of Corollary 3.16 is not true in general, even when X is core-compact.

Nevertheless, in some cases, the converses of Corollary 3.16 and Lemma 3.18 do hold. Of course, this is true for some trivial cases,
e.g., when X is a singleton. The converses, however, hold even for non-trivial cases. In fact, the Galois connection of Theorem 3.15
can reduce to an isomorphism:

Example 3.20. Assume that X = D =NuU {+oc0} under the Scott topology. We take the collection of sets of the form O, := {keN |
k>n} U {+o0}, for n €N, as the base for the Scott topology on X, and take N as the (domain-theoretic) basis for D. In this case,
the Galois connection of Theorem 3.15 reduces to an isomorphism. The reason is that, over Scott open subsets of X, the way-below
relation <« and the subset relation coincide. It is straightforward to verify that X is core-compact and stable.

3.3. Relationship between W and algebraic completion of [X — D]

Let us take the set 3, but instead of the relation <, we order the step functions in B under the order C. Then, the rounded ideal
completion of (B,C) results in an algebraic domain Waig [1, Proposition 2.2.22].
We define the maps u : W — W,, and £ : W, > W as follows:

{V¢€W2 u(@) :==J{lbl(beB)A (b, C )},
Yy €Wy, L) =D [(beEBAULC W)}

It is straightforward to verify that # 4 u, i.e., they form a Galois connection as follows:

w w,

alg

PR
2
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and ¢ is surjective. In general, the dcpo W is not algebraic. Hence, in general, # does not preserve the order of approximation, and
u is not Scott continuous.

We know from [1, Proposition 3.1.6] that, when X is core-compact, [X — D] is a retract of Walg- Similar to Lemma 3.18, one may
prove that the way-below relation over W, is finer than that over W. As the dcpo W is not always algebraic, the way-below relation
over W, can be strictly finer than that over W. Hence, the continuous domain W is always in between [X — D] and its algebraic

completion W,,, and the inclusions can be strict.
4. A domain for temporal discretization

Consider the differential equation y'(r) = f(y(r)) from the IVP (1). By integrating both sides, we obtain y(r + h) = y(t) +
/,Hh f(¥(r))dr, for all t € [0,a] and & € [0,a — t]. This can be written as:

Y+ h)=y@)+i(t, h), 24)

in which the integral i(z, h) represents the dynamics of the solution from ¢ to 7 + A. Thus, a general schema for validated solution of
IVP (1) may be envisaged as follows:

(i) For some k > 1, consider the partition Q = (qy, ..., g;) of the interval [0, a].
(ii) Let Y(0) :=(0,...,0).
(iii) Foreach je€{0,....k—1} and h€(0,g;,, - q;1:

Y(q;+h) i=Y(q) +I(q;. ). (25)

where I(q;, h) is an interval enclosure of the integral factor i(g;, h) from equation (24). The operator I, in general, depends on
several parameters, including (enclosures of) the vector field and its derivatives, the enclosure Y (g 1) the index j, etc.

In (25), the operator ‘+’ denotes interval addition, and for the method to be validated, the term I(g;, h) must account for all the
inaccuracies, e.g., floating-point error, truncation error, etc.

The schema is indeed a general one which encompasses various validated approaches to IVP solving in the literature, most
notably, Euler methods of [22,27], and Runge-Kutta methods of [47,3].

In step (iii) of the schema, the solver moves forward in time, from g; to g;,,. This requires keeping the state, i.e., the solution up
to the partition point ¢;, and referring to this state in iteration j. As such, the schema has an imperative style. This is in contrast with
the functional style adopted in language design for real number computation. For instance, the languages designed in [29,30,13]
for computation over real numbers and real functions are functional languages based on lambda calculus, with their denotational
semantics provided by domain models.

In a functional framework, the solution of the IVP (1) is obtained as the fixpoint of a higher-order operator. Domain models
are particularly suitable for fixpoint computations of this type. For Picard method of IVP solving, fixpoint formulations have been
obtained [20,23]. For Euler and Runge-Kutta methods, however, such fixpoint formulations do not exist in the literature. This is
because the commonly used domain models in real number computation are not suitable for temporal discretization of differential
equations. Let us briefly expand on this claim.

A straightforward way of obtaining a fixpoint formulation for the above general schema is to define a functional ® over interval
functions as follows:

©,...,0), if x=0,

I = { Y(g)+1(q;x—qp), ifq;<x<gq;.

The fixpoint of this operator (if it exists) will be the right choice. The problem is that, the enclosures obtained by applying ® do not
have upper (respectively, lower) semi-continuous upper (respectively, lower) bounds and, by Proposition 2.10, the domain models
used in, e.g., [20,23], are not applicable. As a result, for a functional definition of Euler and Runge-Kutta operators, we need a new
domain model which is different from, e.g., D,(qo)([O, a)). To that end, we take the following observations as general guidelines:

(1) The bounds of enclosures generated by ® may lose their semi-continuity only over the partition points gy, ..., gy.

(2) The integral operator [ typically generates enclosures with bounds that are continuous within each half-open interval (g;, ¢;4]-
This is true of the relevant validated methods of the literature, e.g., the Euler operators of [22,27], and Runge-Kutta operators
of [47,3].

In essence, we must relax the semi-continuity requirement on the bounds of enclosures, and may only require left semi-continuity
at partition points. This relaxation of the requirement necessitates a novel approach. The reason is that, while the poset Df,o)([O, al)
of semi-continuous enclosures forms an w-continuous domain, the poset of left semi-continuous enclosures is not even continuous
(Corollary 4.7).
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4.1. Left semi-continuous maps and enclosures

Let [-K,K]' denote the poset with carrier set [-K, K] ordered by Vx,y € [-K,K] : xCy < x < y. Similarly, let [-K, K]
denote the poset with carrier set [-K, K] ordered by Vx,y € [-K,K] : xCy <= x>y. Both [-K,K]" and [-K, K]' are w-continuous
domains, which are non-algebraic when K > 0. In both cases, the set Q N [-K, K] is a basis.

Proposition 4.1. Assume that (X,Q(X)) is a topological space. Then, f : X — [-K, K] is:

(i) upper semi-continuous < f €[X - [-K,K]'].
(ii) lower semi-continuous < f € [X — [-K,K]"].

Proof. The Scott open subsets of [-K, K]! are [-K, K] and the collection {[-K,x) | —K < x < K}. Similarly, the Scott open subsets of
[-K,K]' are [-K, K] and the collection {(x,K]| —K < x < K}. The proof now follows from definition of upper/lower semi-continuity
and Proposition 2.6. []

To solve the IVP (1), we consider interval functions of type f : [0,a] — I[-K, K]". For Picard method, it suffices to consider
the Euclidean topology over [0, a] [20,23]. Under the Euclidean topology, the interval [0,qa] is a core-compact space. According to
Proposition 2.10, by considering the Euclidean topology over [0,a], we obtain enclosures with upper and lower semi-continuous
bounds. Based on our previous explanations, however, for methods that proceed based on temporal discretization, we may only
require semi-continuity from the left.

Consider the set O := {(a,b] | a,b € R} of left half-open intervals of real numbers. The collection O forms a base for the so-called
upper limit topology over R [72]. At an abstract level, this topology is sufficient to capture left semi-continuity. As we are laying
down the foundation for an effective framework, however, we work with a coarser variant of the upper limit topology. We consider
the set Og := {(a,b] | a,b € Q} of left half-open intervals with rational end-points. The collection Oy forms a base for what we refer
to as the rational upper limit topology.

Let R g, denote the topological space with R as the carrier set under the rational upper limit topology. For any X C R, we let
X(q) = (X, 7(q)) denote the topological space with carrier set X and the topology 7(q; inherited by X as a subspace of R gq,. In contrast
to the upper limit topology, the rational upper limit topology is second-countable, hence, strictly coarser. In fact, given any interval
[x,y], with x < y, and an irrational point r € (x, y), the half-open interval (x, r] is open in the upper limit topology over [x, y], but not
in the rational upper limit topology.

Definition 4.2. We say that f : X — R is (rational) left upper (respectively, lower) semi-continuous at x, € X if it is upper (respec-
tively, lower) semi-continuous at x, with respect to the topology 7(q;- We drop the qualifier ‘rational’ for brevity, and simply write
left upper/lower semi-continuous. In particular, we say that a function f : X — R is left upper (respectively, lower) semi-continuous
if and only if it is left upper (respectively, lower) semi-continuous at every point x, € X.

We define:

{ Uy :=[10,dlq; = [-K.K1"],
Lq :=1[0,alq; — [-K.K]"].

