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Abstract

Systems of differential-algebraic equations (DAEs) are used to model an incredible
variety of dynamic phenomena. In the chemical process industry in particular, the
numerical simulation of detailed DAE models has become a cornerstone of many
core activities including, process development, economic optimization, control sys-
tem design and safety analysis. In such applications, one is primarily interested in
the behavior of the model solution with respect variations in the model inputs or
uncertainties in the model itself. This thesis addresses two computational problems
of general interest in this regard.

In the first, we are interested in computing a guaranteed enclosure of all solutions
of a given DAE model subject to a specified set of inputs. This analysis has natural
applications in uncertainty quantification and process safety verification, and is used
for many important tasks in process control. However, for nonlinear dynamic sys-
tems, this task is very difficult. Existing methods apply only to ordinary differential
equation (ODE) models, and either provide very conservative enclosures or require
excessive computational effort. Here, we present new methods for computing interval
bounds on the solutions of ODEs and DAEs. For ODEs, the focus is on efficient meth-
ods for using physical information that is often available in applications to greatly
reduce the conservatism of existing methods. These methods are then extended for
the first time to the class of semi-explicit index-one DAEs.

The latter portion of the thesis concerns the global solution of optimization prob-
lems constrained by DAEs. Such problems arise in optimal control of batch processes,
determination of optimal start-up and shut-down procedures, and parameter estima-
tion for dynamic models. In nearly all conceivable applications, there is significant
economic and/or intellectual impetus to locate a globally optimal solution. Yet again,
this problem has proven to be extremely difficult for nonlinear dynamic models. A
small number of practical algorithms have been proposed, all of which are limited to
ODE models and require significant computational effort. Here, we present improved
lower-bounding procedures for ODE constrained problems and develop a complete
deterministic algorithm for problems constrained by semi-explicit index-one DAEs



for the first time.
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Chapter 1

Introduction

1.1 Overview

Systems of differential-algebraic equations (DAEs) are used throughout the engineer-
ing disciplines and hard sciences to model an incredible variety of dynamic phenomena
[96, 12]. DAEs include both systems of algebraic equations and systems of ordinary
differential equations (ODEs) as special cases, and are commonly used to approxi-
mate partial differential equations (PDEs) through a number of numerical schemes.
Consequently, DAEs provide an extremely flexible modeling framework, underlying
the continuum theories of classical physics as well as complex engineering models of
mechanical, electrical, aeronautical and chemical systems [27, 86, 134, 155].

Of particular interest here is that DAEs have undoubtedly become the modeling
framework of choice in the chemical process industries, where they provide detailed
dynamic descriptions of everything from chemical reactors and separation units to
entire chemical plants [134, 18]. In large part, this is due to the advent of powerful
numerical solution techniques [96, 12, 82, 175]. However, numerical simulation alone
is rarely enough to solve engineering problems of practical interest. In addition to
model solutions, modern dynamic simulators typically provide parametric sensitivi-
ties, which describe the behavior of the solution in response to perturbations in the
model inputs [59, 114]. This technology allows one to analyze the behavior of model

systems with respect to various operating conditions, control actions, disturbances
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and uncertainties in the model itself. Combined with numerical optimization tech-
niques, this further enables one to search efficiently among a range of permissible
process inputs for those that optimize a desired objective. Based on these capabil-
ities, numerical simulation and optimization of detailed DAE models has become a
cornerstone of many core engineering practices, including model development, process
development, economic optimization, control system design, and safety analysis [94].

In this thesis, a number of advanced techniques are developed for analyzing and
optimizing processes described by systems of differential-algebraic equations. The

core contributions address two related problems:

1. Computing a guaranteed enclosure of all possible solutions that can result from

a given range of inputs under a given DAE model,

2. Solving optimization problems constrained by DAEs to guaranteed global opti-

mality.

