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Abstract This paper presents a framework for constructing and analyzing enclosures of the
reachable set of nonlinear ordinary differential equations (ODEs) using continuous-time set-
propagation methods. The focus is on convex enclosures that can be characterized in terms
of their support functions. A generalized differential inequality is introduced, whose solu-
tions describe such support functions for a convex enclosure of the reachable set under mild
conditions. It is shown that existing continuous-time bounding methods that are based on
standard differential inequalities or ellipsoidal set propagation techniques can be recovered
as special cases of this generalized differential inequality. A way of extending this approach
for the construction of nonconvex enclosures is also described, which relies on Taylor mod-
els with convex remainder bounds. This unifying framework provides a means for analyzing
the convergence properties of continuous-time enclosure methods. The enclosure techniques
and convergence results are illustrated with numerical case studies throughout the paper, in-
cluding a six-state dynamic model of anaerobic digestion.

Keywords interval analysis - ellipsoidal calculus - Taylor models - ordinary differential
equations - differential inequalities - convergence analysis - dynamic optimization - global
optimization

1 Introduction

A great variety of natural, engineered and industrial systems are inherently dynamic, includ-
ing batch processes and processes operating at a cyclic steady state. Other such systems are
operated in a transient manner on purpose, for instance in order to improve their versatil-
ity or robustness. All these systems have their evolution governed by differential equations
and are often uncertain due to the presence of time-varying disturbances or due to incom-
plete/inaccurate knowledge of certain parameters or initial conditions.

The main focus of this paper is on methods for computing time-varying enclosures of the
reachable set of parametric nonlinear ODEs. A principal motivation is for applications in the

2Centre for Process Systems Engineering, Department of Chemical Engineering, Imperial College London,
London SW7 2AZ, UK.

YDepartment of Automation, Shanghai Jiao Tong University, 800 Dongchuan Road, Shanghai 200240, China.
¢Corresponding Author. E-mail: b. chachuat@imperial.ac.uk.



2 M.E. Villanueva, B. Houska, and B. Chachuat

field of dynamic optimization. In the context of global optimization, an over-approximation
of the reachable set can be used to construct relaxations of the feasible region and the ob-
jective function, which are pivotal in branch-and-bound search and its variants; [see, e.g.,
15, 34, 49, 54]. In robust optimization likewise, the enclosure of a system’s reachable set can
be used to ensure feasibility of that system’s response despite the presence of uncertainty
[26]. Other applications of reachability analysis are for problems in the fields of robust
MPC [32], guaranteed state and parameter estimation [2, 27, 28], and system verification
and fault detection [36, 63, 64].

Advances in the field of reachability analysis originate from various fields. In viability
theory [5], uncertain dynamics are expressed as differential inclusions. In contrast, compari-
son principles consider auxiliary sets of ODEs that do not depend on the uncertain variables
to enclose the reachable set of an uncertain dynamic system. One such comparison principle
is provided by the theory of differential inequalities [31, 67], where the right-hand side of the
auxiliary ODEs under/overestimate the minimal/maximal value of the right-hand side of the
uncertain dynamic system. Other comparison principles relate the reachable sets of uncer-
tain ODE:s to the solutions of Hamilton-Jacobi-Bellman (HJB) and Hamilton-Jacobi-Isaacs
(HIJT) equations [29, 38, 42].

Contributions to reachability analysis are also found in the field of reliable computing.
Verified ODE integration techniques were first developed to compute guaranteed solutions
for ODEs with rounding errors as the sole source of uncertainty. In the classical approach,
the integration horizon is discretized into finite steps and a two-phase algorithm is applied
at each step [21, 45]. Phase I is concerned with the computation of an a priori enclosure
and a step-size, such that existence and uniqueness of the solution can be ascertained on that
domain. This typically relies on a high-order Taylor series expansion of the ODE solutions,
in combination with interval analysis [19, 46]. Phase II propagates a tightened enclosure
until the end of a given step, for instance based on an interval Taylor series [37] or a more
involved interval Hermite-Obreschkoff method [44]. Further developments aiming to reduce
conservatism in Phase II include wrapping mitigation strategies [37] as well as the use of
Taylor models [39, 48] to mitigate the dependency problem [8, 9, 35, 47]. A hybrid approach
combining differential inequalities with the two-phase approach is proposed in [S1], which
provides a verified implementation of the method of differential inequalities. Another veri-
fied implementation featuring a simple Runge-Kutta method in combination with a Piccard
iteration scheme is described in [52].

A well-developed theory for enclosing the solution set of linear and hybrid uncertain
systems has emanated from the field of control theory. These methods commonly proceed
by propagating sets forward in time too [10]. One example is the ellipsoidal bounding ap-
proach [30], first developed for linear systems under ellipsoidal uncertainty sets, and later ex-
tended to address nonlinear systems as well [26]. This method involves constructing vector-
and matrix-valued ODEs, whose solutions are, respectively, the center and the shape matrix
of ellipsoids that enclose the reachable set of the uncertain dynamic system, pointwise in
time [65]. Other set representations used for bounding reachable sets include polytopes [16]
and zonotopes [3].

In the field of global optimization, the construction of convex lower-bounding problems
for nonlinear dynamic optimization problems is pivotal to the development of efficient com-
plete search methods. Considerable effort has thus been devoted to obtaining convex estima-
tors for the solution of parametric nonlinear ODEs with respect to the uncertain parameters.
For linear dynamic systems, a method was developed in [61] which provides affine bounds
in the parameter space via the solution of an auxiliary set of ODEs. This method was later
extended to propagate affine bounds [62] as well as a pair of convex and concave bounds
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[58, 60] for the solutions of parametric nonlinear ODEs based on differential inequalities and
(generalized) McCormick relaxations [41, 59]. The refinement of reachable set enclosures
by accounting for a priori or physical information about a given system was also investigated
in [57, 61]. Another way of computing pointwise-in-time, convex under-estimators and con-
cave over-estimators using the a-BB approach [1, 40] has been described in [13, 49, 50].
Discretization-based methods adapted from the field of reliable computing too have been
considered in the context of global optimization. An extension of the two-phase approach
based on Taylor models for handling parametric uncertainty was considered in [34, 35], and
similar extensions for the propagation of McCormick relaxations and McCormick-Taylor
models [12] are described in [55, 56].

An important property in comparing the tightness of the reachable set enclosures con-
structed with various approaches is how quickly these enclosures converge to the exact
reachable set as the size of the uncertainty set vanishes, namely their convergence rate in the
Hausdorff sense. This is especially relevant in global optimization, where it has been shown
that the convergence order can be related to the so-called cluster effect [20, 68]. The con-
vergence properties of McCormick relaxations and Taylor models as applied to factorable
functions have been analyzed in [11, 12]. Regarding parametric differential equations, it
is not hard to contrive examples whereby the enclosures computed based on differential
inequalities would only enjoy first-order Hausdorff convergence, thereby calling for the de-
velopment of higher-order techniques.

In sum, existing methods for constructing enclosures of the reachable set of nonlinear ODEs
are scattered across different disciplines. A possible classification for all of these methods
is whether the enclosures are propagated continuously in time or on a time grid after dis-
cretization of the integration horizon. The focus in this paper is on the former class, which
relies on the formulation and solution of auxiliary ODEs. Our main contribution is two-fold:

(i) We introduce a generalized differential inequality (GDI), which provides sufficient
conditions for a time-varying support function to describe a convex enclosure of the
reachable set (Theorem 3). We show that the GDI encompasses results from both the
classical theory of differential inequalities and ellipsoidal set-propagation techniques as
special cases (Propositions 2 and 3), in addition to providing a means of constructing
auxiliary ODEs that propagate other kinds of convex sets in the state space. We also
investigate Taylor models for the propagation of more versatile, nonconvex enclosures
whereby the GDI is used to describe a convex enclosure of the Taylor remainder term
(Propositions 4 and 5).

(i) We analyze the convergence properties of continuous-time enclosure methods based
on the proposed GDI (Theorem 4). Here again, we recover the classical, linear and
quadratic convergence results for differential inequalities and ellipsoidal set propaga-
tion, respectively, as special cases (Corollaries 1 and 2). Moreover, we analyze the
convergence rate of those nonconvex set-propagation methods based on Taylor mod-
els, showing that the Hausdorff convergence order of these enclosures is ¢+ 1 when
gth-order Taylor models are considered (Corollary 3).

Throughout the paper, several numerical examples are used to illustrate the construc-
tion and convergence rate of various types of enclosures. The underlying implemen-
tation is based on the library MC++ [43], a C++ library employing operator over-
loading for bounding factorable functions. Moreover, the numerical integrator available
through the GNU Scientific Library (GSL) is used. The C++ class implementing the var-
ious bounding techniques based on intervals, ellipsoids and Taylor models with interval
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and ellipsoidal remainders is made freely available at: http://www3.imperial.ac.uk/
environmentenergyoptimisation/software.

The rest of the paper is organized as follows. The problem formulation and the notation used
throughout the paper are defined in Sect. 2, and existing continuous-time set-propagation
approaches are reviewed in Sect. 3. The GDI for continuous-time propagation of convex
enclosures is introduced in Sect. 4, and this framework is shown to encompass existing
continuous-time propagation methods in Sect. 5. This latter section also describes an ap-
proach based on Taylor models with convex remainder in order for the GDI to produce
nonconvex enclosures. The main convergence results exploiting the proposed GDI frame-
work are presented in Sect. 6. Details about the numerical implementation of the bounding
techniques are given in Sect. 7, before presenting the numerical case study of an anaerobic
digester. Finally, Sect. 8 concludes the paper.

2 Problem Statement

We consider parametric dynamic systems in the form of nonlinear ODEs

Vi €[0,T] x(t,p) = f(t,x(¢,p),p) with x(0,p)=x0(p). (1)

The state x : [0,7] x P — R™ is regarded as a function of the uncertain parameter vector
p € P C R" along the time horizon [0, T]. The reachable set of the initial value problem (1)
is denoted by

X(t,P):={x(t,p) | p € P}. @

The problem addressed in this paper is the computation of time-varying enclosures
Y(¢,P) 2 X(¢t,P), for t € [0,T], using continuous-time set-propagation techniques. Specif-
ically, these enclosures are constructed from the solutions of auxiliary ODEs. By a slight
abuse of notation, we shall denote the reachable set and its enclosure by X (¢) and Y (¢), re-
spectively, when it is clear from the context what the corresponding parameter host set P
is.

Throughout the paper, we consider solutions to these auxiliary ODEs in the extended
sense, whereby a solution can be any absolutely continuous function satisfying the initial
condition and the ODE almost everywhere on [0,T]; see, e.g., [18, Theorem 1.1]. More pre-
cisely, we constrain ourselves to the case of locally Lipschitz-continuous functions, which
are sufficient for most practical purposes.

2.1 Notation and Background
The set of compact subsets of R” is denoted by K", and the subset of compact convex subsets

of K", by K¢. We define the unit ball 2" € K{. as #" := {z € R" | ||z]|> < 1}. The diameter
diam (Z) of a set Z € K" is defined as

diam (Z) := Z]ngéZHzl -2,

and the support function V[Z] : R" — R of Z as

VeeR", V[Z](c) := max {cTz\z€Z} . 3)


http://www3.imperial.ac.uk/environmentenergyoptimisation/software
http://www3.imperial.ac.uk/environmentenergyoptimisation/software

Unified Framework for the Propagation of Continuous-Time Enclosures for Nonlinear ODEs 5

In particular, there exists positive constants C; < Cp < oo such that

VZ e K¢, Cpdiam(Z) < ]Rmﬂxuq VZ)(c)+V[Z](—c) < Cpdiam(Z).  (4)
ceR™ ||c||<

This result follows from the definition of the support function and the diameter of a set,
using the equivalence of norms in finite dimensional vector spaces.
The Minkowski sum of two compact sets W,Z € K" is denoted by

WaZ={w+z|lweW,zeZ},

and the Haussdorf distance between W and Z is given by

dy(W,Z) = max{ryzleav{/(rzrg%le—zH ,I?Eazxwr;é%ﬂw—zH } 5)

In particular, the Hausdorff distance of any two convex compact sets W,Z € K¢, is bounded
by the maximum difference of their support functions

dwW.2) < max VW)~ ViZI(©) . ©)

ceR" T e=1

This result follows readily from (5), by noting that the Hausdorff distance dy(W,Z) =
|[w* — z*|| at a min-max point [resp. a max-min point] (w*,z*) € W x Z is bounded by the dif-
ference |V[W](c) — V[Z](c)| in the direction ¢ = w* — z* [resp. in the direction ¢ = z* — w*].