It is straightforward to prove the following:

Proposition 4.3. Assume that f : [0,a] — [-K, K]. Then:

(i) f is left upper semi-continuous <= f € Uy,.
(ii) f is left lower semi-continuous < f € Lq.

To solve the IVP (1) using temporal discretization, we consider the following function space:

Dg :=[[0,alq — I-K, K]"], (26)

which we refer to as the poset of left semi-continuous enclosures. We first observe a counterpart of Proposition 2.10:
Proposition 4.4. A function f =(f|,..., f,) : [0,a] = I[-K,K]" is in D if and only if:
vie(l,...,n}: (f_jev'@>/\(fj e£@>.
Next, we prove that none of the dcpos D, Uy, or Lq is continuous:

Proposition 4.5. The topological space [0, a] g is not core-compact.
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Proof. It suffices to prove the following claim:

V(x,y],(s,t] C[0,a] :  (x,y] << (s,t] = (x,y]=0, 27)

in which x, y, s,z € Q. To prove (27), let us assume that (x, y] # @, with 0 < x < y < a. We let z be a rational number in (x, y) and define
the following increasing chain of open sets:

t—z

VheN: A, :=(sz]U(z+ Yl

t].
We have (s,11C |J{A4, |[neN}, but VneN : (x,y] € A,. Thus, (x, y] < (s, z], which is a contradiction. []

Remark 4.6. It can be shown, with a similar proof, that the upper limit topology on [0,a] is not core-compact either. See [34,
Example 5.2.14] for more examples.

Corollary 4.7. None of the posets Dq, Uy, or L is continuous.
Proof. This follows from Proposition 4.5 and Theorem 2.7. []

As a result, we follow the construction of the previous section using abstract bases. To that end, we consider the following
countable bases:

+ the base Og of left half-open intervals with rational end-points for the rational upper limit topology on [0, a];
+ the basis By_g g of hyper-rectangles with rational coordinates for I[-K, K]";
« the basis Q n[-K, K] of rational numbers in [-K, K] for both [-K, K]* and [-K, K]'.

Using these bases, we obtain the abstract bases of step functions By, By, and B, corresponding to the dcpos Dg, Uy, and Lg,
respectively, according to (8) and (12). The abstract bases ;. and B, although ordered under different—in fact, opposite—orders,
have the same carrier set, which we denote by Ag.

Remark 4.8. In the construction of step functions in By, By, and B,, we restrict the parameters to rational numbers to obtain
an effective structure. Similar results can be obtained by replacing Q with any other countable dense subset of R which has the
necessary effective structure, e.g., is effectively enumerable, has a decidable order <, etc. For instance, the set D of dyadic numbers
is an important case that is indeed used in our experiments (Section 7) which are implemented using arbitrary-precision interval
arithmetic. Nonetheless, to keep the presentation simple, we stay focused on rational numbers.

The set Ag of step functions has a fairly simple description. Assume that P = (p, ..., p;) is a partition of [0,a] with rational
partition points, i.e., P € Pg. We say that f : [0,4] — Q is a rational P-function if, for some constants { Cos -+ ,ck} cQ:

FO =coAVi€ {1, k)i [l 1= 400 (28)

Thus, f is left-continuous, but does not have to be right-continuous at the partition points, and over (p;_,, p;], it is a constant function.
The set Ag consists of all rational P-functions, with P ranging over Pg:

Ag={f:10.al - [-K.K]|3P € Py : [ is a rational P-function} .
For each function h € Ag, the partition points are rational numbers. It can also be verified that the functions in U and £ cannot
have jumps at irrational numbers.
Example 4.9. Let x, be an irrational number in (0, 1), e.g., x; := 1/\/5. Assume that 1 : [0, N = =1, 17} is defined as:

0, if x <x,
1, ifxy<x.

vxe[0,1]: f(x):= {
The set [—1,1) is Scott open in [—1,1]}, but f~!([-1,1)) = [0, xo], which is not open in [0, 1l(q- Hence, f & Uy. In other words,

although f is clearly upper semi-continuous with respect to the upper limit topology on [0, 1], it is not upper semi-continuous with
respect to the rational upper limit topology.

4.2. The w-continuous domain W,

For the bases By, By, and B, we denote the separation order < as <y, <+, and <., respectively. The separation order of (12)
and (17) can be reformulated, for (say) <, as follows: For any pair of functions 6,,6, : [0,a] — [-K, K] in Ag, we have:

0,<0, < 36>0:Vi€[0.a] : (6,(t)=-K)V (0,;(1))<0,(1) - ). (29)
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For any pair of (arbitrary) functions f,g : [0,a] — [-K, K], we obtain:

f<rg = 30,0,b€Ag: f<L0,<,0,<Lg.

Thus, f <, g if and only if f < g, and the two functions are separated by two rational P-functions 6, and 6, satisfying 6, < 6,.
Similarly, we have f <, g if and only if f > g, and the two functions are separated by two rational P-functions. In fact, we observe
the following relations among the three separation orders:

Vf.g:[0.al > [-K.K]":  f<pg <> Vi€ {l....n}: (f; <y 8) A(f; < g)) (30)
In what follows, for convenience, we state most of our results for <i,. The corresponding results can be stated for <;- in a straight-
forward manner.

Let 0,0, € Ag and assume that 0, <. 0,. We define 6, :=inf {0,() — 6,(t)|t € [0, a]}. From (29), we know that Vs € [0,a] : 0,(t) < K.

If 6, does not touch the lower endpoint of the interval [-K, K] either, then §, > 0. Formally:

(Vie[0,a] : =K <0,(t)) => 6,>0.
If at some points ¢ € [0,a] we have 0, (f) = —K, we may still obtain the following useful inequalities by clipping the values inside the
[-K, K] range, as long as we avoid 6,(r) = —K:

36>0:Vte[0,a] : 6,(t) <max(—K,0,(t) — o), (31

Vie[0,a] 1 —K <0,(t) = 36>0:Vt€[0,a] : 6,(t) <6,(t) — 6. (32)

For arbitrary functions f,g : [0,a] — [-K, K], however, the above do not hold. Even if we restrict to left lower semi-continuous
functions, the above do not hold. For instance, assume that f is the constant function f(¢) := —K, while g is defined as follows:

@ = 0, ift=0,
g0 = Ki-k. ifre(.al.

Although f <, g and Vt € [0,a] : —K < g(¢), it is not true that 36 >0 : Vt €[0,a] : f(r) < g(t) — §. In other words, (32) does not hold.
The reason is that g can take values which are arbitrarily close to the lower bound of the interval [-K, K]. If we exclude such cases,
then we obtain the counterparts of (31) and (32):

Proposition 4.10. Assume that f,g : [0,a] > [-K,K] and f < g. Then:

(i) 36>0:Vt€[0,a] : f(r) < max(—K,g() —5).
(i) [F3e>0:Vi€[0,a] : —K+e<gt)] = I6>0:Vt€[0,a] : f(t)<g(t)—6.

Proof. As f <, g, for two rational P-functions 6,6, € Ag, we must have f <0, <, 6, < g. The proof of (i) now follows from (31).

To prove (ii), we take a rational number é € (0,¢). We define 92(1‘) := max(0,(t),—K + é). Then, we must have f <0, <, 92 <g.
Furthermore, it is clear that vV € [0,a] : —K < 92(1). Therefore, by (32), we have: 36 >0 : Vr € [0,a] : 6,(r) < 92(t) — 6, which implies
that f() <g(n—-6. O

We will also need a kind of inverse of the above results, which is formulated as follows:

Proposition 4.11. Assume that € Ag and f : [0,a] - [-K, K] is an arbitrary function. Then:

(@) [36>0:Vte[0,a] : 0(t) <max(—K, f(t)—06)] = 0<, f.
(i) [36>0:Vre[0,a] : min(f(1)+6,K)<O0()] = 0<y f.
Proof. To prove (i), let §, € (0,5) be a rational number. We define 6, : [0,a] — [-K, K] as follows:

0(t)+ 6y, if0()>—K,

Vie[0,a]:  0,() = { K 00 = —K.

It is straightforward to verify that 6, € Ag. Thus, we have 6 <, 6, < f, which implies that § <, f. The proof of (ii) is similar. [

We point out that Proposition 4.11 does not hold if # is replaced with an arbitrary function g : [0,a] - [-K, K]. In fact, it does
not hold even for left lower semi-continuous functions. For instance, let f,g : [0,1] — [-3, 3] be defined as follows:

-2, ifre @ @D 2-21] for some n e N,
Viel[0,1]: g@):=30, ifre@ @D 2-@+D] for some neN,
0, if t=0,
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and Vr €[0,1] : f(r) :==g(t)+1. Then, we have Vt € [0,1] : g(r) < f(t)—1, but g« f does not hold, because the two cannot be separated
by rational P-functions.