Similar to parametric sensitivity analysis, the first problem above concerns the behav-
ior of DAE models with respect to variations in the model inputs. However, sensitivity
analysis provides information that is only locally valid. That is, the parametric sen-
sitivities describe the variation of the model solution with respect to infinitesimal
perturbations in the inputs. In contrast, by enclosing all possible solutions corre-
sponding to a given range of inputs, the methods developed here provide global infor-
mation. This analysis has a wealth of applications, including quite direct applications
in uncertainty analysis and safety verification.

However, like sensitivity analysis, these techniques are much more useful when
combined with optimization procedures to search among the permissible inputs for
those that are optimal with respect to some desired objective. Given the local na-
ture of the available information, standard optimization methods based on sensitivity
analysis provide solutions to such problems that are at best optimal with respect to
infinitesimal perturbations. However, with the ability to compute guaranteed enclo-
sures of all model solutions, it is possible to solve optimization problems constrained

by differential-algebraic models with a guarantee that the resulting solution is opti-
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mal among all permissible alternatives; i.e. it is globally optimal. Thus, we present
a deterministic algorithm for Problem 2 above as an application of the techniques
developed for Problem 1.

In the following two sections, Problems 1 and 2 above are described in more de-
tail. Given the flexibility of DAEs as a modeling framework, the range of motivating
application areas is truly vast. We review only those that are most closely related
to chemical engineering, typically arising in parameter estimation and chemical pro-
cess design and control. We also give some fairly informal mathematical problem
statements and summarize the contributions of this thesis in the context of existing

approaches.

1.2 Enclosing the Reachable Set

Consider the generic system of differential-algebraic equations
f(t,u(t),x(t),x(t)) =0, Vteltty, (x(to),%x(to)) = 0o0. (1.1)

The independent variable is ¢, which will be referred to as time for convenience.
The initial time is denoted by %y and the initial condition, which is assumed to be
consistent, is denoted by oy. The solution is denoted by x, and its time-derivative
by x. Finally, u is a potentially time-varying input to the system. Given a set of
permissible (consistent) initial conditions ¥y and a set of permissible input functions

U, the reachable set of (1.1) at time ¢ is the set
R(t) = {x(t) : x satisfies (1.1) on [to, ] with some (u,o0) € U x ¥y}. (1.2)

In words, R(t) is the set of points that can be reached at time ¢ by a solution of
(1.1) corresponding to some permissible choice of the initial condition and input. Of
course, Problem 1 in §1.1 is exactly the problem of computing an enclosure of R(t),
for every t in some time-horizon of interest.

Consider for example that x is a vector of concentrations of the chemical species
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present in a reactor, and that the DAE model (1.1) describes the time evolution of
these concentrations as the reaction proceeds. Depending on the problem at hand,
we may consider a variety of quantities as inputs u, including control inputs, distur-
bances, or uncertain model parameters. The reachable set R(t) contains all possible
compositions in the reactor that can be achieved at time ¢ by operating the reactor
from an initial state oy € ¥y and with a permissible input u € Y. This set is inter-
esting because, for any number of reasons, some compositions will be less desirable
than others. It may happen that, in some region of composition space, the reacting
mixture becomes hazardous, or catalyst fouling is accelerated. In such cases, it is
extremely useful to have some means of ensuring that such regions cannot be reached
by the system dynamics provided that, for example, control actions are limited to
a certain safe set, or that the true model parameters do not deviate by more than
a certain amount from their estimates. Of course, these are questions concerning
the reachable set, and can be answered, at least in the affirmative, by computing a
guaranteed enclosure of it. In particular, if an enclosure of R(t) does not intersect
the undesirable region of composition space, then it is guaranteed that no point of

R(t) is in the undesirable region either.

1.2.1 Motivation

The study of reachable sets is intimately related to the theory of optimal control and
has been of general mathematical interest in this context for decades [22]. In modern
control, the computation of approximations or enclosures of reachable sets is an active
area of research and finds quite extensive application. Such computations have been
used, for example, for state estimation from online measurements in chemical and
biological processes [138, 88, 71, 141}, feedback controller synthesis [110, 132, 13],
robust model predictive control [102, 139], and fault detection for chemical processes
[106]. Reachable sets are also used for the formal verification of control systems
(99, 40, 20, 41, 10, 176] and the related problem of formal safety verification [85]. In
[120], the connection between reachable sets and the solutions of dynamic pursuit-

evasion games is explored with application to aircraft collision avoidance. Finally,
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reachable sets are also closely related to so-called invariance and viability domains for

dynamic systems, both of which find similarly broad applications in control [28, 13].