The set of n-dimensional interval vectors is denoted by IR". The midpoint and ra-
dius of an interval vector P := [p*, pU] € IR" are defined as mid (P) := 5 (pV + p") and
rad(P) := 1(pV — pb), respectively. The n-by-n matrix diag rad (P) € R™" is a diagonal
matrix whose elements are the components of rad(P).

The set of n-dimensional positive semi-definite symmetric matrices is denoted by S .
An ellipsoid with center ¢ € R” and shape matrix M € S'}. is denoted by

E(e,M) := {c—}—M%v |veR":vTv < 1}

or, simply, & (M) if the ellipsoid is centered at the origin.

A gth-order Taylor model of a (g + 1)-times continuously-differentiable function
f:R"—R™ on the set P € IR" and at p € P is the pair (£}, %}) with Z{ :R" — R"
a gth-order multivariate polynomial and ,@jqc € K™ satisfying

wper. P =Y TLD 5 wd (o)~ 20 € 4.

yere, V!
lYI<q

This last statement uses multi-index notation. A multi-index 7y is a vector in N*, n > 0. The
order of yis |y| := Y%, %. Given a point p € R", p? is a shorthand notation for the expression
ol

", pl'. Moreover, 7 f is a shorthand notation for the partial derivative EI e
Py OPn
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3 Review of Existing Convex Set Propagation Methods
3.1 Differential Inequalities

The theory of differential inequalities provides sufficient conditions for time-varying interval
bounds ¥ () := [y*(¢),y" (t)] to yield an enclosure of a parametric ODE’s reachable set X (f).
These conditions can be used for propagating an interval enclosure Y (¢) of X(z) along the
integration horizon.

Theorem 1 Consider the initial value problem (1), and assume that the right-hand side
Sfunction f is jointly continuous in (t,x,p) and locally Lipschitz-continuous in x uniformly
on [0,T] x P, with P C R" compact, and the initial value function x is continuous on P. Let
the functions y©,yV : [0, T] — R™ be Lipschitz-continuous, with y*(t) < yY(t), and satisfy

& =yr(1)

ae.t€0,T], y'iL(t)SI?ipn filt.&.p)| & € [y (1),yV(1)] O
’ peP
&=y (1)
and ¥ (1) > max{ fi(1,8,0)| € € Y1),y (1)] ¢ - ®
» pep

foreachi=1,...,ny, with [y*(0),yY(0)] 2 {xo(p) | p € P}. Then, X(t) C [y*(r),y" ()] for
allt € [0,T).

This result is well established in the more general setting of a continuous right-hand side
function f; see, e.g., [31, 67] for ODE systems without parameters, where the differential
inequalities are stated in terms of left-sided Dini derivatives and with strict inequalities. The
corresponding result with weak inequalities follows from a uniqueness argument, such as
(local) Lipschitz-continuity of the ODE right-hand side [25, 57]. The parameter-dependent
case is also addressed in [57, 62].

Revisiting the classical theory of differential inequalities with stronger assumptions has
two principal motivations. The first one is related to well-posedness of the initial value
problems, as uniqueness of the ODE solutions is required in most practical applications. The
second one is concerned with numerical computation of the bounding trajectories, which
usually applies interval analysis to estimate the minimum and maximum values in the right-
hand sides of (7,8). From this standpoint, (local) Lipschitz-continuity of the right-hand side
function f and of the bounding trajectories y" and yV as well as weak differential inequalities
are certainly justified. A proof of these results will be obtained in Sect. 5.1 as a corollary of
the generalized differential inequalities introduced in Theorem 3.

A practical application of Theorem 1 is in propagating a continuous-time enclosure of
the reachable set by considering equalities in (7,8) and possibly overestimating the right-
hand sides using interval analysis. This approach presents the advantage that the number of
ODEs in the auxiliary bounding system is 2n,, and therefore the size of the bounding system
is proportional to the number of state variables in the original ODE system. This makes the
approach computationally tractable for large-scale systems, at least in principle. Nonethe-
less, an important limitation with differential inequalities-based bounds is that they often
suffer large overestimation, thus providing a poor approximation of the actual reachable set
X (t) or even blowing up to infinity in finite time. This instability can even occur in the case
of linear ODEs, as illustrated in the following example.
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Example 1 Consider the linear differential equations

x1(t,p) = x(t,p) with x1(0,p) = p

. . )
x2([7p) = _xl(lvp) with x2(07p) = D2
with pe P:=[-1, 1]2. The solutions of this Hamiltonian system remain bounded, although
not asymptotically stable. An exact expression for the reachable set is:
_ cos(t) sin(t)
X(r) = (— sin(z) cos(r) X(0). (10)

On the other hand, the tightest possible bounding trajectories y~,yY satisfying Theorem (1)
are the solutions of the auxiliary ODE system

i) = Y5 with yy(0) = py
W) = ¥5@) with y/(0) = p}
L U : L L an
Vi(t) = —yi () with y3(0) = p;
3 () = —yr(e) with y5(0) = py,
which yields an unstable enclosure of the reachable set X (¢) of (9) as
Y(r) = exp(t)Y(0). (12)

This instability is entailed by the inability of interval vectors to represent rotated boxes
exactly, the so-called wrapping effect. o

Remark 1 In the special case of linear ODE systems, it should be noted that general trans-
formations can be applied in order to avoid the foregoing bound instability. In [53], for
instance, the original system is first transformed into complex Jordan normal form and an
exponential enclosure technique is used based on complex interval analysis and Piccard it-
erations. One can also shift the trajectories of the original ODEs as given below in (13), and
then use differential inequalities to bound the shifted ODEs.

3.2 Ellipsoidal Propagation Approach

In order to improve upon interval enclosures, an alternative approach involves propagating
ellipsoidal enclosures of the reachable set X (¢). In the presence of uncertain parameters in
the ODE right-hand side or initial condition, it is convenient to construct ellipsoidal enclo-
sures after shifting the trajectories so that

V(t,p) €[0,T]x P, x(1,p) —£(t) = G(t)(p—p) € £(Q1)), (13)
with Q(r) € S'¥. Here, p € R" can be any reference point, for instance p := mid (P); the
reference trajectory £ : [0,7] — R™ is such that £(¢) := x(¢, p); and G(¢) € R™*" is the
solution of the variational differential equation

vt €[0,T], G(t) = A(t)G(t)+B(tr) with G(0) = By,

where the following shorthand notation is used:

Ar) = %(z,f(z),ﬁ) , B(r):= %(r,ﬁ(r),ﬁ) , and By := a—p(ﬁ) ,
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assuming that the right-hand side function f is continuously-differentiable in (x, p), and the
initial value function xo continuously-differentiable with respect to p. With this transforma-
tion, an enclosure Y (¢) of the reachable set X (¢) of the original ODEs can then be recovered
as:

Y(t) ={(t)} @ G(1)[P - pl@ £(Q())- (14)

The following theorem provides sufficient conditions for time-varying ellipsoidal
bounds &(Q(t)) to satisfy (13). This construction requires a right-hand side nonlinearity
bounder Q(¢,Q, P, p) € IR™ such that

V(§,p) e {£(0)} @ G(1)[P—plo&(Q) x P,
f(t,8,p) = f(1,2(1), p) —A(1)(§ = £(1)) = B(t)(p — p) € 2(1,0,P,p) , (15

as well as an initial value nonlinearity bounder Q¢ (P, p) € IR™ satisfying
VpeP, xo(p)—%0)—Bo(p—p) € Lo(P,p). (16)

By a slight abuse of notation, the more compact notation £2,(Q) and £ is used subsequently
to denote the nonlinearity bounders as P and p are fixed.

Theorem 2 Consider the initial value problem (1), and assume that the right-hand side
Sfunction f is jointly continuous in (t,x,p) and continuously-differentiable in (x,p) for
t € [0,T] and the initial-value function xy is continuously-differentiable on P, with P C R"»
compact. Suppose that nonlinearity bounders €, and Qg satisfying (15) and (16), respec-
tively, are available, with , locally Lipschitz-continuous in Q on [0,T). Let k€ : [0, T] — R,
be a continuous function, and let Q : [0,T] — S* be a Lipschitz-continuous function satis-

fying
aet€[0,T], Q@) =A@M)Q()+0()AM)T + Z Ki(1)QO(7) (17)
i=1
+ diag (x(¢)) " diag rad (2,(0(1)))* ,

with Q(0) = diag rad (20)*. Then, X (t) C {£(1)} ® G(t)[P— p| & £(Q(1)) for all t € [0,T).

A similar result in the presence of time-varying uncertainties was established in [26].
The state transformation approach used in Theorem 2 exploits the fact that the uncertainty
is time invariant, thus avoiding over-conservatism. An alternative proof of this results will
be obtained in Sect. 5.1 as a corollary of the generalized differential inequalities introduced
in Theorem 3.

Similar to differential inequalities, a practical application of Theorem 2 is in propagat-
ing a continuous-time enclosure of the reachable set with equality in (17). We note that a
positive semidefinite solution of (17) is guaranteed to exist (at least locally) when the initial
value Q(0) is itself positive semidefinite. A clear advantage of this approach over differ-
ential inequalities is that it can provide exact bounds for parametric linear ODEs; e.g., the
actual reachable set of (11) in Example 1 can be computed. Nonetheless, the number of
ODE:s in the auxiliary bounding system now scales as O(n)% +nynp), and therefore the size
of the bounding system increases quadratically with the number of state variables in the
original ODE system. Another aspect that must be taken into account is the differentiabil-
ity class of the functions f and x¢ in (1), as the ellipsoidal method in Theorem 2 requires
continuous differentiability in both x and p, whereas differential inequalities only require
local Lipschitz-continuity in x. Nonetheless, we note that the ellipsoidal approach may still
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provide valid enclosures in the case that f or xp fail to be continuously-differentiable, for
instance by choosing A(r) in the Clarke subdifferential d,.f(¢,£(¢), p) [17]—the quadratic
convergence property (see Sect. 6.2) would be lost however.

Example 2 Consider the following parametric nonlinear ODE system of the Lotka-Volterra
type

124 p> (18)
1.1+4p3, (19)

pix1(t,p)[1 —x2(t,p)] with x1(0,p)
pix2(t,p)[xi(t,p) —1]  with x,(0,p)

x1(t,p)
XQ(l,p)

where p € P := (]2.95,3.05],[—0.05,0.05])T and ¢ € [0,T].

In order to propagate an ellipsoidal enclosure of the reachable set of (18,19), Theorem 2
is applied with equality in (17). Further details about the numerical solution procedure will
be given later on in Sect. 7. The results at = 1 are shown in the left plot of Figure 1. The
actual reachable set (gray-shaded area) is contained in the reachable set enclosure (thick
solid line), which is obtained as the Minkowsky sum of {x(¢, p) } & G(r)[P — p] (dashed line)
and &(Q(r)) (dotted line). The right plot of Figure 1 presents the projections onto x; of the
time-varying reachable set (shaded area) and of the ellipsoidal enclosure (thick solid line).
This enclosure is also to be compared to the best possible bounds obtained with differential
inequalities (thick dotted line) as given in Theorem 1, which turn out to be much more
conservative in this example. o

14

0.935

e

0.920

X1

0.905

X1

0.780 0.825 0.870

Fig. 1 Left plot: Ellipsoidal enclosure {x(¢,p)} & G(t)[P — p] ® &(Q(t)) of the reachable set X (¢) at 7 = 1.
Right plot: Projections onto x| of the reachable set X (r), the ellipsoidal enclosure {x(¢, )} ® G(¢)[P — p] ®
&(Q(1)), and the differential inequalities bounds y"(¢), yY(¢) along [0, T]. The reachable set and the ellipsoidal
enclosure are represented with a shaded area and a thick solid line, respectively.