Definition 4.12 (Non-degenerate enclosure). We call an enclosure f : [0,a] — I[-K, K]" non-degenerate if:

3e>0:Vje{l,....n) :Vie[0,a] : (fj(z)<1<—e)/\(—1<+e<f_j(r)).

Proposition 4.13. Assume that f,g : [0,a] - [-K, K] and K > 0. Then:

() f<,g = 3e>0:Vte[0,a]: fO)<K —e.
(i) f<yg = 3e>0:Vte[0,a] : —K+e< f(2).

Proof. The results are straightforward consequences of Proposition 4.10. []
Corollary 4.14. Assume that K >0 and f,g : [0,a] - I[-K,K]". If f <p g, then f must be non-degenerate.
Proof. This follows from Proposition 4.13 and (30). [

Let n€N\ {0} and let 2(R") be the set of all subsets of R". For any real K >0, we define the operator Ty , : (R") - P(R") by:

VX € PR : Ty, (X):=Xn[-K,K]" (33)
Based on Proposition 4.10 and Corollary 4.14, we obtain the following result, which provides another perspective on the separation

relation:

Proposition 4.15. Assume that f,g : [0,a] = I[-K, K]". Then:
f<pg => 36>0:Vt€[0,a] : f()CTx ,(g() D 6),
in which @ is the symmetric expansion of Definition 2.28.

The set By, can be effectively enumerated, and the relation <, is decidable over By,. Thus, to obtain an effective framework, we
designate (/3p,<p) as an abstract basis, over which we construct our effective domain model:

Definition 4.16 (Wp). Let W;, denote the rounded ideal completion of (Bp, <p).

Letip : Bp — Wp be the map ip(b) := {x € Bp | x<p b}. By [1, Proposition 2.2.22], we know that Wy, is an w-continuous domain,
for which ip(Bp) forms a countable basis. From Theorem 3.15, we deduce that Wj and the non-continuous dcpo D, are related via
the following Galois connection:

)

—_—
D, w.
@(('+ D

(34

With the above Galois connection, we may delegate the IVP solving from Wy, to Dg—which is more suitable for performing the
main computations—and then return to W;,. First, we formulate the following property:

Definition 4.17 (Uniform ideal continuity (UIC)). We say that a function ® : Dy — Dg has the UIC property if it is monotone and
satisfies:

VpeWp :V¥6>0:3b;ep:Vie€(0,a] 1 Tk, (d)(qb*)(t)ea&) C D(bs)(@).

Informally, for any given ideal ¢ € Wp, and accuracy 6 > 0, there exists an element b; € ¢ for which ®(b;) approximates ®(¢*)
uniformly over [0, a] to within § accuracy. This condition is satisfied by the operators which appear in Definition 5.3 (for second-order
Euler) and Definition 6.2 (for Runge-Kutta Euler) methods. We expect this property to hold for any similar operator defined according
to the general schema. With that in mind, the following lemma presents a procedure for obtaining Scott-continuous operators to be
used in fixpoint formulations:

Lemma 4.18. Assume that ® : Dy — Dq has the UIC property and define F : Wy — Wp, by Vo € Wy, : F(¢) := (D(¢*)),.. Then:

D VY €Wp 1 F(@) = Ujey (@O0))..

(i) F : Wp — Wy, is Scott-continuous.
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Proof. (i) We must prove that:

Voew,: (@), =] @), .

=)

The proof of the 2 direction is relatively straightforward. For any b € ¢, we have b C ¢*. By monotonicity of ®, we obtain
@(b) C ®(¢p*), which, in turn, entails that (®(b)), C (P(¢p*)),..

Next, we prove the C direction. Let us take an arbitrary b € (®(¢*)),, which must satisfy l3<1D ®(¢p*), and by Corollary 4.14,
is non-degenerate. By Proposition 4.15, we have:

38>0:Vrel0,a] 1 b(t) E Ty (D™ D b). (35)
From the UIC property of @, we have:

V6>0:3b;€¢:Vi€[0,a]: Ty, (PP*)0)®8) T Dbs)(0). (36)
If, in (36), we take 6 = §/2, we obtain:

vie[0,a]: Ty, (PO DS/2)C (b))

By symmetrically expanding both sides by §/2, and clipping the results using T ,, we obtain:

vie(0.al: Ty, (P60 ®8) E Tk, (9030 @6/2). (37)

From (37) and (35), we obtain:

Vi €10,al : b) E Ti.,, (@(bs )0 @ 5/2)
(by Proposition 4.11) = b<y, (b3 )

(by (18)) = be (Pb;) -

(i) Monotonicity of F follows from (i) and the monotonicity of union. As Wy, is w-continuous, by [1, Proposition 2.2.14], it
suffices to prove that for any chain ¢, C¢; C... C ¢, C ..., we have F (UkeN d;k) = Uren F(¢). This is also a consequence
of (i), because:

F (U ¢k> = U @on.=J U @e.=JF¢o. O

keN bEU en DK keN begy, keN
The relationship between the operators F and ® from Lemma 4.18, and the left and right adjoints (-)* and (-), of the Galois

connection from Theorem 3.15 are depicted in the following commutative diagram, in which <—> denotes a monomorphism,
and —» denotes an epimorphism:

(OB
Dy —2% Wy

G)(-)T TF(-)

Do «5— Mo
5. Second-order Euler operator

Based on the foundation laid so far, we derive a functional formulation of the second-order Euler operator E* that was first
introduced—with an imperative formulation—in [27]. We recall the definition of the operator E? as appears in [27, Definition 3.7]:

Definition 5.1 (Second-order Euler operator: E?). Let a € (0, m]. The second-order Euler operator E? : P, x v 5 [0,a] -
I[-K, K]" is defined as follows: for a given partition O = (g, ..., q,) of [0,a] satisfying |Q| < 1, and a given pair (u,u') € vyl
) : ©,...,0), if x=0, (38)
X) .= .
Y Wa)+ [ u(0a)) + = a)w -u) (W) D AgM) di, if g, <x<qp,,

in which:
< y=E2 (O
(uu) =7
© Ag; =gy — g5

* (' -u)(-) denotes the product of the interval matrix «’(-) with the interval vector u(-).
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In [27], some basic results regarding the operator E2 have been derived. We will, in particular, refer to the following:

Lemma 5.2. Assume that O = (qy, ..., q) € Py, and let y; = [y/’y/] : (Q); be the j-th component of E2 ,)(Q), forevery je{1,...,n}.

(u u')
Then, both y; and y; are Lipschitz continuous with Lipschitz constant:
Ag =M1 +|0|nM").

In particular:

Vx €[0,qa] : (0O)(x) eI[-K,K]". (39)

(MM)

Proof. For completeness, we present the proof as given in [27, Lemma 3.9]. We prove the lemma for y;. The proof for y; is almost
identical. Hence, our aim is to show that: -

vx,x' €[0,a] 1 |¥;(x")=V;(x)| < Agl X' —x]|. (40)

Indeed, it suffices to prove (40) for the special case of ¢; < x <x’ <¢,,,, for some 0 <i <k — 1. Referring to (38), note that:

+ The interval entries in the vector u and matrix «’ are bounded by M and M’, respectively. As «’ is an n X n matrix, and u is an
nx 1 vector, each interval component of the vector «’ - u is bounded by nM M’.
* Vie [q,-,q,-+1] t—q; < |0].

As such, we obtain:

X'

17, =y, < / (M +1QInMM')dt=M(1+|Q[nM")(x" —x),
X
which proves (40). Extending the proof to all pairs x,x’ € [0, a] is straightforward. Finally, claim (39) also follows from the assump-

tions that a < m and |Q| < 1. Thus, the proof is complete. []

To derive a functional formulation of E2, we define the following auxiliary operator:

Definition 5.3 (Operator: ®). Let a € (0, m
Pg, a given pair (u,u’) € V!, and ¢ € Dg, we define:

©,....0), if x =0,
= . 41
Yo () { T, [¢(q,)+ S u(@(4) + 0= ) ) (T (G @0) ], i g <x gy, “1

1, with K, M, and M, as in Definition 2.19. For a given partition Q = (g, ..., q;) €

in which:

* Tk, is as defined in (33).
 Gi(¢) :=dlg)®MA; and A, :=gq;,; —q;.
* (' -u)(-) denotes the product of the interval matrix «’(-) with the interval vector u(-).