In many applications, one is simply concerned with understanding how uncertain-
ties in a process or a model will effect its output. Real world models nearly always
have significant uncertainty, at least in the model parameters if not in the structure
of the model itself. A particular example of interest comes from models of chemical
reaction kinetics, where the rate parameters are often only known to within an order
of magnitude or worse [163]. This is particularly true of models of biological systems
(152, 124]. Even if the model itself is known very accurately, there may be significant
uncertainties in the process inputs in the from of disturbances, measurement errors
in closed-loop systems [31, 154], or highly variable resource availability and consumer
demand [179]. If the model in question is nonlinear, the effects of such uncertainty on
the model solution can be extremely difficult to infer. However, reachable set enclo-
sures provide a natural means to propagate uncertainty through dynamic models, and
have been applied in this context for uncertain chemical kinetics models [163, 156],
compartment models [76], ecology models [105, 75], and biological systems [71, 141].
Moreover, such a description of model uncertainty is naturally useful in parameter

estimation and model discrimination problems [163, 93, 103].

1.2.2 Existing Approaches

Given the broad importance of reachable sets, it is not surprising that a huge vari-
ety of methods have been developed for computing approximations or enclosures of
them. However, we are not aware of any methods capable of computing a guaranteed
enclosure of the reachable set of the general DAEs (1.1). The vast majority of work
in this area applies instead to the system of explicit ODEs

x(t) = £(t,u(t),x(t)), Vte€ [to,ts], x(to) = %o, (1.3)
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with permissible initial conditions X and reachable set

R(t) = {x(t) : x satisfies (1.3) on [to, t] with some (u,xq) € U x Xy}. (1.4)

For such systems, the reachable set can be characterized exactly through two classes
of methods. In the first, the reachable set is characterized as the subzero level set
of a so-called value function, which is the solution of a partial differential equation
known as the Hamilton-Jacobi-Bellman equation [98, 120]. An extension of such
methods to semi-explicit index-one DAEs with no input u has been proposed in
[45]. In general, the Hamilton-Jacobi-Bellman equations are very difficult to solve,
making the numerical methods resulting from this approach computationally intensive
[176, 120]. The second class of methods describes the reachable set as the solution of
a differential inclusion or a related integral-funnel equation [98, 133, 13]. Again, for
nonlinear systems these characterizations do not generally result in computationally
tractable methods. Moreover, both of these approaches are designed to provide an
accurate approximation of the reachable set, rather than a guaranteed enclosure of
it, which makes them inappropriate for some important applications, such as formal

safety verification.

Very general enclosures of the reachable set of (1.3) can be characterized by the
solutions of differential inclusions using viability theory [13]. However, practical com-
putational techniques arising from such characterizations typically involve computing
interval bounds on the reachable set. In this case, viability conditions reduce to
componentwise differential inequalities, which are discussed further below and used
extensively in the methods developed in this thesis. Some further general methods
using Lyapunov theory and a variant of Pontryagin’s minimum principle are described

in [68], though no general computational methods are provided.

Considerably more methods are available for the case where the time-varying

inputs u in (1.3) are replaced by time-invariant parameters p to give the parametric
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ODEs

x(t) = £(t,p,x(t)), VEE [to,ts], x(to) = Xo, (1.5)

with the permissible set of parameter values P C R™ and reachable set

R(t) = {x(t) : x satisfies (1.5) on [to, t] with some (p,xg) € P x Xo}. (1.6)

Even in this case, enclosing the reachable set is a very difficult problem when f is
nonlinear. In [39, 41], a convex polyhedral enclosure is constructed by computing
supporting hyperplanes to R(t). For each hyperplane, one specifies the desired nor-
mal and then computes an appropriate intercept by solving an optimization problem
constrained by (1.5). However, for nonlinear systems, nonconvexity of the reachable
set leads to nonconvex optimization problems which must be solved to guaranteed
global optimality. This makes the method prohibitively expensive compared to other
approaches. In Chapter 9, we provide a variant of this method in which the required
optimization problems are guaranteed to be convex.