4 Generalized Differential Inequalities

This section presents a unified framework for the continuous-time propagation of pointwise-
in-time convex enclosures of the reachable set of nonlinear ODEs. The main result is a
set of sufficient conditions, in the form of a generalized differential inequality, for a time-
varying support function to describe an enclosure of the reachable set. In particular, this
framework provides a direct link with standard differential inequalities and other existing
time-continuous enclosure techniques that are amenable to numerical implementation.
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The analysis that follows is inspired by, and closely related to, Aubin’s viability the-
ory [4]. The properties of the propagation operator I" defined subsequently have been ana-
lyzed exhaustively in the context of viability theory, even in the more general case that p is
a time-varying input function.

Definition 1 The set propagation operator I" : [0, T] x [0, T] x IT(R™) — IT(R™) associated
to the ODE (1) is defined as

dpeP:
L(n,0,Y) = x(2) | VT € [11,1], #(7) = f(t,x(7),p) ¢, (20)
x(n) ey

for all 1,1, € [0,T] with t, > 71, and all Y C R". In particular, for the reachable sets X (f;)
and X (1) at#; < 1, we have
X([z) - F(ll,tz,X(tl)) .

Our method of proof follows a stepwise procedure, starting by establishing the result
under certain regularity and convexity assumptions, before relaxing these assumptions. In
order to avoid disrupting the flow of the paper, a number of technical lemmata used in the
proof are reported in Appendix A. The following proposition is also instrumental to prove
the result.

Proposition 1 Consider the ODE (1), and assume that the right-hand side function f is
globally Lipschitz-continuous in x uniformly on [0,T] x P. Let Ye : [0,T] — K& be a family of
set-valued functions, and suppose that there exist two continuous functions o, 3 : Ry — Ry,
with o.(0) = B(0) = 0, such that

L(t,t+h,Ye(t)) CYe(t+h) ®hla(h)+ ()] B™ 1)
Sor all sufficiently small h > 0 witht +h € [0,T), allt € [0,T), and all € > 0. Then,
Ve>0, I(0,T,Y:(0))CYe(T)®y(e)B™,
for some continuous function y: Ry — R with y(0) = 0.

Proof The function f being globally Lipschitz-continuous in x uniformly on [0,7] X P,
(unique) solutions x(¢, p) of (1) are guaranteed to exist on [0,T] for all p € P. Therefore,
the propagation operator I" is well defined. Moreover, by uniform Lipschitzness of f in x on
[0,T] x P, it follows that the set-valued map I" is itself locally Lipschitz-continuous around
every Y C R™ (see [4], Definition 2.1.3); that is, for all ¢,¢/ € [0, T], with 7 < ¢/, there exists
C < oo such that

Ct,t,Y+A)CI(t,t,Y)+Cdiam(A) B™, (22)

for all A C R™ with sufficiently small diam (A).

Consider a subdivision of [0, 7] into N equidistant intervals [6;_1,6;], i = 1,...,N, with
end-points 6; := ih and width i := % From (21) and for a large enough N—or, equivalently,
for a sufficiently small ~—we have

Vie{l,...,N}, F(G,;],@i,Yg(G[,]))gYg(eg)@h[a(h)+ﬁ(£)]<@n‘t. (23)
Consider the sequence of sets Xj, i =0,...,N, defined recursively as

Xo:=Ye(0), and X;:=I(6,_1,6;,X;—y) forie{l,....N}. (24)
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If readily follows from Definition 1 and (24) that
Vie{l,...,N}, TI(0,6;,Y:(0))CX;. (25)
Next, by finite induction on i =0, ..., N — 1, assume that
X; CYe(6,) @ Ciih[oe(h)+ B(g)] B™ .
for some constant C; < . We have
X1 =T(6:,6:11,X;) C IT'(6;,6;11,Y(6;) ® Ciih[a(h)+B(e)] B™),
and by the Lipschitz-continuity property (22), there are constants C;,Cj;; < oo such that

Xiy1 CT(6;,0111,Ye(6) @ Ciih[o(h) + B (e)] B™

' Ye(Bis1) © Cov (i-+ 1) hla(h) + B(e)] 2

for sufficiently small /. Noting that I"(0,0,Y,(0)) = Xo, this induction gives

(25)
'(0,7,Y:(0)) C Xy CYe(T) ® y(e) B™ © CnT at(h) B™,

for sufficiently small /, where we define y(€) := Cy T B(€). Here, The sequence of the con-
stants C; remains bounded because the function f is globally Lipschitz—this is in analogy
with Gronwall’s lemma. The result of the proposition follows by a compactness argument,
noting that lim;,_,oCy T a(h) "™ = {0} and Y¢(T) @ y(€) $"~ is compact by assumption.

O

We are now in a position to state the main result of this section. The following theorem
exploits the unique and exact representation of convex sets in terms of their support func-
tions in order to obtain sufficient conditions for a time-varying support function of a convex
enclosure of the reachable set. As already noted, this analysis is closely related to Aubin’s
viability theory [4], where the mathematical properties of convex enclosures are analyzed
in detail. In this context, a key contribution of this theorem is a mechanism for constructing
the support function of a convex enclosure of the reachable set, which can then be translated
into practical algorithms as shown subsequently in Sect. 5.

Theorem 3 Consider the initial value problem (1) for p € P with P C R"? compact. Assume
that the right-hand side function f is jointly continuous in (t,x,p) and locally Lipschiiz-
continuous in x uniformly on [0,T] X P, with P C R"r compact, and that the initial value
function xg is continuous on P. Let Y : [0,T] — K¢ be a set-valued function, with V[Y (-)](c)
Lipschitz-continuous for all ¢ € R™, and suppose that

SeY()
aet€0,T], V[Y(@)(c) = max ' f(1.§,p)|cTE=V[Y(1)](c) (26)
4 peP
and V[Y(0)](c) > max {cho(p) |p eP} 27

Sorall c e R™. Then, X(t) C Y(¢) forallt € [0,T].

Proof The proof of the theorem proceeds in three steps. In the first step (S1), we establish
the result under the following additional assumptions:
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Al The set-valued function Y is such that Y (¢) = {x | g(¢,x) < 0}, where the function g is
strictly smooth (infinitely-often differentiable) and convex in x for each ¢ € [0,T7;

A2 The function V[Y (-)](c) is differentiable for all ¢ € R™ on [0,7];

A3 The right-hand side function f is globally Lipschitz-continuous in x uniformly on
[0,T] x P.

In a second step (S52), we show that the result also holds without imposing Assumption Al,
but with Assumptions A2 and A3 still holding. Finally, the last step (S3) shows that the
result remains valid without the need for Assumptions A2 or A3 to hold.

At this point, we also note that the conditions (26) and (27) are invariant with respect
to scaling of the directions ¢ € R™. Therefore, it is sufficient to prove that the generalized
differential inequality (26,27) is satisfied for all directions ¢ with ¢Tc = 1.

S1 Suppose that Assumptions A1, A2, and A3 are satisfied. Since (27) holds for all ¢ € R™,
we have X (0) C Y(0). If we can prove that, for all ¢ € R™ with ¢"c = 1, there exist two
continuous functions @, § : Ry — R, with (0) = (0) = 0, such that

Viel0,T), VI[(t,t+hY(@))](c) <V[Y(+h)](c)+h[o(h)+B(g)] (28)

for all sufficiently small # > 0, and all sufficiently small € > 0, then it will directly follow
from Definition 1 and Proposition 1—after passing to the limit as € — 0—that

Vi€ [0,T], X(t)CI'(0,¢,Y(0)) CY(¢).
Let x(-,t,x;, p) denote the solution of the initial value problem

VTG[I7TL X(Tataxhp) = f(Tax(Tataxlap)7p) Wlth x(t7t7~xhp):xl-

Solutions to this problem are guaranteed to exist for all p € P and all x; € R™ by As-
sumption A3, and we have

VTUJ+MY@H@)@r%x{J§MGFUJ+MYMH

20) T Eex(t)
- Igi')x{c%(t+h7t7€7p)’p cP :

< nélix {CT[§+hf(t,§7P)] igi(t)} + hoy(h),

for all ¢ € R™ with ¢Tc = 1, and for some continuous function o : Ry — R, with
04 (0) = 0. Here, the last inequality follows from the fact that x(-,7,&,p) exists and is
jointly continuous in all the variables.

Now, by Lemma 1, approximation functions f¢ : [0,T] x R"™ x R"» — R"> of f can be
constructed that are jointly continuous in (¢, x, p), smooth in x on [0, T] X P, and such that

Vx e R™ V€ [0,T],Vp € P, | fe(t,x,p)— f(t,x,p)|| < B(e), (29)

for some continuous function f§ : Ry — R, with $(0) = 0. Then, by Assumption Al,
we have

VIL(#t+hY(1))l(c) < max max {c"E+hc'fe(1,8.p) [ 8(1,6) <0}

+ hfoa(h) + B(e)] (30)
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for all ¢ € R™ with ¢Tc = 1. We now have a closer look at the inner maximization
problem

max {TE+he"fe(t,6.p) | 8(1,6) <O } . (31

Since g(z,-) is strictly convex (Assumption Al), the maximizer &*(¢) :=
argmaxg {c"& | g(1,€) <0} is unique and well-defined for all ¢ € R™ \ {0}. More-
over, the following properties hold at &*(c) [22]: (i) the constraint g(, &) < 0 is strongly
active, i.e., its KKT multiplier v is nonzero; (ii) the linear independence constraint
qualification (LICQ) holds since 5% ( &) = * c; and, (iii) the strong second-order
sufficiency conditions (SSOSC) hold It follows from NLP sensitivity theory [22] that
the inner-maximization problem in (31) itself has a unique maximizer ét* (h,p,c) for all
(c,p) € R™ x P and all sufficiently small 2 > 0. Moreover, é,*( -,p,c) is differentiable
and g is strongly active in that neighborhood of & = 0. Therefore, we have
é (0 2
p.c)+O0(h7),

0 = g(t,&"(h,p,0)) = g(t.&"(c)) +hos (1,&(c ks

5

so that

&

& (e )) =5, (0.p,c) =0(n). (32)

55

From the stationarity condition at &*(c), we also get
vt a g ( gt ( )) - )

which, when multiplied with % (0,p,c) from the right and using (32), gives

19&

for all ¢ € R™ with ¢Tc = 1. It follows that

mex {cTE+hc"fe(1,E,p) | 8(1,E) <0}
= "& (h,p.c) +hc" fe(t,&" (h,p.c),p)

= [g,*(c>+haa}; (0.0,0) | + " fo(1,7(6),p) + O(H?)