The operator @ : Pg X YA Dg — ([0,a] = I[-K, K]") is defined by:

D\ (O)P) 1= yy.

Proposition 5.4. Assume that a € (0, M(1+nM )], 0=(qp,---»q;) € Pg, and (u,u’) € V1. Then:

VpeDg: @y, (0N € Dg. (42)
Furthermore, ®, ,(Q) : Dg — Dq has the UIC property.

Proof. In (41), let us denote the unclipped term as:

X

ﬁ¢(x>=¢(q,)+/u(¢(q,))+(t—q,)(u’-u) (T (G (@) 1, if g; <x <gjyy.

9j

We note that ¢ is applied only at g;. Hence, the terms ¢(q;), u (d)(qj)), and (- u) (TKM(GJ((;b))), are all constant over the interval
(4;>9;+1]- Let us assume that:
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d@)=(;,...,;,) EIR],
u (d)(‘lj)) = (ﬂj,lv ,ﬂj,,,) EIRS’_,
W ) (T f(G(@)) = (7)1 7;) ETR™.

As such, for each 1 <i <n, we obtain:
GpN =7, + B (x —q) +77.(x —q,)* /2.
G =a;;+ B i(x—q;) +7;,;(x— qj)2/2'

Therefore, the upper and lower bounds of (j,(x)); are quadratic—hence continuous—over the interval (q;, 9;,,]. After applying T ,,
these bounds remain continuous. Hence, for each 1 <i <n, the bounds (y,); and m are continuous over each (g;,¢;4,]- This,
together with the assumption Q € Pg, implies (42). T

To prove the UIC property, first we note that, as all the operations in (41) are monotonic, so is @,/ (Q). Furthermore, for
any given w € Wy, and ¢ > 0, for each i € {0,...,k}, using (19), we find bi, €y such that Ty ,(w*(g;) ®e) C bi,(q,»). As the set
{bi_ |i€{0,...,k}} is finite and y is rounded, there exists an element b, € y which satisfies Vi € {0,...,k} : bi_ <ip b,. From Propo-
sition 3.7 (iii), we obtain Vi € {0,...,k} : bi C b,. Thus:

Ve>0:3b, €y :Vie(0,....k} :  Tg,(w"(q)®e)Cb.(q). 43)

Over the interval (g s @41 the dependence of Yy (as defined in (41)) on y is solely based on w(g)). As a result, from (43), combined
with Scott continuity of u, «/, and integration, we deduce:

Yy eWp i V6>0:3bsey i Vie(0al: T, (P @W)(0) @ 8) T Dy (Q)b:)0). [

K

Definition 5.5 (Euler operator: F). Let a € (0, )

]. The parametric second-order Euler operator:
F: P@xvl - Wp—>Wp

is defined as follows: for any given QO = (g, ..., q;) € Pg, (u,u') € V!, and ¢ € Wp:
Fout)(Q)@) 1= (D) (Q)Y)), - (44)
The formula (44) can be depicted as the following commutative diagram:

[OX
Dy — 25 Wy

m(u_ur)@x»T TF(MWQ)(»

D@*\'TWD

Lemma 5.6. For every partition Q € Py, and (u,u') € V1, the function F,.(Q) : Wp — Wy, is Scott continuous.
Proof. This follows from Proposition 5.4 and Lemma 4.18. []

Theorem 5.7 (Second-order Euler operator: E?). Assume that a € (0, WL 0=(qp, .-, 4x) € Py g is a partition of [0,al, (u,u’) € Vi
! X

and E? is the second-order Euler operator of Definition 5.1. If we denote the bottom element of Wy, by L, then we have E? , (Q) = y* where:

(uu")

v = 1ix By (@) = || (Fuu(@)" (D) = (B (@) (D).

meN

Proof. For each j €N, we define y;, := (I{u,u/)(Q))j (1) and Y, := Yoy in which Yo, is as defined in (41). In particular, we have,
VieN y = (Y[j])*. Furthermore, from Theorem 3.15 (ii), we obtain:

VjeN: "’1/4—11:((1/[/'])*) =Y (45)
Using induction, we prove that:

Vj€{0,....k} 1 Vx €10,q;1 1 EL,, (Q)X) = Yy;(x). (46)
The base case of j =0 is immediate as both sides evaluate to (0, ...,0). Next, assume that (46) holds up to some j € {0,...,k—1}. In
particular, we have E(ZM (@) =Y;(q)). We define o; := E? , (Q)(q;) = Y;;(q,) and obtain:

(')
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x
VX €@ apl s Y=y =Tkl e +/u(aj) + (=g - w) (Ty (a0, ® MA;) dr | (47)
qj
By using (39), we can remove applications of T , in (47), and obtain:
x
Vx € (g 9] V() =g +/u (@) + (=g - u)(a; & MA;)dr,
4j

which, combined with (38), implies Vx € (g;,4,41] : Yjj41;(x) = E? , (O)(x). Thus, we have proven (46). From (45) and (46), we

(uu')
obtain:

Vi €{0,....k} 1 VX €10,q)] : Ep, ) (Q)X) =y, 1y (),

(uu

which completes the proof of the theorem. []

Remark 5.8. In the statement of Theorem 5.7, we required Q € P, i instead of O € Py. This is because the proof of Lemma 5.2
requires this stronger assumption.

Remark 5.9. To obtain an enclosure of the solution of the IVP (1), in Theorem 5.7, one must require (u,u’) € vfl, in which f is the
vector field of IVP (1).

5.1. Computability

As pointed out previously, the Galois connection of (34) allows us to delegate IVP solving from W, to Dg and then return to Wy,
a fact which has also been reflected in the formulation of the Euler operator F in (44). This raises a valid question on the purpose of
constructing, and the utility of, the w-continuous domain Wp,. The answer lies mainly in computable analysis. As the poset Dy, is not
continuous, it does not admit an effective structure, while the w-continuous domain Wy, does. In fact, to study computability of the
Euler operator, an effective structure is needed on all the underlying domains. To that end, we use the concept of effectively given
domains [71]. Specifically, we follow the approach taken in [26, Section 3].

Definition 5.10 (Effectively given domain). Assume that (D, C) is an w-continuous domain, with a countable basis B that is enumerated
as follows:

B={by=1,b,....b,,...}. (48)

We say that the domain D is effectively given, with respect to the enumeration (48), if the set {(i,j) ENxN|b; < b;} is recursively
enumerable, in which « is the way-below relation on D.

In the following proposition, computability is to be understood according to Type-II Theory of Effectivity [80].

Proposition 5.11 (Computable elements and functions). Let D and E be two effectively given domains, with enumerated bases B; =
{dy.d,.....d,....} and B, ={ej.e,, ... e,, ...}, respectively:

(i) An element x € D is computable < the set {i €N | d; < x} is recursively enumerable.
(i) Amap f: D~ E is computable <= {(i,j) ENXN|e; < f(d;)} is recursively enumerable.

Proof. See [26, Proposition 3 and Theorem 9]. []

The domain Wy, is w-continuous, with i;(8p) as a countable basis. We have:
Vb,b' € Bp: b<b <= ip(b) Kipd). (49)
Proposition 5.12. Assume that By, is enumerated as By, = {by, b, b,, ...}, and ip(Bp) is enumerated as:

in(Bp) = {ip(by).ip(b)),ip(hy), ...} (50)

Then, the way-below relation < over ip,(Bp) is recursive with respect to the enumeration (50).

Proof. This follows from (49), and the fact that only rational numbers are used in representation of the elements of B,. []
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Thus, we obtain an effective structure over Wy, with respect to the enumeration (50). The Euler operator takes input from
the domain V' as well. The set of rational hyper-rectangles Bir: is a basis for IR . It is straightforward to construct an effective

structure over IR’ with respect to any reasonable enumeration of Byg» . Moreover, using rational hyper-rectangles, we can construct
L
an effective structure over V! with respect to an enumeration of a basis:

By = {(ug,up), ug, ), o, (gotdl), } (51)
Proposition 5.13. Assume that Q € Py, and (u,u') € V1. Then, for any b € By, we have:

Fuat)(@ip(®5) = (@ (Q)D), - (52)
Proof. By Theorem 3.15 (ii), we have (ip(b))* = (b,)* = b. Hence, the equality (52) follows from (44). [

Corollary 5.14. Assume that Q € Pg. Then, the relation:

ip(b) < Ky, (QNip(b)))

is recursive with respect to the enumerations (50) and (51).