A large body of work in the control literature considers the reachable set of (1.5)
under further simplifications, typically addressing linear ODEs or discrete time mod-
els. The earliest contributions in this area apply to hybrid discrete-continuous models
with very simple continuous dynamics (i.e. simple integrators), and are essentially ex-
tensions of methods for purely discrete systems originating in computer science [6, 10].
Subsequently, methods were developed for continuous dynamics described by linear
ODEs. In this case, tractable methods are available using geometric programming
[184], ellipsoidal bounding techniques [97, 99], and polyhedral bounding techniques
[10, 72] (some of these apply to the linear version of (1.3)). Many of these methods
have been extended to treat nonlinear ODEs by constructing local approximations
of the ODEs by simpler (e.g. linear) dynamics on a partition of the state space
and rigorously bounding the approximation error [79, 10, 72, 5|. In such methods,
the computed bounds can be quite conservative and are improved only by refining

this partition. In [80], it is reported that this technique is not only very costly, but
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presents serious numerical problems as well. The same work is also an early example
of the application of interval bounding techniques based on interval analysis [125],
and advocates such techniques based on their ability to handle nonlinearity much

more flexibly.

Interval bounding techniques compute a time-varying interval enclosure of the
reachable set, and typically apply to systems of the form (1.5). These methods are
nearly as old as interval arithmetic itself, with the earliest method appearing in [125].
Subsequently, a large body of literature has emerged on this topic. One class of
interval methods, the Taylor methods [130, 129], use Taylor series expansions and
various interval techniques to approximate the ODE solutions and rigorously bound
the approximation error. These methods are unique among bounding methods in
that they produce validated enclosures, meaning that the enclosures are guaranteed
even when computed on a finite precision machine. Indeed, the original application of
these methods was for computing validated bounds on the error introduced through
numerical integration of ODEs without parametric uncertainty. For certain applica-
tions involving unstable or oscillatory systems, the consideration of numerical error
can be very important. However, when applying these methods to bound the reach-
able sets of parametric ODEs, it is often a minor consideration. This is in part because
the models of interest are typically dissipative, tending towards a stable steady-state
over relatively short integration times. Moreover, when the parametric uncertainty
in the model is large, its effect on the resulting bounds is much more significant than

the effect of numerical error.

Some Taylor methods can be implemented very efficiently. However, when ap-
plied to ODEs with significant parametric uncertainties, such methods tend to pro-
duce extremely conservative enclosures of the reachable set. This conservatism can
be greatly mitigated by using high-order Taylor expansions, or by using more so-
phisticated inclusion algebras, such as Taylor model arithmetic [24, 113], in place of
interval arithmetic [24, 105]. Unfortunately, these measures dramatically increase the
computational cost, which in the latter case scales exponentially in the dimensions

of p and x( and the order of the Taylor model. A Taylor method that applies to the
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control system (1.3) has recently been proposed in [89], and Taylor methods that ap-
ply to implicit systems of parametric ODEs [83] and systems of parametric index-one
DAEs [142] have been proposed, though with some defficiencies discussed in Chapter
5.

A second class of interval bounding methods are based on differential inequalities
[182] and use interval arithmetic to derive an auxiliary system of ODEs describing
bounding trajectories [75, 162, 156, 140, 141]. The primary advantage of differential
inequalities approaches is that they can be implemented using interval arithmetic
and state-of-the-art numerical integration codes, yielding bounds at a cost compara-
ble to a single simulation of the original model (order 1073-1072s for systems with
few states). The resulting enclosures are mathematically valid, but do not account
for numerical error in their computation. Given the accuracy of modern numerical
integration codes, this is not problematic for stable systems. Moreover, this issue can
be overcome using a slightly more involved hybrid formulation as in [140]. Like Tay-
lor methods, differential inequalities approaches are typically applied to parametric
ODEs. However, the same methods apply directly to the control system (1.3). This
observation has been made by several authors [75, 93] and is proven here in Chapter

3.