@ CT‘SI*(C)+hCTf£( t,&7(c),p)+hoa(h),

for all sufficiently small 42 > 0, all p in P, all ¢ € R™ with cTe = 1, and for some contin-
uous function & : R, — R, with ap(0) = 0. Observing that cT&*(c) = VY (£)](c), we
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then obtain
e max {cTE+hc fe(t,6.p) | 8(1,6) <0 }
= VIr(@0)](c) +h max ! fe(t,67(c),p) +haa(h)
§ex(r)
< VIY(0)(e) +hmax g ¢ fe(t,6,p) | TE=V[Y(1)](c) p+hon(h)
4 peP
29 . %GYQ)
< VIr(0l(e)+hmax ¢ ¢ f(t,6,p)| ' & =VIY(1)](c) o +h[on(h)+B(e)]
&P pepP
(26) .
< VIY(@)l(e) +rVIY @)l(c) + 1 [0(h) + ()]
(A2)
< VYt +n)](c)+h[on(h) +o3(h) +B(e)]
for all sufficiently small & > 0, and all ¢ € R with cTe = 1. In the last equality, we have
used that V[Y(+)](c) is differentiable on [0, T] for all ¢ by Assumption A2. The condition
(28) thus follows from (30).
S2 Suppose now that Assumptions A2 and A3 still hold, but not Assumption Al. Following

Lemma 2 (Appendix A), we construct a family of set-valued functions Ye : [0,7] — K&,
parameterized by € > 0, such that Y¢(¢) := {x € R™ | g¢(¢,x) <0} D Y (¢), with g¢(¢,)
strictly convex and smooth for all € > 0 and all 7 € [0,7], and

VIYe(t)](c) > V[Y(1)l(c) +La(e)
for all ¢ € R™ with ¢Tc = 1 and some L < % Suppose for a moment that T is sufficiently

small in order for the chosen L to remain larger than the uniform Lipschitz constant of
the right-hand side function f on the compact sets U,¢o,7) Ye (7). This way, we have

_ 26) Eex(r)
V[Ye(t)l(c) > max { T f(t,E,p) | cTE=V[Y(1)](c) p+La(e)
&P peEP
EeXelt)
> max { ' f(1,6,p) | cTE = V[Ye(1)](c)
& peEP

for all # € [0,7] and all ¢ € R™ with ¢Tc = 1. Then, we can apply the result from part
S1 above to show that X (z) C Y.(¢) for all r € [0,T] and all € > 0, and the result of
the theorem follows by noting that the sets Y¢(r) converge to the compact sets ¥ () in
the Haussdorf metric as € — 0. Finally, the auxiliary assumption that 7 is sufficiently
small—but strictly larger than 0—can be made without loss of generality, since we can
otherwise divide [0, 7] into a finite number of sufficiently small subintervals onto which
the foregoing procedure can be applied.
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S3 In order to complete the proof of the theorem, we finally relax Assumptions A2 and
A3. Assume first that the right-hand side function f is locally Lipschitz at each x € D
uniformly on [0,7] x P, where D € ™" is such that D D U,¢(o 7)Y (t)—Note that such
a set D always exists since the sets Y (z) are bounded by assumption. A modified func-
tion f that is globally Lipschitz-continuous in x uniformly on [0,7] x P can then be
constructed, which coincides with f on D. In particular, using f instead of f does not
modify the generalized differential inequality (26), showing that the assumption that f
is globally Lipschitz-continuous in x can be replaced by a local Lipschitzness condition
without loss of generality. Finally, because any (locally) Lipschitz-continuous function
is differentiable almost everywhere and since perturbing a differential inequality on a set
with Lebesgue measure equal to zero does not affect the result, one can drop Assump-
tion A2 as well. a

Remark 2 Theorem 3 remains true if the time-invariant parameter p € P C R" is replaced
with time-varying measurable function p : [0,7] — R"» such that p(¢) € P. This extension
can for example be established by dividing the integration horizon [0, T] into small subin-
tervals of width h := % for N € N, where the uncertain parameter is kept constant and
Theorem 3 can thus be applied. Since the reachable set enclosures Y (¢) are compact, one
can then consider the limit as 47 — 0 to prove that the result is valid for general bounded
functions, not merely piecewise constant functions. o

5 Applications of Generalized Differential Inequalities

This section describes how the generalized differential inequality introduced in Theorem 3
can be specialized to yield alternative proofs for the differential inequalities and ellipsoidal
propagation results recalled in Sect. 3. An approach based on Taylor models with convex
remainder terms is also described in order to propagate nonconvex enclosures of the reach-
able set.

5.1 Link with Standard Differential Inequalities and Ellipsoidal Bounding Approach

The case of interval enclosures is addressed first, by specializing the convex enclosure as
Y (1) := [y(z),yY(¢)]. The following proposition establishes that the result of the standard
differential inequalities in Theorem 1 is implied by the generalized differential inequalities
in Theorem 3.

Proposition 2 Any pair of functions y“(t), yY(t) : [0,T] — R"™ satisfying Theorem I also
satisfies Theorem 3 with Y (t) := [y“(t),yY(1)].

Proof Noting that

& V(1) if ¢;
{00 | L)+ LT (040 09

with abs(c) := (|c1],. .-, |en,|)T, the support function of the interval vector Y (¢) is given by

VeeR™, VY ()(c) = %CT (yL(t) +yY (t)) + % abs(c)T (yU (1) fyL(t)) ) (35)
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The initial-value condition (27) is trivially satisfied with this definition. Moreover, rewriting
the (right-hand) derivative of the support function in terms of the (right-hand) derivatives of
the bounding trajectories y(¢), yV(¢) and using the standard differential inequalities result
in Theorem 1 gives

VIY)](e) 2 (e —abs(e) 5 (1) + 5 (e abs(e))T3V(1)

D®) [ Ee )y @)] .
> ;[me{( —lei) fi(2,€.p) éiz[;%(t) 7yp EI]D }

Lnaxd e 1e Ee ). 0)]

spmac{ e g § <Dy L]
CEY(t),pEP,

_Zmax cifit,&,p) 51—{ yE(r) ife; <0

yY(t) otherwise

Eey(r),peP,
> macd TFOED) cm o om [ eh0) it <0
P Lityeidi =L ciy? (t) otherwise

34
@ max{cha,é,p) ;
&.p ¢

(l)rrélax T, E,p) |Eex(t

( ) YW (1) + 3 abs(e) (Y (1) —yL(f))}
Tﬁ =VIY(nl(c), peP} .

O

The case of ellipsoidal enclosures is addressed by specializing the convex enclosure
as Y(z) := &(Q(t)). Like previously with standard differential inequalities, the result of
Theorem 2 is implied by the generalized differential inequalities in Theorem 3.

Proposition 3 Any functions x : [0,T] — Ry and Q : [0,T] — S’ satisfying Theorem 2,
with associated nonlinearity bounders Qo and €y, also satisfy Theorem 3 with Y (t) :=
{£(O)} @GP —ple&(Q®)).
Proof Noting that, for all ¢ € R™, V[&(Q(¢))](c) = \/cTO(t)c, we have
. 1 .
V[EQ)(c) = ————=c"0(t)c. (36)
[£@W)](e) = 7 o0, (1)

Assume, for a moment, that Q(¢) is positive definite and ¢ # 0, so that V[£(Q(¢))](c) ex-
ists almost everywhere. Substituting (17) in (36), and using the fact that ¥'}* | k;(t)Q(r) +

diag ((r)) " diag rad (€2,(Q(r)))* is minimized by choosing

¢! diag rad (£, (Q(r )))
cTQ(r)c

k(1) =

we have that

TA)Q(r)c

Vi) = < e

—i—Hchlag rad (2,(Q(1)))|], (37)

for all x(¢) > 0.
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The shifted state trajectories z(z, p) := x(t, p) — £(t) — G(¢)[p — p] satisfy the ODE

dt,p) = f(t,2(t,p) +2(t) + G(1)(p— p), p) — f(t,%(t), p) — [A(1)G(1) + B(t)](p — P)
=: ¢(t7z(tap)7p) (38)
with - 2(0,p) = xo(p) —£(0) = G(0)(p— p) =: 20(p) -

By construction of the non-linearity bounder €2, in (15) at a given z € [0, T], we thus have

9(t,8,p) —A(1)E € 2(Q(1)),

and

" diag rad (,(Q(1)))]|, = weréf?é(t))CT“’ > T o(1,8.p) —AMNE] ,

forall (§,p) € &(Q()) x P and all ¢ € R™. In particular, choosing & := Qe o &(0(1))

gives

| Q(r)c Q(r)e
" diag rad (€2 (Q)))|, > max " [‘P (’vm”’> A“)W] ’

which after substitution into (37) yields

v o > max T [ 20
VeeB™, VISQW)Ie) = max o (f» CTQ(I)gP)
Ee&(0))
= max § ¢'9(1,&,p)| TE =V[E(Q(1))](c)
p.& peP

Likewise, by construction of the initial value non-linearity bounder €y in (16), we have

VISQO)](€) = \/T00)e > [ dingrad ()], = max o > Ta(p)
0
for all p € P and all ¢ € R™. Therefore, V[&(Q(r))](c) satisfies the generalized differential
inequalities (26) and corresponding initial condition.

The case that Q(¢) is only positive semi-definite can be treated by approximating Q(t)
with a positive definite matrix Qg > 0 with ||Q¢(f) — Q(¢)|| < € for any sufficiently small
€ > 0, then repeating the above construction with Q¢ instead of Q, and finally taking the
limit € — 0. Notice that this argumentation is analogous to the strongly convex relaxation
of the set Y (z) with the set Y (¢) that was used in the proof of Theorem 3. O

5.2 Propagation of Nonconvex Enclosures using Taylor Models

Convex enclosures of reachable sets can be conveniently computed using the unified frame-
work of generalized differential inequalities, for instance as interval vectors or ellipsoids.
Nonetheless, approximating nonconvex enclosures with convex sets can result in large over-
estimation, due to both the wrapping effect and the dependency problem. Clearly, the ability
to propagate nonconvex enclosures can help mitigate this overestimation.
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This section describes a novel way of propagating nonconvex enclosures of the reachable
set of the parametric ODE (1), whereby high-order polynomial approximations of the para-
metric ODE solutions are used in combination with the framework of generalized differen-
tial inequalities for bounding the approximation error. Specifically, let £/ : [0, T] x P — R"
denote a gth-order polynomial approximant, and let the remainder function { : [0, T] x P —
R be defined such that

V(t,p) €[0,T]x P, ri(t,p):=x(t,p) =2 ({,p). (39)

It follows from differentiating (39) with respect to time that the remainder function r{ satis-
fies the parametric ODE

H(t,p) = f(t, PL(t,p) +ri(t,p),p) = PL(t,p) =1 (t,rL(t,p), p) , (40)

with initial condition r{(0, p) = xo(p) — 2% (p), where 2 : P — R™ denotes a gth-order
polynomial approximation of xp on P. The idea is to apply Theorem 3 for characterizing
pointwise-in-time convex enclosures %Y (¢, P) 2 {r(t,p)|p € P}, and thus obtain a noncon-
vex enclosure of the reachable set in the form

X(,P) C{P{(t,p) | pe PYOZ!(1,P).

The focus hereafter is on Taylor models [12, 39, 48], although alternative types of
polynomial approximation can be used in principle as long as these constructions can be
automated for general factorable functions. In the Taylor model approach, the polynomial
approximant Z7{(¢,-) matches the gth-order Taylor expansion of x(¢,-) on P at a given ref-
erence point p € P [14]:

Y. A
Villooom}, e (0.7, Vpe P, 2ip) = ¥ TP gy
yeN"P, v
[YI<q

That is, the time-varying coefficients of 97 are expressed as functions of the state-
sensitivities d*x;(+, p) of (1) up to order g at the reference points p. In particular, this con-
struction requires that the right-hand side function f and initial-value function xq be at least
(g+1)-times continuously-differentiable in both x and p. Moreover, it requires that a system
of state-sensitivity equations of size O(n,nj) be integrated on [0, 7.

The application of differential inequalities to propagate interval bounds on the remain-
der function r{ as % (t,P) := ['317, (t),rg(t)] was first investigated in [14]. The following
proposition follows directly on application of Theorem 1 to bound the solutions of (40).

Proposition 4 Consider the initial value problem (1), and assume that the right-hand side
function f is jointly continuous in (t,x,p) and (q+ 1)-times continuously-differentiable in
(x,p) on [0,T), with g > 1, and the initial-value function x is (q+ 1)-times continuously-
differentiable on P, with P C R compact. Let 2 : [0,T] x P — R™ be defined as in (41),



Unified Framework for the Propagation of Continuous-Time Enclosures for Nonlinear ODEs 19

for a given reference point p € P. Let the functions ri", L x 1 [0,T] — R™ be Lipschitz-
continuous, with er'L < rfg'U, and satisfy

& =rit()
aerel0,T], #M* ()<r?;1 fitt,2Ut,p)+&.p) = PLt,p)| & € Z1(t,P) p (42)
pcP
& =ri(r)
fﬁ;”()>rgx fit, 2Ut,p)+&,p) — PLt,p)| & € Z1(1,P) p (43)
peEP

for each i =1,...,ny, and [ (0),r (0 ] 2 {xo(p) — ﬁbfo | p € P}, where 9,?0 R —
R"™ is a truncated Taylor expansion of xo on P at p. Then, X(t) C {22! (t,p)|p € P} @
4 (1), rY (1)), for all t € [0, T).