Proof. As Q € Pg, (uk,u;() € By, and b; € Bp, then <I>(uk,u; )(Q)(b)) is a piecewise quadratic enclosure with rational coefficients.
By Proposition 5.13, deciding ip(b;) < F(u,(,u’k)(Q)(iD(b ;) reduces to deciding b; <1<I)(uk,u;c)(Q)(bj), which, in turn, reduces to deciding
inequalities of the form ax? + fx + y < 6 over an interval [p,q], with a,f,7,6 € Q, and with p and ¢ computable, which is semi-
decidable. [

From Proposition 5.11 (ii) and Corollary 5.14, we obtain the main result of this section:
Theorem 5.15 (Computability). For any fixed Q € Pg, the map F. ,(Q)() : V! x Wy, — Wy, is computable.
5.2. Convergence analysis

In this section, we demonstrate that the operator E? is indeed second-order. In classical numerical analysis, one may find the
following criteria that determine whether a method is of order p (see, e.g., [42, Page 8]):

(C1) A numerical scheme for solving IVPs is said to be of order p if, whenever the solution of an IVP is a polynomial of degree at
most p, the solution can be obtained exactly by the scheme.

(C2) Alternatively, a numerical scheme is said to be of order p if, for every step size h, the local error incurred is of order O(h?*!).
For the Euler method, this entails that the global error must be of order O(h?).

The bounds obtained for the width of E2 ) (Q) in [27, Section 4] are too conservative and do not reflect the second-order nature
of the method. For instance, in [27, Corollary 4 3], the following bound is obtained for equidistant partitions:

w(B2, @) <3loM (et -1). (53)

This is of the same order as the bounds obtained in [22] for the first-order Euler method. Here, we present a more accurate con-
vergence analysis which demonstrates that E? is indeed second-order, according to criterion (C2). The basic idea is to adopt the
midpoint-width representation of intervals introduced by Moore and Jones [58].

Definition 5.16 (m(A)). For every interval I =[a,b], we define m(I) := (a + b)/2. For every interval matrix A =[A4 we define
m(A) :=[m(A;;)]pxn-

//]mxn’

Proposition 5.17 (Midpoint-width representation). Assume that A = [A;;],,x, is an interval matrix. Then:

A=mA)+ W,

in which W is an m X n interval matrix with entries W;; = —[ L 1Tw(A;)).

Proof. This is a straightforward generalization of the fact that any interval I = [a, ] may be written as:

I=[a,b]=a+b a—b b—a]

1
>t | =D+ S=Lwd). O

To simplify the arguments that follow, we reiterate an assumption from [27]:
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Assumption 5.18. In the sequel, we assume that u and «’ are interval extensions of the vector field f and its ‘L-derivative L(f),
respectively, and satisfy the following additional condition:

Vxell-K,K1" 1 wu()) < ||t (%) | W(x), (54)

where || - ||, is the interval matrix norm of Definition 2.25.

As stated in [27 Corollary 3.6], if u and u’ are the canonical interval extensions of the classical vector field f : [-K,K]" —
[-M, M]" and its L-derivative L( f), respectively, then, u and «’ do satlsfy condition (54).

Theorem 5.7 entails that, if QO = (g, ...,q;) € P; o, and if we let y : o u)(Q)’ then:
(x) = ,...,0), if x=0, (55)
PO va+ [ u(va)) + (= )@ - w) (v(g) ® MA) dr, i g <x <.

For each i € {0, ...,k — 1}, let us define:

A; =y(q;) ® MA,. (56)

By the midpoint-width representation, we write:

U(A,‘)
ul(A/)

Note that u(A4;), m(u(4;)), and W; are nXx 1 vectors, whereas u'(4A;), m(u'(4,)), and Wi’ are n X n matrices. Next, we define the following
constants:

mu(A) + Wi,

Ay + W 7)

max W(W) (58)

1 ;o1
wg == max w(W)), W, = 20

2 0<i<k—1

When the partition Q is clear from the context, we drop the subscripts and simply write w and o'.

Proposition 5.19. Assume that Q = (g, ....q;) € P, g, L :=nM,, w and o’ are as in (58), and define:
po '=Lo+ Mo + noo'. (59)

Then, Vi € (0,....k = 1) : Vx €lq .11 w (B2, (@) <w (B2, (@(@)) (1 + 01D + 2L

Proof. Lety:= E(zu )(@)- From (55), we obtain:

X

W) < wy(g) + / w (e (5(@)) +w (= e - ) (y(g) ® MA,)) dr
qi

X

(by (54) and (56)) < w(y(g,) + / 1 (@) oo wylap) di + / w (= g -u) (4;)) dr
qi
W (3(@)) +w () (= @)L + 3= ) w (W (Au(A,))

2
(@5 x— g, < 10D <w (@) (1 + 1010+ 2w (W apucay).

It remains to show that w(u'(A4;)u(A,)) < pp. From the midpoint-width representation (57), we obtain:

W (ADu(A;) = (m(u’(A,.)) n VVI.’)(m(u(Ai)) + W,)
= m(u' (A)m(u(A,)) + m' (A)DW; + W/ mu(A)) + W/ W,.

A term-by-term analysis of the width of the last expression shows that:

« The first term, i.e., m(u'(A;))m(u(A;)), has width zero.

+ The width of the second term m(u'(A;))W; is bounded by the product of || m(u/(4))) ||, and w. Hence, it is bounded by L.
Similarly, the width of the third term W/m(u(4,)) is bounded by the product of «’ and || m(u(4,))||,. Hence, it is bounded by
o'nM.

* The width of the fourth term W/W; is also clearly bounded by no'w.

Thus, we obtain w(u'(A)u(A)) < pg. O
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Corollary 5.20 (Speed of convergence). Assume that p, is as defined in (59) and L > 0. For any partition Q € P, o, we have:

1Ol p
W (@) < =72 (el ~1). (60)
In particular, when Q is equidistant:
Ol p
w (Efu‘u,)(Q)) <=7 2 (et -1). (61)

2
Proof. Assume that Q = (g, ...,q;), and let ¢ := ‘QlTpQ, d =1+ |Q|L. We prove by induction on i that:

i
Vxelgpaul: w(EL, @) <c Y d.
j=0
The case of i =0 is immediate from Proposition 5.19 and the fact that w(y(q,)) = 0. For i > 0, again, by Proposition 5.19, we have:
w(E2, (@w) <w(E

(37

(@) d+e

i—1 i
(by induction hypothesis) < <c 2 d’ ) d+c=c Z dl.
i=0 =0

Thus, we obtain:

k-1

) i df -1
W(Em,u/)(Q))sc;)d’—c .
1Ol p
=== (a+1oInt -1)
1Ol p
= 2LQ (1 +mQyroL)F —1)

< leleQ <(1+ %rQL)k - 1)

|0l Po
<= ()

which proves (60). Inequality (61) now follows, because for an equidistant Q, we have rp =1. [

According to Corollary 5.20, if p, is of order O(|Q|), then the convergence must be second-order, i.e., O(|Q?. This can be
guaranteed if the vector field is continuously differentiable:

Theorem 5.21 (Second-order convergence). Assume that u and ' are interval extensions of the classical vector field f and its L-derivative
L(f), respectively. If u’ is interval Lipschitz, then E* has second-order convergence.

Proof. By [27, Corollary 4.3], we know that w (Ef“,)(Q)) is O(|Q|). Hence, by (56), w(4;) is O(|Q|). As ' is bounded, then u is
interval Lipschitz. Therefore, w(u(A4;)) is O(|Q|), and by (57) and (58), we must have o € O(|Q|). If we also assume that «’ is interval
Lipschitz, then by a similar argument we can conclude that o’ € O(|Q|).

Hence, from (59), and the fact that both @ and ' are O(|Q|), we deduce that p, € O(|Q|). This, together with Corollary 5.20,

implies that W(E2 l,)(Q)) is indeed O(|0[2). [

(u,u
5.3. Further extensions

In Theorem 5.21, the assumption that ' is interval Lipschitz was imposed. By Remark 2.29, an interval Lipschitz &’ must map
maximal elements to maximal elements. Since «’ is Scott continuous, assuming that «’ is interval Lipschitz entails that  is continu-
ously differentiable. This is adequate for a qualitative convergence analysis, but in practice, these assumptions are restrictive. Below,
we discuss two relaxations of these assumptions that are important in practical applications.

5.3.1. Non-differentiable vector fields

Assuming that ' is interval Lipschitz ensures that ' € O(|Q|), and as a consequence, that the term nM ' in (59) also is in O(|Q)).
By inspecting the proof of Proposition 5.19, it can be seen that if ' maps some maximal elements to non-maximal elements, it may
hinder the O(|Q|?) convergence of the operators, but only over the points where it takes non-maximal values.