As with Taylor methods, it is known that differential inequalities methods gener-
ally yield extremely conservative enclosures of the reachable set. For these methods,
the problem is related to certain monotonicity properties of the ODE right-hand sides;
the problematic systems are those that are not quasi-monotone [182] (or cooperative
[165]). In [162], it was shown that this condition is frequently violated in applica-
tions. On the other hand, it was also shown that it is often possible, through physical
arguments, to obtain a crude set G which is independently known to contain the
reachable set, and that greatly improved bounds can be computed by leveraging this
information. A practical implementation was developed for the case where G is an

interval.
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1.2.3 Contributions

In this thesis, Chapters 3, 4, 5, 6 and 9 are devoted to computing enclosures of
the reachable sets of ODEs and DAEs. Chapter 3 considers the computation of
interval bounds on the reachable set of the nonlinear control system (1.3) using a
differential inequalities approach. As mentioned above, such techniques are very
flexible and very efficient, but often suffer from large conservatism in the resulting
bounds. Chapter 3 presents a number of results that characterize interval bounds
through much weaker conditions than those required by the standard differential
inequalities approach. These conditions are useful for applications in which one has
some physical information concerning the possible solutions of (1.3), which is very
common in practice. In particular, these conditions are used to derive improved
interval bounding methods that make very effective use of general physical insights
in order to compute much sharper enclosures without sacrificing the efficiency of the
standard differential inequalities method. In Chapter 4, these methods are specialized
to ODE models of a particular form that arise in chemical reaction kinetics. It is
shown that a wealth of useful physical information can be obtained automatically for
such systems, resulting in an efficient method for computing very sharp enclosures of
the reachable sets.

In Chapters 5 and 6, two interval bounding methods are developed that apply to

systems of semi-explicit index-one DAEs of the form

x(t) = £(t, u(t),x(t), y(1)), (1.7)

0= g(t,ult),x(t),y(t)).

Chapter 5 contains a number of theoretical contributions, including a computational
test for existence and uniqueness of a DAE solution, and several extensions of differen-
tial inequalities results for (1.3) to the case of semi-explicit index-one DAEs. Chapter
6 presents two efficient numerical methods for computing an interval enclosure of the
reachable set of (1.7) based on these developments. To the authors knowledge, these

methods are the first differential inequalities based bounding techniques applicable

28



to DAE models.

Finally, in Chapter 9, a method is presented for computing convex polyhedral
enclosures of the reachable sets of both (1.5) and (1.7). This is done by a modification
of the method in [39, 41]. Though a convex polyhedral set can potentially provide a
much sharper enclosure of the reachable set than can an interval, the method proposed
in [39, 41] requires solving several nonconvex dynamic optimization problems to global
optimality, which is extremely computationally expensive. Using methods for global
dynamic optimization problems (see §1.3) developed in Chapters 7 and 8, the method
of Chapter 9 produces convex polyhedral enclosures of the reachable set by solving

only convex dynamic optimization problems.

1.3 Global Dynamic Optimization

Consider the general optimization problem constrained by DAEs:

Problem 1.3.1.

ottt + [ s x(s))ds (15)
st h(ult;),x(t;) + /t " 05, u(s), x(s))ds < 0 (1.9)
£t u(t), x(£), %) = 0, Yt € [toty], (x(to)X(to)) =9 (1.10)
ueld, xek&x, og€. (1.11)

Asin §1.2; the set U is the set of permissible input functions, referred to as controls
in this context, and Y, is the set of permissible initial conditions. The independent
variable ¢ takes values in the interval [to,tf], and the set X’ is a subset of a suitable
space of functions x : [to, ty] — R™ containing putative solutions of the DAEs (1.10).
A crucial feature of Problem 1.3 is that the decision variables x and u are functions.
In other words, this is an optimization problem on a function space, and is therefore
an infinite-dimensional problem. In general, optimization problems constrained by

systems of differential equations such as ODEs, DAEs, or PDEs are referred to as
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dynamic optimization problems or optimal control problems [22, 173].