In practice, the resulting enclosures are often found to be tighter than upon application of
the standard differential inequalities given by Theorem 1, especially as the expansion order
q increases. This trend is confirmed by the convergence analysis results in Sect. 6, where it
is established that the overestimation is of order (no less than) O(diam (P)?™") for Taylor
models combined with differential inequalities, while it is normally of order O(diam (P))
with standard differential inequalities. Nonetheless, it is noteworthy that this trend is only
asymptotic as diam (P) — 0, and so standard differential inequalities can outperform their
Taylor model counterparts for large parameter host sets. It is also worth noting that the
combination with Taylor models entails a scaling in the size of the bounding system not only
with n, but also with n, and g as O(nyn). A trade-off can therefore be expected between
the enclosure tightness and the increase in computational time for larger expansion orders.

The propagation of ellipsoidal enclosures for the remainder function r{ as % (t,P) :=
&(Q%(r)) was recently investigated in [66] as well. One way of applying the ellipsoidal
bounding technique of Theorem 2 involves rewriting the ODE (40) in the form

1t p) = Ap()ri(t,

with Af( ) =

p)+Ny (t,1(t,p),p; D) (44)
U 2805).5) and Nplerp) = rh(erp) —As(o)r

Then, assuming that nonlinearity bounders Q/(Q), Q¢ € IR™ can be constructed at each
t € [0,T] such that

V(r,p) € £(Q) x P, Ng(t,r,p) € 2/(Q) (45)
and VpeP, xo(p)—P%(p) ey, (46)

the following proposition follows directly on application of Theorem 2 to (44).

Proposition 5 Consider the initial value problem (1), and assume that the right-hand side
function f is jointly continuous in (t,x,p) and (q+ 1)-times continuously-differentiable in
(x,p) on [0,T], with g > 1, and the initial-value function xy is (q+ 1)-times continuously-
differentiable on P, with P C R" compact. Let 2 : [0,T] x P — R"™ be defined as in
(41), for a given reference point p € P. Suppose that nonlinearity bounders Q(Q) and .Qq
satisfying (45) and (46), respectively, are available, with Q! locally Lipschitz-continuous in
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Qon [0,T). Let k : [0,T] — R, be a continuous function, and let Q% : [0,T] — S'* be a
Lipschitz-continuous function satisfying

aete€0,T), Q) =As(1)0Q%(r)+ Qf{(t)Af(t)T + i ki () Q4(¢) (47)
i=1
+diag (x(1)) " diag rad (2(Q4(1)))” ,
with Q%(0) = diagrad (Q(). Then, X (1) C {2!(t,p)|p € P} & E(QL(1)) forall t € [0,T).

Like with differential inequalities, the propagation of an ellipsoidal enclosure of the
remainder term in a higher-order Taylor model is often found to improve upon the standard
ellipsoidal bounds given by Theorem 2. In particular, it can be shown that the enclosures
obtained by considering a first-order Taylor model with ellipsoidal remainder or a standard
ellipsoidal approach are identical when the nonlinearity bounders £, €2; in the latter are
derived from first-order Taylor models; that is, {x(¢, p)} © G(t)(p — p) and 2] (¢, p) match
and so do Q(t) and Q) (¢). Here again, a main limitation of Taylor models with ellipsoidal
remainders is the size of the bounding system, which scales as O(nn% + n2).

Example 2 (continued) We revisit the Lotka-Volterra system (18,19) in the context of non-
convex enclosures based on Taylor models. Second-order Taylor models (¢ = 2) are con-
sidered, as expanded at the midpoint = (3,0)T and with centered remainder bounds. Both
differential inequalities-based bounds and ellipsoidal bounds are considered for the remain-
der function r? and are computed via, respectively, (42,43) and (47), both with equalities.
Further details about the numerical solution procedure will be given later on in Sect. 7.

The results at + = 1 are shown in Figure 2. The actual reachable set (shaded area)
is contained in the reachable set enclosure (thick solid line), for Taylor models with ei-
ther interval (left plot) or ellipsoidal (right plot) remainder bounds. The former is ob-
tained as the Minkowsky sum of {Z2(¢,p)|p € P} (dashed line) and the remainder in-
terval [r2"(¢), r+'" (1)] (dotted lines); the latter, as the Minkowsky sum of {P2(t,p)|p € P}
(dashed line) and the remainder enclosure & (Q2(¢)) (dotted lines). In comparing Taylor
models with different remainder bounds, it is evident that the wrapping effect and the de-
pendency problem transfers to the enclosures of the remainder function, although the over-
estimation is greatly reduced in this example by the use of Taylor models. Also note that
Taylor models with ellipsoidal remainders outperform their interval remainder counterparts.
o

6 Convergence Analysis

We already argued in the introduction section that convergence properties of the computed
enclosures to the actual reachable set are important in application areas such as global or
robust optimization. This section investigates conditions under which a family of enclosures
Y (-, P) that satisfy the generalized differential inequality in Theorem 3 exhibits a certain
convergence order k > 1 with respect to the parameter host set P. This generic result is then
specialized to interval enclosures, ellipsoidal enclosures, and Taylor models with convex
remainders as a means for deriving sharp bounds on their convergence order. The results are
illustrated with a numerical example.
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X2 X2
0.935 0.935
0.920 0.920
0.905 0.905
X1 X1
0.780 0.825 0.870 0.780 0.825 0.870

Fig. 2 Left plot: Second-order Taylor model with interval remainder {22(t, p)|p € P} & [V (1), 2 (¢)]
of the reachable set X(7,P) at t = 1. Right plot: Second-order Taylor model with ellipsoidal remainder
{P2(t,p)|p € P} @ E(Q%(t)) of the reachable set X (¢, P) at t = 1. The reachable set and the ellipsoidal
enclosure are represented with a shaded area and a thick solid line, respectively.

6.1 General Convergence Theorem

This subsection investigates the convergence properties of enclosure functions that satisfy
the generalized differential inequality (26,27). A formal definition of the convergence order
of (the image of) a set-valued function is given below. We formulate this definition in terms
of representable sets, which can be described exactly by a finite number of parameters. The
class of representable sets of interest hereafter are interval vectors and ellipsoids.

Definition 2 Let .(K") be a class of representable sets in K”. A set-valued function ¥ :
& (K") — K™ is said to have convergence order k > 1 on a set Z € ./ (K"), if there exists a
constant C < oo such that

diam (¥(W)) < C diam (W)*
for all W € ./(K") such that W C Z with sufficiently small diam (W).

In practice, the maximization problem defining the right-hand side of (26) may not be
solved exactly and the application of Theorem 3 typically relies on the availability of an
upper-bounding function %, : R™ x K™ x K" — R such that

Eey
Y(e,Y,Z) e R™ x K™ x K", %,(c,Y,Z) > max { c' f(t,E,p)| pE€Z ;
Sp T
c&=V[r(c)

as well as another upper-bounding function % : R™ x K"» — R such that

Y(e,Z) e R* x K", By(c,Z) > mpax {cho(p) lpez}.

With this notation, the generalized differential inequality (26) can be rewritten in the form

ae.t€[0,T], V[Y(t,2)(c) = %i(c,Y(,Z2),Z) with V[Y(0,2)](c) = Bo(c,Z).
(48)
The following technical assumptions on the upper-bounding functions %, and %, are made
in order to analyze the convergence rate of the enclosure family Y (-,Z) with Z C P on [0, T].



22 M.E. Villanueva, B. Houska, and B. Chachuat

Assumption 1 Let . (Ké*) a class of representable sets in K’é". There exist integers m,n >
1 and a set of constants 0 < Ly, ..., L, < o such that the functions %, and B satisfy

[VIY](c)+VIY](—)]" " [Bi(c,Y,Z) + Bi(~c,Y,Z)] (49)
< iL,- diam (Y)" " diam (Z)™
i=0
and  Bo(c,Z) + PBy(—c,Z)) = O(diam(2)™) (50)

forall c € R™ with ||c|| < 1, allY € ¥ (K&), and all Z C P.

Theorem 4 Let Assumption 1 be satisfied with m > 1 for a class .7 (Kg&) of repre-
sentable sets, and let the right-hand side function f(t,-,-) be locally Lipschitz-continuous.
IfVIY(-,Z2)](c) : [0,T] — R denotes the solution of the initial value problem (48) for all
ceR™andall ZC P, then Y (t,-) has convergence order m on P, for all t € [0,T].

Proof From conditions (49,50) of Assumption 1 and by property (4), there exist an integer
n > 1 and a set of constants 0 < Lg,...,L, < oo, Cp,> 1 and 0 < Cj < o such that the
solutions V[Y (-,Z)](c) to the initial value problem (48) also satisfy

C VY 0.2 + VIV (. 2)) (o)

ae.t€l0,T], o

n L[
<n) — max
G [dern <1

and V[Y(0,2)](c) < Cp diam (2)™,

VIY(t,2)]()+V[Y(t,Z)] (—c’)} . diam (Z)™

for all ¢ € R™ with ||c|| < 1, and all Z C P with sufficiently small diam (Z). Then, we have

d
ae.tel0,T], —

dr [CERIRT\IE(HSI VIrs2))()+ V[Y(z,z)](_c)}

< _max G VIVE2)E +V 62O

IA

1 L[ " . im
n;‘)a [ceRg{mglV[Y(r,z)](c)+V[Y(t,z)](—c)} diam (2)™.

The result of the theorem follows from the application of Lemma 3, with the choice of

u(t):= max V[Y(,2)](c)+V[Y(t,Z)](—c), and property (4). O

ceR",c]<1

6.2 Convergence Rate of Standard Differential Inequalities and Ellipsoidal Bounds

Starting with the case of standard differential inequalities as given in Theorem 1, we follow
the same approach as in the proof of Proposition 2 by defining
By (c,Y,Z) = c" mid (F,(Y,Z)) +abs(c)  rad(F; (Y, Z2)) ,
with the range bounder F; (Y, Z) := [f(Y,Z), £V (Y,Z)] € IR™ such that
&=yr &=/
[fr.2) f7(1.2)] 2 |ming fi(t.8,p)| E €Y o max fi(t.8.p)| S €Y
’ pez ’ pez
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foreachi € {1,...,n,}. Provided that F; is such that
VY €IR™,VZC P, diam(F/(Y,Z)) < O(diam(Y))+ O(diam(Z)), (51

it is easy to see that condition (49) in Assumption (1) can be satisfied with m = n = 1 for the
class of representable sets .’ (K{¥) := IR™. In particular, we note that if the right-hand side
function f(z,-,-) is locally Lipschitz-continuous on Y x Z, then its range converges with
order at least, but in general no better than, m = 1; see, e.g., [11, Lemma 1]. Moreover,
F; can be evaluated using natural interval extensions or other convergent forms of interval
extensions.

Likewise, provided that a range bounder Xo(Z) := [x{(Z),x{ (Z)] € IR™ is available
such that

Xo(2) 2 |min{x (p)|p € Z},max{xo (p)| p € Z}
and VZCP, diam(Xy(Y,Z)) < O(diam(Y))+ O(diam(Z)) , (52)

condition (50) can be satisfied with m = 1 as well. This is the case, in general, when the
initial value function x is (locally) Lipschitz-continuous and natural interval extensions are
used.

With this in mind, the following convergence result follows readily from Theorem 4.

Corollary 1 Consider the initial value problem (1), and let the right-hand side function
f and the initial value function xo be locally Lipschitz-continuous in all their arguments.
For any subset Z C P with sufficiently small diam (Z), let the trajectories y“(-,Z),yY(-,Z) :
[0,T] — R™, with —oo < y-(-,Z) < y&(+,Z) < oo, be Lipschitz-continuous and satisfy

aetel0,T], ¥r(t,2) = fi(Y(1,2))0(,2)],2)
(tZ)—ﬁ, (pH,2).5°(1,2)],2)
and y-(0,2) = x5(2), y2(0,2) = x§(2).

If conditions (51) and (52) hold, then the reachable set enclosure Y (t,-) := [y"(z,-),yY(t,-)]
has convergence order m > 1 on P for all t € [0,T].