As we will see in Fig. 6, our experiments show that the second-order convergence is retained for a non-differentiable vector field.
We conjecture that this is true in case ' takes non-maximal values on isolated points of the domain (e.g., over a finite subset of the

28



A. Edalat, A. Farjudian and Y. Li Theoretical Computer Science 980 (2023) 114221

domain). In fact, by Rademacher’s theorem, if a function is Lipschitz continuous over an open subset U of R”, then it is (Fréchet)
differentiable almost everywhere (with respect to the Lebesgue measure) over U [10, Corollary 4.19]. As such, it is plausible that
the second-order convergence is retained, even when the vector field is merely Lipschitz continuous.

5.3.2. Approximations of the vector field

The assumption that ' is interval Lipschitz is restrictive, even when the vector field is continuously differentiable. In imple-
mentations, finitely-representable objects must be used to approximate ideal elements. For instance, one may use piecewise constant
enclosures with rational coordinates to approximate continuous functions in C([0, 1]). For a function such as f(x) =exp(x) : [0,1] > R,
it is impossible to find such a finitely-representable enclosure which has a width of zero over the entire domain, because exp is a
transcendental function.

To cope with this issue, we consider sequences (u,,u)),cy satisfying:

lim d(u,,u)=0 and lLim d@,u")=0,
n—oo n—o00

in which d(.,-) is the interval distance of Definition 2.27. With this added layer of approximation, we can still obtain a second-order
convergence, as long as the sequence (u,,u/),cy converges to (u,u’)—under the distance d(-,-)—fast enough. Similar analyses may be
found in [22,31,27]. Hence, we do not present the details here and just state the main theorem.

Theorem 5.22. Let (Q,),cn be a sequence of partitions in P, o satisfying lim,_,, |Q,| =0 and assume that v’ is interval Lipschitz. Fur-
thermore, assume that (u,u') = | |,c (4, ), and for some constant C; > 0, we have d(u,,u) < C{|Q,|* and d(u,u’) < C,|Q,|*. By letting
2 in.
v, :=E oty WE obtain:
@ 3C,>0,YneN: wy,) <G|0,%
(i) |,en ¥, is real-valued and is a solution of (1).

Proof. The proof is a straightforward modification of the proof of [27, Theorem 4.11], using the midpoint-width analysis. []

Our implementation of the Euler operators is based on the MPFI library [65], which uses arbitrary precision dyadic numbers as
end-points of intervals. As we will see in Section 7, under this representation, we still obtain quadratic convergence, even for some
non-differentiable vector fields.

5.4. Monotonicity with respect to refinement of partitions

A desirable property for an Euler operator is monotonicity with respect to refinement of partitions. If O and Q' are two partitions
of [0,a] satisfying Q C Q’, it would be desirable to have V(u,u') € Vfl D Euuny(@EC E(W,)(Q’ ). The operator E? does not satisfy this
property, even though we have proven its convergence. In other words, if 0, CTO,C...C Q, C ... is a sequence of partitions which
satisfies lim,_, , |Q,| =0, then it is guaranteed that the enclosures produced by E(zu’u,)(Qn) converge to a limit, but the sequence is not
a shrinking chain.

The main reason for this lack of monotonicity is that, although the Lipschitz constant of the solution z of the main IVP (1) is
bounded by M, the Lipschitz constant of the approximations obtained via application of E2—or the operator F for that matter—are
bounded by a larger constant M (1 +nM') (see Lemma 5.2). Thus, to obtain monotonicity with respect to refinement of partitions, in
Definition 5.3, we can make one of the following modifications:

(1) We can modify G, by replacing M with M(1+nM "y and define G (@) =g ®M(1+nM NA ;- The resulting operator will have
a slower convergence.
(2) We can modify the definition (41) as follows:

[ .....0. if x =0,
o) 1= Tatcomgpn |0+ [, (#(0)) + 0 = a6 ) (T (G (0) ], i g, <x <apan.

This modification results in an operator with faster convergence, at the cost of a significant increase in clutter for presentation
purposes.

Due to these considerations, we opted for keeping the formulation presented in Definition 5.3.
6. Runge-Kutta Euler operator

In this section, we demonstrate how the framework that we have developed can be used for domain-theoretic formulation of
Runge-Kutta methods. We begin by a brief reminder of the Runge-Kutta theory, tailored to the autonomous IVP (1). More compre-
hensive accounts may be found in classical textbooks on numerical analysis, e.g., [46,63]. The explicit m-stage Runge-Kutta method

for solving the IVP (1) proceeds as follows:
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(i) The interval [0, a] is partitioned as Q = (g ..., q;), for some k > 1.
(i) The initial value is assigned as y, = (0,...,0).
(iii) For each j€{0,...,k—1}, welet h :=gq;,; —q;, and then:

m
Vi1 :=Yj+hzwikij’ (62)
i=1

in which, for every i € {1,...,m}:

i—1
kij :=f<yj+h2a,.fkfj). (63)

=1

The coefficients w; and a;, are parameters that are specific to each variant of the Runge-Kutta method. For any Runge-Kutta
method of order p, the local truncation error at step j + 1 is expressed as follows:

rip(h)=y(g; +h) - <y(q,-) +h 2 w,-k;,-(h)>

i=1
=w((g)h"H! + O(hP*?), (64)

in which, y(q; + h) and y(q;) denote the exact solutions at g; + h and g, respectively, and k;;(h) is obtained from (63) for the exact
value of y(g;) substituted for y;.

In developing validated Runge-Kutta methods, one of the main tasks involves deriving explicit bounds for the truncation error. An
extensive catalogue of validated Runge-Kutta methods may be found in [47], together with explicit formulation of their truncation
error. There is no uniform formulation of the truncation error that is parametrized by (say) the order of the method. In simple terms,
for each variant, the explicit formulation must be obtained separately. As may be seen from [47], the explicit formulation of the
truncation error, especially of higher-order variants, can become very lengthy and even span pages.

As a result, we consider one of the Runge-Kutta variants—commonly referred to as the Euler method—which results in relatively
shorter formulas. To simplify the presentation further, we focus on the autonomous scalar case. In contrast with the Euler method of
Section 5, here we follow the Runge-Kutta theory, and demonstrate that our domain-theoretic framework is applicable for temporal
discretization in the context of Runge-Kutta theory as well.

6.1. Scalar Euler: Runge-Kutta formulation

We consider the scalar case of IVP (1), i.e., with n = 1. To begin with, we assume that the vector field f is continuously differen-
tiable of any order that appears in the upcoming formulas. For the scalar case of a Runge-Kutta method of order p, Taylor’s theorem
is applicable, and the truncation error of (64) is commonly expressed as:

ri1 () =y (g P! + O(h"*?)
hp+2
(p+2)!°

for some 6 € (0, 1). This follows from the fact that, as the method is assumed to be of order p, we must have V7 € {0,...,p} : r;’i)l 0)=0.
For the autonomous scalar case of the Euler method, the formulation of (62) can be presented as follows:

_ (D, P! (+2)
= (0)(p+1)! +r7 2 o)

YVi+1 :=yj +f(y,-)h.

As the method is first-order, the local truncation error is given by:

h3
rs (D) =y PR + 1), On) . (65)

for some 0 € (0, 1). The following provides explicit formulations of y and r;i)l solely based on the vector field and its derivatives:

r'ONf )
v(y) = —
PO = "y + 0h) (£ +0m) + (f/ (v +0m)° £, + Oh). (66)

In the analysis of Euler method according to Runge-Kutta theory, the vector field f : [-K, K] — [-M, M] is required to be twice
continuously differentiable, which we write as f € C2([—K, K]). As the domain [-K, K] is compact, there are two positive constants
M, and M, satisfying:

Vxe[-K,Kl: |/ Gx)I<M Alf"(x)| <M, (67)

By considering equations (65) and (66), we introduce the constant « as follows:
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(MM + MIZ)M
— 5

To obtain a validated version, let Y, F, and F’ be interval extensions of y, f, and f’, respectively. Then, we obtain an interval
extension ¥ of y by defining:

a =

F'(x)F(x)
—
In the general schema presented in Section 4, the formula (25) now admits the following explicit form:

Y(x) :=

Y(q;+h)=Y(q)+ F(Y(g)h+¥(Y (g)h + [~a.alh’.
Although the classical Runge-Kutta theory requires f € C2([—K, K)), it is possible to relax the condition slightly for the validated

version. To that end, we recall the following generalization of classical Taylor’s theorem:

Lemma 6.1. Assume that p € N. Let f : [a,] — R be a function that is p-times continuously differentiable and suppose that the p-th
derivative fP of f is Lipschitz in (a, ). Then:

-yt
(D!