As an example of a problem of this type, consider finding the time-varying tem-
perature profile for a batch reactor that maximizes the yield of a desired product. In
this case, the scalar-valued control function u represents the temperature, the DAEs
(1.10) represent a dynamic model of the state of the reactor, x(t), including the tem-
poral profiles of the concentrations of the various reacting species, and the objective
function (1.8) is specified as the negative of the yield at the final time t;, so that it
is minimized when the yield is maximized. The set U may restrict the permissible
temperature profiles based on a number of considerations, such as the requirement
that the temperature never exceeds a threshold value, or the requirement that the
temperature is not varied too abruptly, so that it can be practically implemented by
a controller. Similarly, the constraints (1.9) may represent any number of considera-
tions, such as purity specifications or safety requirements. Then, in words, Problem
1.3.1 is to find the initial condition, the temperature profile, and the time-varying
state of the reactor that maximizes the yield at ¢; among all alternatives which obey
the reactor model and satisfy the given constraints.

The work in this thesis concerns algorithms for solving optimal control problems
to guaranteed global optimality. In particular, we present such an algorithm for
Problem 1.3.1 in the case where (1.10) is a system of semi-explicit index-one DAEs
and the controls u are approximated by a finite number of real parameters. This
approximation is termed control parameterization [173] and is a very common in
modern numerical methods (see §1.3.2). Moreover, we show that some of the crucial
steps in the proposed algorithm are valid even without this approximation, at least

in the case where (1.10) is replaced by the explicit system of ODEs (1.3).

1.3.1 Motivation

Given the flexibility of DAEs as a modeling framework, it is evident that a great va-
riety of problems can be posed as optimal control problems subject to DAEs. In the
chemical process industry, dynamic optimization techniques are routinely used to lo-

cate optimal process designs, operating conditions and control actions. For example,
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open-loop control of batch processes can be formulated as a dynamic optimization
problem and has been widely studied in this context, particularly with application to
high-value added industries such as specialty chemicals, pharmaceuticals and biopro-
cessing [111, 144, 34, 25, 167, 31]. Dynamic optimization problems also arise when
considering processes with periodic dynamic behavior, such as pressure swing adsorp-
tion and simulated moving bed chromatography [95, 51]. Even for processes that
are nominally operated at steady-state, several important problems require dynamic
optimization, including the determination of optimal start-up and shut-down pro-
cedures [17], optimal policies for changeover from one product to another [61], and
optimal catalyst blending in tubular reactors [108]. Another area in which dynamic

optimization is essential is in process safety verification [1, 48, 85, 106].

A more fundamental application is the problem of estimating unknown parameters
in a dynamic model from a given set of data [29, 103, 54, 163, 124]. Here, the model
parameters are the decision variables, and the optimization algorithm finds those
parameters which minimize the deviation of the model prediction from the measured
data. This problem is extremely important, for example, for the determination of
chemical reaction mechanisms from kinetic data [163, 124]. As a final illustration of
the broad applicability of dynamic optimization problems, we note applications in
the diverse areas of biological network design [2, 166] and optimal drug scheduling

for chemotherapy [116, 35].