A direct consequence of Corollary 1 is that the convergence rate of Y (¢, P) towards the
actual reachable set X (z,P) as diam (P) — 0, in the sense of the Hausdorff metric, is itself
(at least) linear; that is,

d ([ (t,P)y ' (1,P)],X(1,P)) < O(diam(P)) .

We show in the following example that this bound is sharp.

Example 1 (continued) We revisit the linear ODE system (9) in the context of convergence
analysis. For any interval vector Z := p[—1, 1]2, with 0 < p <1, we have

_ cos(t) sin(z)
X(t,2) = ( ) (

—sin(t) cos(t)

from which it can be established that dy (X (¢,2),Y (¢,Z)) > (exp(¢) — 1) diam (Z). o

>Z and Y(#,Z) = exp(t)Z, (53)



24 M.E. Villanueva, B. Houska, and B. Chachuat

Next, we analyze the convergence rate of the ellipsoidal bounding method as formulated
in Theorem 2. The class of representable sets of interest in this case is &/ (K¢') := &(0Q),
with Q € S'}:. Using (36), the tight version of the sufficient condition (17)—that is, with
equality—can be rewritten in the form of (48) with

(NQ+0QA(N)" + Z Ki(1)Q + (diag (k(t)) " diag rad (Qt(Q))Z} c
2+/cT0c ’

i=1
as parameterized by some continuous function k : [0,7] — R*, . It follows that

VIE(Q)](c) +VIE(Q)(—c)] [#i(c,6(Q),Z) + B (—c,6(0),Z)] (54)

T [A
%,(C, g(Q)vz) =

2.7

i=1

A<r>Q+QA(r>T+"i K:(1)Q + (diag (k(r)) ' diag rad(!zt(Q))ﬂ c

A\

< |l (Cil|Qll + 2| diag rad (2:(Q)) )

for some constants 0 < Cj,C; < oo. By definition, a nonlinearity bounder £2; satisfying (15)
can always be constructed such that

VQ eS™,VZC P, | diagrad(2(Q))| < O(diam(&(Q))*)+ O(diam(2)*). (55)
Combining (54) and (55) gives
VIE(Q)(e) +VIE(Q)(—c)] [#i(c,6(Q),Z) + B (—c,&6(Q0),Z)]
<o (diam (g(Q))Z) +0 (diam (2)4) ,

for all ¢ € R™ with ||c|| < 1, all Q € S™ with sufficiently small diam (£'(Q)), and all Z C P
with sufficiently small diam (Z). Therefore, condition (49) is satisfied with m = n =2 when
(55) holds. In practice, £2; can be computed as the remainder of a first-order Taylor model
of f(z,-,-) at (%(z),p) on {£(t)} ®G(¢)[P— p] ® &(Q) X P in the case that f(¢,-,-) is twice
continuously-differentiable [12, 48].

Likewise, a nonlinearity bounder €2 satisfying (16) can be constructed such that

VZC P, |diagrad(€)| < O(diam(Z)?), (56)

and condition (50) can thus be satisfied with m = 2 as well. For instance, £29 can be computed
as the remainder of a first-order Taylor model of xy at p on P provided that xg is twice
continuously-differentiable.

The following convergence result follows readily from Theorem 4 based on the forego-
ing considerations.

Corollary 2 Consider the initial value problem (1), and let the right-hand side function f
and the initial value function xo be continuously-differentiable in all their arguments. For
any subset Z C P with sufficiently small diam (Z), let the matrix-valued functions Q(-,Z) :
[0,T] — S™ be Lipschitz-continuous and such that

aete0,T], Ot.Z) =Al)0(t,Z)+ 0t 2)Al)T + Z k(1) O(1,2)
=1

+diag ((r)) " diag rad ((Q(r,2)))”
and Q(0,Z) = diagrad (2)?,
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where Q; and Q satisfy the conditions (55) and (56), and x : [0, T| — R™ is such that x(t) €
[k, kY] with 0 < k" < kU < oo. Then, the ellipsoidal bound &(Q(t,-)) has convergence
orderm >2 on P forallt € [0,T).

A direct consequence of Corollary 2 is that the convergence rate of Y (1, P) := {£(r)} @
G(t)[P— p]® &(Q(t, P)) towards the actual reachable set X (¢, P) when diam (P) — 0 is itself
(at least) quadratic; that is,

d({&()} & G()[P— p @ £(0(1,P)), X(1,P)) < O (diam (P)*) .

The sharpness of this bound will be established indirectly in Example 3, by checking the
convergence rate of first-order Taylor models with ellipsoidal bounds.

6.3 Convergence of Taylor Models with Convex Remainder Bound

The following analysis of the convergence properties of the remainder bounds in Taylor
models assumes that the right-hand side function f(¢,-,-) and the initial value function xo
are both (g + 1)-times continuously-differentiable. Here, the bounders %, are defined such
that

tey
B(c,Y,Z) > max § 'rf(t,§,p)|pEZ :
i e =VIY](e)

with the remainder function rji given by (40). By construction, rjqf satisfies

0ep)| < |r0.2000).0) - 2200+ FLnz )| torsomen o

<O0(lp—plI*™") + O(lElD)

forall (&,p) € &(Qi(t)) x P, where the last inequality follows by the convergence properties
of gth-order Taylor models [12, 48]. An enclosure %, (Y,Z) D {r;i’c(t7 Ep)|(&,p)eYxZ}

in K¢ satisfying

VY €K&, VZC P, diam (%, (Y,Z)) < O(diam(Y))+O(diam (2)7*") (57)

can thus be obtained, e.g., based on a gth-order Taylor model of f (t7 2L, ) on Z as

well as on an interval extension of %(r, -,-) on Y x Z. It follows that condition (49) can be
satisfied with m = g+ 1 and n = 1 if condition (57) holds.
Likewise, the bounder 4 is defined such that

Po(e,2) =z max { " [x(p) = 24 (p)] [P €2} ,
and an enclosure %y, (Z) 2 {xo(p) — 2% (p) | p € Z} in K¢ satisfying

VZC P, diam(%y(Z)) < O(diam(z)?*") (58)

can be obtained, e.g., as the remainder of a gth-order Taylor model of xy. Therefore, condi-
tion (50) can be satisfied with m = ¢+ 1 if (58) holds.
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At this stage, we note that various parameterization of the remainder enclosure Y (-,Z)
can be used, given that conditions (49) and (50) are satisfied. For instance, both interval
remainders and ellipsoidal remainders can be propagated, as described in Sect. 5.2. These
variants differ in the way the bounders %; and % are constructed, similar in essence to the
constructions in Sect. 6.2.

The following convergence result follows readily from Theorem 4 and the above con-
siderations.

Corollary 3 Consider the initial value problem (1), and let the right-hand side function
f and the initial value function xy be (q+ 1)-times continuously-differentiable in all their
arguments. For any subset Z C P with sufficiently small diam (Z), let the set-valued functions
Y(-,Z):[0,T] = K& be such that VY (-,Z)](c) is locally Lipschitz-continuous and satisfy
(48) for all ¢ € R™. If conditions (57) and (58) hold, then the remainder bound %5 (Y (¢,-))
has convergence order m > g+ 1 on P for all t € [0,T].

In turn, the convergence rate of the gth-order Taylor models 2% (t, P) ® % (t,P) to the
actual reachable set X (¢, P) as diam (P) — 0 is of order (at least) g+ 1. For applications in
global optimization however, bounding the multivariate polynomial part too presents some
challenges. A variety of range-bounding strategies for the Taylor polynomial part have been
proposed, some of which enjoy quadratic or higher convergence rate to the actual polynomial
range; see, e.g., [33, 35, 48].

In order to keep our considerations general, we assume here that a set-valued function
F(-,P) : [0,T] — R™ is available such that

VE0,T],  THeP) {240, p)lp e P} and d(24(t,P), Z2(1,P)) < O (diam (P)*))

for a known order function ¢ : N — N. It follows from the triangular inequality (for the
Hausdorff metric d) that

we0.T], d(THP)BRLLP),X(1,P)) <O ([P @a)

The convergence properties of Taylor models with interval and ellipsoidal remainder
bounds are illustrated in the following example, which assumes exact range bounding of the
multivariate polynomial part.

Example 3 The dynamic model of an artificial genetic circuit with three states [69], known
as repressilator, is considered:

X] = P1 3 — P2X] +p37 with X1 (O) =55 (59)
I+x3

b= L po4ps, with x(0) =35 (60)
L+x

b= P paxs4ps, with x3(0) = 45, (61)
L+x;

with p € P:= ([215,216] [0.995,1.005] [1.495,1.505]). Taylor models are propagated con-
tinuously in time to enclose the reachable set X (¢, P) of (59-61). These estimators are con-
structed in the same way as earlier in Example 2 and further details about the numerical
solution procedure will be given in Sect. 7 below.

The left plot of Figure 3 shows the projection of X (¢, P) (shaded area) onto x, as well as
the projections of the corresponding Taylor model enclosures &7 (t,P) ® % (t,P) for both
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interval remainder bounds (dashed lines) and ellipsoidal remainder bounds (solid lines).
Notice how increasing the Taylor model order ¢, here from ¢ = 1 to 5, delays the time
when the enclosure size blows up. Moreover, enclosing the remainder within ellipsoidal
bounds instead of interval bounds provides tighter bounds in this case. The right plot of
Figure 3 illustrates the corresponding convergence rate of dy (2 (t,P) ® %4 (t,P),X (t,P))
at time 7 = 10 as diam (P) — 0. It is found that all gth-order Taylor enclosure converge with
order g+ 1, in agreement with the theory, for both types of remainder enclosures. This also
establishes that the convergence bounds derived previously are indeed sharp. o

X1

,
X

o
o
n
o
w
o
N
S
w
o
o
&

dn( ZL(10,P) ® %1 (10,P), X(10,P))

100 . /

104 10° 102 107" 10°
g=1 ——¢=2 ——q=3 g=4 qg=5—— diam (P)

Fig. 3 Left plot: Projections onto x| of the reachable set X(¢) and the enclosures 2 (t,P) ® %4 (t,P) for
both interval and ellipsoidal remainder bounds. Right plot: Convergence of the Taylor model enclosure to the
actual reachable set at ¢ = 10 in the Hausdorff metric dy (2% (t,P) © %1 (t,P),X(t,P)). The reachable set is
represented with a shaded area and the Taylor model enclosures with interval and ellipsoidal remainders with,
respectively, dashed lines and solid lines.

7 Numerical Implementation and Case Study

This section describes the main implementation details for the bounding approaches pre-
sented in Sect. 5, before investigating a more challenging case study.

The main difficulty in using the sufficient conditions in Theorems 1 and 2 and Proposi-
tions 4 and 5 for computing bounds on the parametric solutions of (1) is constructing and
evaluating the right-hand sides of the auxiliary bounding systems (7,8), (17), (42,43) and
(47), respectively. Our implementation assumes that the right-hand side function f in (1)
and the corresponding initial value function x are both factorable. We use verified libraries
such as PROFIL (http://www.ti3.tu-harburg.de/) for interval analysis as well as the
library MC++ [43] for Taylor model arithmetic. For numerical ODE integration, we use
explicit Runge-Kutta schemes as this avoids computing the Jacobian of the right-hand side
of the auxiliary ODEs. More specifically, our implementation relies on the explicit solvers
with adaptive step-size control available as part of the GNU Scientific Library (GSL)—
function gs1_odeiv2 in GSL ver. 1.5. The developed continuous-time set-propagation code
comes in the form of a C++ class called ODEBND_GSL, which is made freely available at:
http://www3.imperial.ac.uk/environmentenergyoptimisation/software.
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Standard Differential Inequalities Technique Theorem 1 is applied with equalities in (7,8),
and the resulting 2n, lower- and upper-bounding ODEs are integrated all together, forward
in time, as they are coupled. At a given time 7 € [0, T], the right-hand sides of these ODEs are
evaluated component-wise. For instance, the right-hand side of the ith lower-bounding ODE
(7) is evaluated by taking the lower bound from the natural interval extension of f;(t,-,-) on
L x P, with Lj := {minY;(z) } and L}, := Y;() if j #i.