ﬁ )

fe Z 9@ +L(/P)0)-

Jj=0

for some 0 € (a, p).
Proof. See [27, Lemma 2.13]. [

Thus, we may just require f to be in C'([—-K, K]), with f’ Lipschitz continuous, and replace (67) with the following:

Vxe[-K.K]: [f/ ()| <M AL < My,
in which L(f”) is the L-derivative of f’, and || - || is the interval norm from Definition 2.25.

We now proceed to define the counterpart ®R of the operator ® from Definition 5.31°:

Definition 6.2 (Operator: ®R). For a given partition Q = (qq, ..., ;) € Pq, a given triple (u,u’,u"") € D@, and ¢ € Dy, we define:
0, if x=0,
yp () :=1 Tkaldlgp) + M(¢(f1, ))(x q;)+ (68)
o - u)(¢(4,))

+[ aa](x_qj)] iqu<xsqj+|,

where:

« D® is the domain from Definition 2.23.
My M+M2)M
ca: % in which M, M|, and M, are from Definition 2.23.

. TK | is as defined in (33).
* (' - u)(-) denotes the product of the interval «'(-) with the interval u(-).

The operator ®R : Py x D® — Dg — ([0,a] - I[-K, K]) is defined by:

(u ul u”)(Q)(¢) - y(j)

Remark 6.3. Although "' does not appear explicitly in (68), it is implicitly used via the value « which depends on M, (from
Definition 2.23), which is, in turn, an upper bound on the values that "’ takes.

Having defined the operator ®®, we may proceed by taking the same steps as those taken in Section 5. For instance, the counter-
part of Proposition 5.4 may be stated as follows:

Proposition 6.4. Assume that O = (q, ... ,q;) € Pg and (u,u’,u"") € D®. Then:
V$ €Dgq : (@))€ Dg. (69)

Furthermore, <I>54’u,’u,,)(Q) : Dg — Dg has the UIC property.

(u u

10 The superscript ‘R’ stands for Runge-Kutta.
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Proof. From (68), by using an argument similar to that used in the proof of Proposition 5.4, we deduce that the bounds y, and y,

are continuous over each (g;,g;4,]. This, together with the assumption Q € Pg, implies (69).

To prove the UIC property, first we note that, as all the operations in (68) are monotonic, so is ®} (Q). Furthermore, for any

(! u"

given y € Wy, as y is rounded, then, by (19), together with the fact that each partition may have only finitely many partition points,
we obtain:

Ve>0:3b, ey :Vie{0,....k} : Ty (w*(q) ®€) C b(q)). (70)

From (70), combined with Scott continuity of « and ', we deduce:

V6>0:3b ey iviellal: Tey (OF,,\(@uI0®8) S}, @0, O

(uu!

Definition 6.5 (Euler operator FR). The scalar Runge-Kutta Euler operator:

FR : Py x D@ — Wy, » wy,

is defined as follows: for any given Q = (g, ..., q;) € Py, (,u,u"") € D?, and ¢ € Wy;:

(@)= (O, ©@)@Y) . 1)

(u u’ (!

Once again, the relationship between the operators FR, ®R, and the left and right adjoints (-)* and (-), of the Galois connection
from Theorem 3.15 can be depicted as in the following commutative diagram:

[OF
Dy —=% Wy,

(u u! u”)(Q)( )]\ T (uu! L//)(Q)( )

Do <7+ "

Lemma 6.6. For every partition Q = (qq, ..., q;) € Py and (u,u’,u"") € D, the function FR (Q) : Wp — Wy, is Scott continuous.

(')
Proof. This follows from Proposition 6.4 and Lemma 4.18. []

As F (u (@) Wp — Wy is Scott-continuous, we may define the Runge-Kutta Euler operator using its fixpoint:

Definition 6.7 (Runge-Kutta Euler operator: ER). Assume that Q = (g, ..., q;) € Pq is a partition of [0,al, (u,u’,u") € D@, and L
denotes the bottom element of Wy,. We define ER (Q) :=y*, where:

W ')

y :=fix F (M,u,,)(Q)= |Z|N( (M,u”)(Q)) (L).

Similar to Theorem 5.7, we can prove that:

k+1
LI (£2, @) W= (FE, @) @,
meN

which provides us with a validated Euler operator based on Runge-Kutta theory.

For any fixed Q € Py, computability of the map F..,(Q)(-) : D® x Wy, - Wy, can be proven using an approach similar to that
taken in Section 5.1. The key fact is that ax> + fx% + yx + p < & is semi-decidable over an interval [p, q], with a, 8,7, p,6 € Q, and with p
and ¢ computable. In fact, using the approach of Section 5.1, one may prove computability of any Runge-Kutta variant as long as the
bounds within each interval are polynomials with rational coefficients. This is because the proof of computability essentially reduces
to deciding Zf’; 0 a;x' < § over intervals of the form [p, q], where ay, ...,a,,,§ € Q, and with p and g computable. When p,q € Q, this is
decidable according to Tarski’s theorem [74]. When p and q are computable, the problem becomes semi-decidable.

Soundness and completeness follow from the relevant error analysis as presented in [47], where error analyses of several variants
of Runge-Kutta method may be found. As for convergence analysis, it is well-known that the Runge-Kutta formulation of the Euler
operator provides a first-order convergence rate [46, Theorem 5.4], a fact which will be verified by our experiments in Section 7 as
well (in particular, Fig. 3).

7. Experiments

The domain theoretic framework of the current article makes it possible to use effective data-types, i.e., it is possible to implement
the operators directly on digital computers. We have indeed implemented the following operators for IVP solving:
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(1) The first-order Euler operator E¢ of [22];
(2) The second-order Euler operator E? of Definition 5.1.
(3) The Runge-Kutta (Euler) operator ER of Definition 6.7.

The source code is available on GitHub.!! We have used the arbitrary-precision interval arithmetic library MPFI [65] for our imple-
mentations. Specifically, we have used the C++ Boost library implementation which provides a wrapper around the original MPFI
types.'? This is an ideal library for our purposes as operations such as matrix/vector arithmetic can be implemented seamlessly over
the underlying MPFI types.

We consider the following IVPs for our experiments:

(A) To begin with, we consider the simple scalar IVP:

V(0 =y,
(72)
{ y(0) = 1.
This IVP has the closed-form solution y’(r) = exp(r) over the entire real line. We solve this equation over the interval [0, 1], over
which we may take M =3, M| =1, and M, =0.
(B) Next, we consider another scalar IVP:

{ Y () = cos(y(1)),
»(0) =0,

which has the following closed form solution over the entire real line:

(73)

y(t) =2atan (tanh ( % ) ) .

We solve this IVP over the interval [0,5]. As the vector field is f(x) = cos(x), we take M = M|, =M, =1.
(C) The next IVP is slightly more complicated:

{ (1) = 10cos(100)5(),
$(0)=1.

This IVP also has a closed-form solution j(r) = exp(sin(107)) over the entire real line. The equation (74) is non-autonomous. By
assigning y(¢) := (¢, (1)), we obtain an autonomous non-scalar equation with the vector field f(a, f) = (1, 10 cos(10«)#) and initial
value y(0) = (0, 1). As the autonomous equation is non-scalar, the Runge-Kutta operator is not applicable. We seek a solution in
the interval [0,0.1] for which we take M =30 for the Euler operators.

(D) We also consider an IVP with a non-differentiable vector field:

{ § (1) = |sin(t + $@®) |,
0) =1.

We are not aware if this IVP has a closed form solution. Equation (75) is also non-autonomous. By assigning y(t) := (¢, (1)), we
obtain an autonomous equation with the vector field f(a, )= (1,|sin(a + #)|) and initial value y(0) = (0, 1). We seek a solution
in the interval [0, 5] for which we take M =1 for the Euler operators.

Over the interval [0, 5], the presence of the absolute value function does indeed make a difference, as shown in Fig. 1.

(74)

(75)

In our experiments, we consider a parameter depth, which denotes how many times the domain [0, a] must be bisected. For
instance, when running any of the operators at depth 4, the domain [0, 4] is discretized into 2* = 16 equal sized subintervals. We ran
the first-order operator E¢ of [22] and the second-order Euler operator E? on all of the IVPs, and ran the Runge-Kutta operator ER
on the scalar IVPs (72) and (73), for a range of depths from 2 to 16.

Fig. 2 contains three plots related to the IVP (72) with y'(¢) = y(¢):

+ The left plot shows that at each depth, the width of the solution obtained from E? is noticeably smaller than the widths obtained
from the Runge-Kutta ER and the first-order operator E°.