Ellipsoidal Bounding Technique Theorem 2 is applied with equality in (17), and the ODEs
describing £(z), G(z) and Q(r) are integrated all together, forward in time. Of the alterna-
tives to construct the right-hand sides of these auxiliary ODEs at a given time ¢ € [0,T],
our implementation considers a ¢'th-order Taylor model of f(z,-,-) at (£(¢),p) on &; X P,
with ¢’ > 1 and where E, denotes the interval hull of £(r) & G(r)[P — p] ® &(Q(r)) and the
reference point p is the midpoint of P. Writing such a Taylor model in the form

V(E.p) € B x P, f(t1,6,p) € cjy + Ly (5 —%(1))+ LY (p—p)+ By,

with ¢y, € R, L’J‘cr € R%>x L?r € R™*"» and By, € IR™, it follows that By, can be used as
the nonlinearity bounder €2 in (15) and the right-hand side of the auxiliary bounding ODE
system can be evaluated as

f(l‘) =cy,
Y — P
G(r) =L}

O(1) = (L},) Q1)+ Q(r) (L},)" + Zl k(1) Q(t) + diag (x(¢)) " diag rad (Bf,)2 .

The ellipsoidal parameterization x(¢) in the latter ODE is so chosen as to minimize tr Q(z).
A direct evaluation of k(¢) as

rad(By,)
Vo)’

would nonetheless result in k() — 0 as diam(&(Q(t))) — 0, thereby impairing the
quadratic convergence property established in Corollary 2. The following modification

Ve e[0,T], «x(r)=

o a,-(t) + €
 TOL\/a;(t) + €+ /b(t) + €
with ay(t) = %rad(Bf,), b(0) = tr (diag (s(0)) ' €()).

and with scaling factors s;(r) = 1 or s;(z) = x;(¢)

Vi el[0,T],Vie{l,....N}, xr) (62)

2, ensures that k(1) > Hﬁ > 0 for

all ¢ € [0,T]—and hence quadratic convergence. Our implementation uses € = 2752 and
TOL = 10~ as default values. Finally, initial conditions for the auxiliary bounding ODEs
are evaluated as

£0)=cy, G(0)=L, and Q(0)=diagrad(B,)>,
based on a ¢'th-order Taylor model of xj at p on P given in the form
VPGP, xO(p)ECx0+Lx0(P_ﬁ)+BxO;

with ¢y, € R™, L, € R™*" and By, € IR™. Our implementation considers second-order
Taylor models of f(z,-,-) and xo by default, i.e. ¢ = 2. The use of higher-order Taylor
models can provide tighter enclosures by capturing more dependencies in some cases, but
this also causes a significant computational overhead.



Unified Framework for the Propagation of Continuous-Time Enclosures for Nonlinear ODEs 29

Taylor Model with Differential Inequalities Bounding Technique A gth-order Taylor model
with interval remainder, (24 (z,-), " (1),r#"(1)]), is computed based on Proposition 4
with equalities in (42,43). The 2n, remainder bounds are propagated together with the coeffi-
cients d*x(-, p) of the Taylor polynomial (41), forward in time. At a given time 7 € [0, T] and
for each component i = 1,...,n,, our implementation computes a gth-order Taylor model

on P at p of the composite function

L U e,
ﬁ(t,(@g(t,-),Li),~) — ((@ﬂiﬂLﬁ)7 with Lij — { [rf{, (Z),rf{f ()] ifi# j,

rf@;l‘ (1)} otherwise.

By construction, the coefficients of the multivariate polynomial 3”]% match the time deriva-
tives d*x(z, p) of the polynomial coefficients in (41), and the lower bound (minLy,) provides
the right-hand side of (42). The right-hand side of (43) is constructed in a likewise manner.

Taylor Model with Ellipsoidal Remainder Bounding Technique A gth-order Taylor model
with ellipsoidal remainder, (27! (z,-), Q%(t)), is computed based on Proposition 5 with equal-
ity in (47). Here, the shape matrix QY of the ellipsoidal remainder is propagated with the
coefficients d*x(-, p) of the Taylor polynomial (41), forward in time. Of the alternatives
to construct the right-hand sides of these auxiliary ODEs at a given time ¢ € [0,T], one
approach—referred to as the full approach subsequently—involves computing a gth-order
Taylor model (with interval remainder) of the composite function f(¢t, 22{(t,p) +r,p) at
(0,p) for (r,p) € R, x P, where R, denotes the interval hull of &(Q%(¢)). Writing such a
Taylor model in the form

V(rp) R x P, [f(t,2Ut,p)+rp)e Y, opy(p—p)+L}r+By,
yeN"p
IM<q
with oy, y € R™, L € R™"" and By, € IR™, we have that L, and By, can be used, respec-

tively, as the matrix Af(t) in (44) and as the nonlinearity bounder ©/ in (45); that is, the
right-hand side of the auxiliary bounding ODE system can be evaluated as

"k (t,p) = a4, forallye N, with|y| <gq

Nx
. - . 1 2
O%(r) = (L},) Q4(e) + Q4(e) (L},)" + ) Kilr) Q1) + diag (i (1)) ™" diag rad (By,)” -
i=1

Moreover, the ellipsoidal parameterization k() in (47) is chosen in a similar way as (62),
here for minimizing tr Q% (¢), possibly after scaling.

The full approach involves Taylor expanding the function f(¢, 2 (t,p) + r,p) jointly in
(r,p) up to order g, which can prove computationally demanding when either the dynamic

system size n, or the expansion order ¢ is large. An alternative approach—referred to as the
mean-value approach hereafter—proceeds in two steps:

i. Compute a gth-order Taylor model (with interval remainder) of the composite function
f(tvyg(tv'):') at pon P

VPGP, f(t7gz)?(t7p)ap)€ Z chn,y(p,ﬁ)Y+B%,
YEN"P
[71<q

1 0 X
with ay, y € R and B}, € IR™;
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ii. Compute a ¢'th-order Taylor model (with interval remainder) of the Jacobian matrix
%(t, 2L (p)+r,p) at (0,p) for (r,p) € RE, x P, with 0 < ¢’ < g and where (£{ ,R{)
is a ¢'th-order Taylor model of x(z,-) on P at p:

af
ox

with Cy,, € R™*™ and By, € IR™*".

V(r,p)ERf{:xP, (fvgzz(P)Jr"»P)Gcaxf;JFBaxf,,

By construction, C, ; can be used as the matrix A f(t) in (44), whereas B% + (B(;x =

Caxﬁ)Rﬁ?; can be used as the nonlinearity bounder ©/ in (45). This way, the right-hand side
of the auxiliary bounding ODE system can be evaluated as

d"x(t,p) = ay,y, forall ye N", with |y| <g¢

Q1(r) = (Ca,z,) QL(r) +01(1) (Co,) +ZK,

N2
+ diag (x(¢)) " diag rad (B% + (B, 5 —Ca,, )Rg,)

Our implementation of the simplified approach uses the automatic differentiation package
FADBAD++ (http://www.fadbad.com/fadbad.html) in order to compute the Jacobian
matrix % and first-order Taylor models are used to bound the entries of this matrix by
default (¢’ = 1). The use of second- or higher-order Taylor models can provide tighter en-
closures by capturing more dependencies, but this also causes a significant computational
overhead.

7.1 Case Study: Anaerobic Digestion

Consider the following six-state model representing the dynamics of an anaerobic digester,
as originally proposed by [7]. Enclosing the solutions of this model is challenging as it
features complex dynamics due to pH self-regulation and liquid-gas transfer. Moreover, the
system presents both fast dynamics on a time-scale of hours and slow dynamics on a time-
scale of days.

= (i ($1) —aD)X, (63)
= (l2(S2) —aD)Xy (64)
DS —§1) — ks ()X (65)
So = D(S — $2) + kot (S1)X1 — k32 (S2)Xa (66)
7= D(Zm ) 67)
C =D(C™—C) —qco, + ka1 (S1)X1 +kspa(S2)Xa, (68)
with
qco, =kra(C+S> —Z — KuPco,) (69)

0c0; = \/ 920, —4KuR(C+S:~2)

K (70)

Peo, ==
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k
0co, :==C+S, —Z+KuP + k}iﬂz(sz)xz (71)
_ S
S1) = 72
wi(S1) MSlJrKsl (72)
_ S
1(S5) = flo . (73)

S>+Ks, +S3/Kp,

In this case study, uncertainty is in the initial conditions only, while all of the other model
parameters are considered constant; these values are taken from [7] and summarized in
Table 1 for the sake of reproducibility.

Table 1 Parameters in the anaerobic digestion model (63,73).

Parameter Value Parameter Value
il 1.2 day! ki 42.14  g(COD)g(cell)™!
Ks, 7.1 g(COD)L™! ky 116.5  mmolg(cell)™!
i 0.74  day~! k3 268.0  mmolg(cell)~!
Ks, 9.28  mmolL~! kq 50.6  mmolg(cell)™!
Ky, 256 mmolL~! ks 343.6  mmolg(cell)™!
kLa 19.8  day”! ke 453.0  mmolg(cell)™!
K 16  mmolL~"atm™! sin 5 g(CoD)L"!
B 1 atm Sizn 80 mmolL"!
a 05 — zn 50  mmolL~!
D 0.4 day™! cin 0 mmolL™!

First, we consider initial conditions as X;(0) € 0.5 x [0.94,1.06] g(COD)L"!,
X>(0) € [0.94,1.06] g(COD)L™!, §;(0) =1 g(COD)L"!, $,(0) = 5 mmolL~!, Z(0) =
50 mmolL~!, and C(0) € 40 x [0.94,1.06] mmol L~!; that is, the model contains three un-
certain quantities. Projections onto the variables X; and S, of the actual reachable set and of
the enclosures obtained with standard differential inequalities and the ellipsoidal bounding
technique as well as their Taylor model counterparts for various expansion orders are shown
in Fig. 4. Standard differential inequalities are found to produce rather weak bounds here,
blowing up after about ¢ =~ 0.09 day. Combining Taylor models with differential inequali-
ties delays this blow up time significantly, up to about ¢ ~ 4.01 day with 4th-order Taylor
models. In comparison, bounds computed with the ellipsoidal technique blow up around
t =~ 1.61 day, thus outperforming 2nd-order Taylor models with differential inequalities re-
mainder bounds. When used in combination with ellipsoidal remainder bounds, Taylor mod-
els delay the blow up time significantly as well. It is even observed that 4th- or higher-order
Taylor models with ellipsoidal remainder bounds can stabilize the reachable set enclosure
for this level of uncertainty; that is, the bounds converge to the actual steady-state values as
t — oo. These remarkable stability properties of the auxiliary bounding system will be the
topic of a follow-up paper.

The results reported in Table 2 are for reduced uncertainty in the initial conditions as
X1(0) €0.5%[0.98,1.02] g(COD)L~!, X,(0) € [0.98,1.02] mmol L~', §{(0) = 1 mmol L',
$2(0) = 5 mmolL~!, Z(0) = 50 mmolL~!, and C(0) € 40 x [0.98,1.02] mmol L. Here
again, standard differential inequalities produce the weakest bounds, with a blow up time
of t = 0.40 day. The use of ellipsoidal calculus improves the bounds significantly, by de-
laying the blow up time to # ~ 1.99 day and t ~ 13.52 day when the nonlinearity bounder
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Fig. 4 Projections onto X; (top plot) and C (bottom plot) of the reachable set X (¢) and the enclosures Y (7)
computed with various approaches. The reachable set is represented with a shaded area. The enclosures
labelled with g = 0 correspond to standard differential inequalities (dashed lines) and the ellipsoidal bounding

approach (solid lines). The enclosures labelled ¢ = 2, 3 and 4 are Taylor model enclosures with interval
remainders (dashed lines) and ellipsoidal remainders (with full approach; solid lines).

£ is constructed by using, respectively, 1st-order and 2nd-order Taylor models. The use
of Taylor models as a means of propagating nonconvex enclosures provides tighter bounds
as the Taylor model order is increased, which illustrates well the advantage of bounding
techniques enjoying higher-order Hausdorff convergence. Ellipsoidal remainder bounds are
found to outperform differential inequalities remainder bounds in this case as well. In par-
ticular, all three variants of Taylor models with ellipsoidal remainders appear to stabilize
the reachable set enclosures for small Taylor expansion orders—as small as ¢ = 2 in the
mean-value approach with ¢’ = 1.

Comparisons of computational performance are made for a fixed integration horizon of
t € [0,4]. As far as Taylor model-based techniques are concerned, the number of right-hand
side evaluations—and therefore the number of integration steps—increases slowly with the
Taylor expansion order between g = 2,...,5, which is due to a larger size of the auxiliary
bounding system while the tolerances remain unchanged. For a particular Taylor expansion
order g, the use of various bounding schemes for the Taylor remainder does not affect the
number of right-hand side evaluations though; this suggests that the step-size is mainly deter-
mined by the propagation of the Taylor polynomial here. Regarding CPU times, a significant
increase is observed in the full approach of ellipsoidal remainder bounds with the Taylor ex-
pansion order between g = 2,...,5 compared to differential inequalities remainder bounds.
This computational burden is greatly reduced by the use of the mean-value approach with
either ¢ = 0 or 1. In particular, the ellipsoidal remainder bound variant with ¢’ = 0 appears
to be both faster and to provide tighter bounds than the differential inequalities remainder
bound technique as well as the standard ellipsoidal bounding technique.
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Table 2 Comparison of computational performance for various continuous-time enclosure methods. The
numerical integration algorithm used is the explicit embedded Runge-Kutta-Fehlberg (4, 5) method in GSL,
with relative tolerance RTOL = 107 and absolute tolerance ATOL = 10~8. The reported CPU times are
for an Intel™ CORE™i7 vPro™ (4 x 2.1 GHz) computer with 8Gb RAM, running Ubuntu 12.04.3 LTS
(GNU/Linux 3.5.0-45-generic x86-64) and gcc version 4.7.3 (with -O2 compilation option).

Differential inequalities (DI) and ellipsoidal bounding (EB) techniques

Technique ¢ DI EB (¢4 =1) EB(¢=2)

Blow up time [day] 0.39 1.99 13.55

RHS evaluations fort € [0,4] N/A N/A 812

CPU time in [s] for € [0,4] N/A N/A 0.54

Taylor model (TM) w/ differential inequalities remainder bounds

TM Order g 2 3 4 5
Blow up time [day] 3.07 5.31 7.58 9.89
RHS evaluations for ¢ € [0,4] N/A 1,077 1,191 1,272
CPU time in [s] for ¢ € [0,4] N/A 0.39 0.72 1.33
Taylor model (TM) w/ ellipsoidal remainder bounds — Mean-value approach (¢’ = 0)
TM Order g 2 3 4 5
Blow up time [day] 4.23 11.12 oo oo
RHS evaluations for ¢ € [0,4] 972 1,077 1,191 1,272
CPU time in [s] for ¢ € [0,4] 0.14 0.23 0.41 0.71
Taylor model (TM) w/ ellipsoidal remainder bounds — Mean-value approach (¢’ = 1)
TM Order ¢ 2 3 4 5
Blow up time [day] oo oo oo o0
RHS evaluations for ¢ € [0,4] 954 1,077 1,191 1,272
CPU time in [s] for ¢ € [0,4] 0.98 1.20 1.47 1.85
Taylor model (TM) w/ ellipsoidal remainder bounds — Full approach

TM Order g 2 3 4 5
Blow up time [day] 39.84 oo oo oo
RHS evaluations for ¢ € [0,4] 954 1,077 1,191 1,272
CPU time in [s] for ¢ € [0,4] 0.35 1.49 6.35 26.37

8 Conclusions

This paper has presented a unified framework for continuous-time propagation of enclo-
sures for the reachable set of parametric nonlinear ODEs. The main contribution is the for-
mulation of a generalized differential inequality, which provides sufficient conditions for
the construction of convex enclosures. This framework has been shown to encompass the
classical theory of differential inequalities as well as the ellipsoidal bounding technique.
Besides being directly applicable for the construction of other types of convex enclosures,
it can also be used for constructing nonconvex enclosures via its combination with Tay-
lor models. Another principal contribution has been using this generalized differential in-
equality to analyze the convergence properties of various kinds of enclosures, namely in-
terval, ellipsoidal, and Taylor model bounds. Sharp bounds on the convergence order of
these methods have been obtained and illustrated with numerical examples. Finally, imple-
mentation details for the various bounding techniques have been outlined, and we recall
that the developed C++ code can be obtained freely at: http://www3.imperial.ac.uk/
environmentenergyoptimisation/software. The numerical case study of a six-state
dynamic model of anaerobic digestion has shown the superior stability properties of noncon-
vex set-propagation techniques based on Taylor models with ellipsoidal remainder bounds
compared to either Taylor models with differential inequalities remainder bounds or convex
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set-propagation techniques. On the whole, this approach appears to be well suited for use in
global and robust dynamic optimization.
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A Technical Lemmata

The following two lemmata are used in the proof of Theorem 3. Although variants of these results can be
found in the literature [23], we provide short proofs for the sake of completeness.

Lemma 1 Let ¢ : R" — R™ be a continuous function. For any compact set D C R" and any finite tolerance
€ > 0, there exists a smooth function @ : R" — R such that

VxeD, |ge(x)—oM)| < a(e), (74
for some continuous function o, : Ry — Ry with o(0) = 0.

Proof The proof follows by applying well-known standard analysis techniques [23], and we only summarize
the main idea here. Let o¢ : R” — R, € > 0 be a family of smooth functions parameterized in € > 0, such that
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0¢(x) = 0 for all x with |[x|| > € and [a O¢(x)dx = 1. Of the alternatives for constructing such a family of
‘mollifier’ functions, we consider the function

O'e(X) = {C(s)exp <H’CH2+€2) ifo” <8} with C(S) = /XHSE eXP<”xH2%82> dx.

0 otherwise I

In turn, the function @, can be defined as the convolution

VxER™,  @e(x) = /R Ge(x—y)o(y)dy,
which is smooth by construction for any € > 0. Observe that the function o : Ry — R, defined by

ve20, a(e) = maxmax{[lo(x) Ol lly -l <&},

is is continuous since ¢ is itself continuous and D is compact, and such that ¢(0) = 0. In particular, this
choice of « satisfies the condition (74). O

Lemma 2 LerY :[0,T] — K& be a set-valued function such that V[Y (-))(c) is differentiable and V'[Y (-)](c)
is bounded for all ¢ € R™ with c¢Yc = 1. Then, there exists a family of functions ge [0,7] x R™ — R pa-
rameterized by € > 0, such that g¢(t,-) is strictly convex and smooth for all € > 0 and all t € [0,T], and the
associated sets Ye (t) := {x € R™ | g¢(t,x) < 0} satisfy
Ve>0,Vre[0,T], Y(t)CYe(t) and du(Y(1),Ye(r)) < a(e),
Ve >0,V €[0,T], Ve e R™ with cTe =1, V[Ye(t)|(c) > VY (1)](c) + La(e) (75)

for some continuous function o, : Ry — Ry with o(0) = 0, and any constant 0 < L < %

Proof A proof can be obtained by passing through two steps.

S1 We start with any smooth function Vg(z,-) : R™ — R such that
Ve >0,VeeR™ withcTe=1, ¥ €[0,T], Ve(t,c) >V[¥(1)](c) and |ve(t,c) = V(t,c)|| < oule).

for some continuous function ¢ : Ry — R, with @; (0) = 0. Such a function is guaranteed to exist by
Lemma 1. Then, we define the set-valued function Z : [0, 7] — K¢ such that

Ve e R™ withcTe=1, V[Ze(1)](c) == VY 0)](c) +./0t Ve(T,c)dT.

The following properties hold by construction of Z, for every € > 0:
a) Forall ¢ € R™ with ¢Tc = 1, the function V [Z,(-)](c) is differentiable on [0, 7], and we have

Ve e R™ withcTe=1, Ve € [0,T], V[Ze(0)](c) > VY (1))(c).
b) du(Z(t),Y(r)) < Tay(€), by property (6).

S2 We construct the set-valued function

Ye(t) := Ze(t) @ [Tou(e) +tLa(e)] B with ofe) := %al (e),

with 0 <L < % Note that the function « is continuous and non-negative and it satisfies a(0) = 0 by
definition. Therefore, we have Y (1) D Y (¢) since Y¢ (1) 2 Z¢ (1) and du(Ye(t),Ze (1)) > du(Ze(1),Y (¢)).
It follows from Property a) that
VIYe(t)l(c) = V[Ze(1)](c) + La(e)
= VY (0))(c) +La(e) ,
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forallt € [0,7T], all c € R" with cTc =1, and all £ > 0. Moreover, by Property b), we have

du(Ye(1),Y (1)) < dua(Ze (1), Y (1)) + 0o (€) + Tou () + TLat(e)
<2a9(e)+2Tay(e)+TLa(e)
= o(e),
forall 7 € [0,7], and all € > 0. Finally, by Theorem 1 in [6], there exists a functions g¢ : [0, 7] x R™ — R
such that Y¢ (1) =: {x € R™ | g¢(¢,x) <0} and ge(t,-) is convex and smooth forall € > 0 and all ¢ € [0,T].

In order for g¢(7,-) to be strictly convex for all € > 0, one can always add a strictly convex and smooth
term of order O(€) that is negative on the compact sets Use(o,r) Ye (£)- O

The following lemma is used in the proof of Theorem 4. The result allows one to bound the solution of a
particular parametric differential inequality and can be regarded as a generalization of Gronwall’s lemma [24].

Lemma3 Let v € Ry and let u: [0,T] — R be a Lipschitz-continuous function satisfying the parametric
differential inequality

d 2 i
aetel0,T], a[u(t)}" <n ZL,-u(t)"f’ V™ with  u(0) < Cov™, (76)
i=0
for some integers m,n > 1 and a set of constants 0 < Ly,...,L, < o and Cy > 1. Then, u(t) <
Co exp (Xl Lit) V™, forall t € [0,T).

Proof The proof proceeds in two steps. It is assumed first that the function u is differentiable on [0, T]. Then,
it is argued that the result still holds in extending this class of functions to Lipschitz-continuous.

Assuming that  is differentiable on [0, 7'] and discretizing the differential inequality (76) with a step-size
h:= % for a large enough N € N gives

n
Vk e {O,N—1}, [u((k+ 1)h)]" <[u(kh)]" + hn ZL,' (u(kh))"" V™ + hou(h) ,
i=0
for some continuous function ¢ : Ry — R4 with (0) = 0. Now, supposing that u(kh) < C;v™" with C; > 1,
we have
n
[u((k+ D))" < (Ceyp)"V™ + ha(h) with (Crpy)" = <1 +hnZLi> (C)">1.
i=0

In particular, the definition of (Cy)" uses the result that

n . n

(C)"+hn Y Li(C)" < [ 1+mY L | (Co)",
i=0 i=0

for all C, > 1. It follows by induction that u(kh) < Cxv™ +ho(h) for each k =0,...,N, with

i=0

n k/n
C = <1+hnZL,-> Co.

Let 7 € [0,T] be such that 7 := %T for given 0 < ko < Np, and consider the sequence {C;} given by
Jjko/n
_ T &
Cj =1+ L L; Co,
JNo 5
so that u(f) < C;v™ + ﬁ a(ﬁ) for all j > 1. It follows from the definition of the exponential function as

exp(x) 1= limj_ e (1 + %)/ that this sequence is convergent, and we have

n
jll_I}Iolon = exp (ZL,’I) Co .

i=0
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As u is continuous on [0, T, and since the rationals are a dense subset of the real numbers, it follows that

Vi e[0,T], u(t) < C@)v" with C(t) := exp <ﬁ:Ll-t> Co -
i=0

In a second step, the assumption of differentiability for u can be relaxed to Lipschitz-continuity, by a similar
argument as in part S3 of the proof of Theorem 3, namely that any (locally) Lipschitz-continuous function is
differentiable almost everywhere. ]
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