+ The middle plot shows that at equal depths, the second-order and Runge-Kutta methods take more time compared with the
first-order method. This is expected due to the overhead of handling derivatives.

+ The right plot shows that, in the particular case of the IVP (72), the overall performance of the first-order operator E° is better.
In simple terms, by spending the same amount of CPU time, the first-order method provides tighter enclosures of the solution.

Fig. 3 contains the plots related to the IVP (73). The right plot demonstrates that at lower depths, the first-order operator E¢ is the

most efficient. Nonetheless, at higher depths, the second-order operator outperforms both the first-order and Runge-Kutta operators
due to its superior convergence rate.

11 https://github.com/afarjudian/IVP_MPFI.
12 https://www.boost.org/doc/libs/1_76_0/libs/multiprecision/doc/html/boost_multiprecision/tut/interval /mpfi.html.
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—y(=sintiry(®) ||
—y'(O)=Isin(t+y(1))|
0 1 2 . 3 a 5

Around = 1.295, the two solutions diverge. (For

Fig. 1. The solution of y/(¢) = sin(t + (1)) in red versus that of y'(r) = |sin(t + y(r)) | in blue, over the domain [0, 5].

interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

depth versus width depth versus CPU time Efficiency
10 T T T T T T 104 T T T T T T 107 T T i il il
103 10° k |
102 1071 :
g
" — = N =
b= ; 10" B 102} E
= o0 =
(&}
10° 103 :
<4 -4 | i
Runge-Kutta 10 Runge-Kutta 10 Runge-Kutta \
—— First-order ——— Firs-order ——— First-order
Second-order Second-order Second-order
-2 1 1 1 L 1 I 1 0-5 L L i L L
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16 10210 710° 10" 102 102 104
depth depth cpu time

Fig. 2. Comparison of the first-order, second-order, and Runge-Kutta Euler methods on the IVP (72), with y'(r) = y(1).

Fig. 4 contains the plots related to the IVP (74). As the IVP is converted to a non-scalar one, we may only apply the first-order
and second-order operators E¢ and EZ, respectively. The left and middle plots have the same quality as those of Fig. 2. The right
plot, however, shows that, in this case, the second-order method outperforms the first-order Euler method in overall efficiency.

Fig. 5 contains the relevant plots for the IVP (75). As the IVP is converted to a non-scalar one, and the vector field is not
continuously differentiable, we may only apply the first-order and second-order operators E¢ and EZ, respectively. The middle
plot is as expected, but the left and right plots demonstrate the effect of the overhead of handling derivatives in the second-order
method. In lower depths, the first-order Euler operator performs better, but as the depth is increased, the faster convergence of the
second-order operator makes it overall more efficient.

As we have already pointed out in Section 5.3.1, although Theorems 5.21 and 5.22 require the vector field to be continuously
differentiable, we conjecture that the second-order convergence is retained over non-differentiable vector fields as well. As a witness
to this conjecture, we compare the convergence of the second-order Euler method for solving the IVP (75)-with a non-differentiable
vector field—with those obtained from solving IVPs (73) and (74), with vector fields that are continuously differentiable. Fig. 6
suggests that the convergence has the same order in this case.

7.1. Static analysis

The bound (53) (obtained in [27]) and those obtained in the current work (i.e., Corollary 5.20 and Theorem 5.22) make it possible
to perform a static convergence analysis. These bounds, however, are usually very conservative, and result in unnecessarily small
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Fig. 3. Comparison of the first-order, second-order, and Runge-Kutta Euler methods on the IVP (73), with /(1) = cos(y(1)).
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Fig. 4. Comparison of the first-order and second-order Euler methods on the IVP (74) with §(r) = 10 cos(100)§(?).

partition norms for obtaining a required accuracy. In practice, it is more efficient to just run the Euler operators for various depths,
in increasing order, until the required accuracy is obtained.

Take the IVP (74) as an example. A static analysis based on the bound (53) would indicate that, in order to obtain e > 0 accuracy,
one must take the partition norm small enough to satisfy:

€ €
1560 — 1) ~ 1.72x10%7°

0] <

As an example, according to this estimate, to obtain an accuracy of ¢ < 10~*, we must partition [0,0.1] to at least the depth of 100,
resulting in 2!% subintervals, which is prohibitively large. Instead, we start from a small depth of 2, and increase the depth until
the accuracy is reached. With this approach, the accuracy reaches the target of 107* at depth 16, in under 30 seconds on a personal
laptop, with an Intel® Core™ i7-8550U CPU at 1.80 GHz and 16 GB RAM, under Ubuntu 20.04 LTS environment.
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Fig. 5. Comparison of the first-order and second-order Euler methods on the IVP (75), with a non-differentiable vector field: §(r) = | sin(t + (1)) |-
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Fig. 6. Comparison of the convergence of the second-order Euler method on the IVP (75), with a non-differentiable vector field (in red), and the IVPs (73) and (74),
with vector fields that are continuously differentiable (in blue and black). The second-order convergence seems to be retained for the IVP (75).

Remark 7.1. Although we have reported the timing of our experiments and the hardware that has been used, the numbers should be
considered only in the context of comparison between the algorithms that we have implemented. The Euler operator E? is second-
order, and as such, over IVPs with highly smooth vector fields, it may not exhibit the efficiency of the high-order methods such as
COSY [5], VNODE [62] or ValEncIA-IVP [64]. On the other hand, our method is superior in its generality as it can provide validated
solution of IVPs with non-differentiable vector fields as well, while the high-order methods available in the literature invariably
require the vector field to be continuously differentiable.

8. Concluding remarks

The analyses presented in the current article are applicable to any operator that follows the general schema presented in Section 4.
Given the superiority of the Euler operator E? over the Runge-Kutta variant ER, one immediate candidate is higher-order extensions
of E2. In fact, the foundations are in place for such an extension. These include the domain model Wy, of the current article, the
domain of Lipschitz functions developed in [21], and an extension of the Taylor’s theorem, as presented in [27, Corollary 2.14]. To
obtain a full formulation for the m-th order variant E” of EZ, the (non-scalar) differential equation y’ = f(y) must be differentiated
(m — 1) times, and the right hand side written solely in terms of the vector field f and its derivatives. This may be done using, e.g.,
the well-known Faa di Bruno formula [11]. Although of practical importance, this extension will require careful handling of lengthy
formulas, and may not require any significant theoretical novelty.
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A similar extension may also be considered for higher-order Runge-Kutta methods. Again, the foundation is available, not just
based on the domain model of the current paper and that of [21], but also based on the catalogue of validated Runge-Kutta methods
available in [47].

We have proved that the operator E? has a second-order convergence when the vector field of the IVP is continuously dif-
ferentiable. The definition of the operator, however, only requires the vector field to be Lipschitz continuous. One direction for
further investigation is convergence analysis of the operator E? under the assumption that the vector field is Lipschitz continuous
but not differentiable. As we have demonstrated, there is strong evidence that the rate of convergence is not jeopardized by non-
differentiability of the Lipschitz vector field. This is potentially significant because, to the best of our knowledge, all the higher-order
validated methods in the literature require the vector field to be at least (once) continuously differentiable.

We presented the construction of a continuous domain for function spaces [X — D], for any topological space X and bounded-
complete continuous domain D. When X is core-compact, the dcpo [X — D] is continuous. Thus, in practice, our general construction
may be more relevant when X is not core-compact. We exemplified this claim via the concrete case of differential equation solving
with temporal discretization, where the relevant topology is the upper limit topology, which is not core-compact. It will be interesting
to see if the construction is useful for other applications as well, e.g., stochastic processes with right-continuous jumps.

Probabilistic power domains have been used previously for analysis of stochastic processes. Specifically, in [15], domain-theoretic
models of finite-state discrete stochastic processes have been introduced, while in [7] a more general approach has been taken
for continuous time, continuous space stochastic processes. The construction of the current article can be modified for stochastic
processes with right-continuous jumps. To be more precise, while the upper limit topology had to be used for temporal discretization
in differential equation solving, the suitable topology for analysis of processes with right-continuous jumps is the lower limit topology,
which is not core-compact either. Furthermore, while the rational P-functions satisfying (28) are left continuous with right limits, in
the study of stochastic processes, one must work with the so-called cadlag functions, which are right-continuous with left limits [6,
Chapter 3].

Acronyms

dcpo directed-complete partial order
IVP (initial value problem

ODE ordinary differential equation
PDE partial differential equation
poset partially ordered set

TTE Type-II Theory of Effectivity
UIC uniform ideal continuity
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