As discussed in the following section, most available algorithms for solving dy-
namic optimization problems search only for locally optimal solutions. Such algo-
rithms can only guarantee global optimality under restrictive convexity assumptions
which are often violated in practical applications. For example, it has been shown
that optimization problems resulting from control parameterization of Problem 1.3.1
are nearly always nonconvex, especially for problems arising in chemical engineering
[108, 109, 16, 124]. Nonetheless, there is strong impetus to compute global solutions
stemming from numerous applications. One need only consider the problem of max-
imizing the profitability of a process. Clearly, a significant economic penalty may be

incurred by designing and operating such a process according to a locally optimal
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solution [160]. However, other applications pose more serious problems. In param-
eter estimation problems, one is often interested in determining whether a model,
equipped with its best fit parameter estimates, is consistent with measured data ac-
cording to a statistical significance test. However, if only locally optimal parameter
estimates are available, any conclusions drawn from such an analysis are dubious
[163, 121]. For process safety verification, it is desirable to identify the worst-case
behavior of a dynamic system over a range of inputs in order to determine whether
the system will remain within some safe operating region. This too can be formu-
lated as a dynamic optimization problem, but again a locally optimal solution will
not suffice because it may not necessarily describe the worst-case scenario, potentially
leading to a false conclusion of safe operation with dire consequences [85]. Finally,
optimization problems are often used to solve energy minimization problems in order
to describe the fundamental properties of a system, such as its equilibrium state. In
these applications, the value of a locally optimal solution simply does not provide the

desired information [100, 121].

1.3.2 Existing Approaches for Local Dynamic Optimization

The primary challenge in dynamic optimization is the fact that the optimization is
performed over an infinite-dimensional space, i.e., the space of the control functions
u and state functions x. At the broadest level, solution methods for optimal control
problems can be classified in terms of how the problem of infinite-dimensionality is
addressed. Most modern numerical methods are based on some form of discretization,
with the primary aim of reducing the problem to a finite-dimensional one and apply-
ing methods developed for optimization problems on Euclidean spaces. Methods of
this type are referred to as direct methods. However, effectively using discretization
techniques requires modern computers, and direct methods have therefore only be-
come popular in recent decades. Historically, methods for optimal control problems
have addressed the problem directly in the infinite-dimensional space. Such meth-

ods are based on satisfying necessary conditions of optimality for optimal control
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problems [22, 81, 87] and are commonly referred to as indirect methods'. This ap-
proach has its origins in the classical calculus of variations [47, 81|, which deals more
generally with optimization problems on function spaces and dates back to the late
sixteen hundreds. By analogy to the standard gradient-based necessary conditions
of optimality for optimization problems on Euclidean spaces, the calculus of varia-
tions provides necessary conditions of optimality for many classes of optimal control
problems. The resulting conditions are the Euler-Lagrange equations, which take the
form of a two-point boundary value problem [47, 81, 177]. In modern optimal con-
trol theory, the Euler-Lagrange equations are generalized by Pontryagin’s maximum
principle [177, 77]. Methods based on either of these formulations require repeated
solution of boundary value problems with estimates of the optimal control that are
iteratively refined by a number of methods [33, 38].

There are several serious drawbacks to these approaches. First, it is difficult to
derive appropriate necessary conditions in the presence of certain types of constraints
that arise in applications. Furthermore, even when such conditions are available, gen-
erating the corresponding boundary value problem computationally requires deriva-
tive or adjoint information, which can be costly to obtain for large systems. Second,
in all but the simplest cases the resulting boundary value problems do not permit
analytical solutions and are known to be extremely difficult to solve numerically. The
reasons for these numerical problems are quite serious and include instability of the
boundary value problem and issues related to the differential index of the system,
especially in the presence of so-called singular arcs in the optimal control. Third, the
vast majority of work on these methods does not directly apply to systems of DAEs,
but rather to explicit systems of ODEs of the form (1.3). Finally, these methods
are based on necessary conditions characterizing locally optimal solutions, and only
become sufficient for global optimality under restrictive convexity assumptions that

are violated or very difficult to verify in applications [177, 159].

IThe seemingly backward designations direct and indirect do not refer to the space in which
the optimization is carried out. In general, a direct optimization method is one which produces a
feasible sequence of decisions with monotonically decreasing objective value, while an indirect method
is one which is based on satisfying necessary conditions of optimality. In this regard, labelling all
discretization-based methods as direct is somewhat misleading but nonetheless very common.
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A related approach which also considers the optimal control problem in the original
infinite-dimensional space is the dynamic programming approach, based on Bellman’s
principle of optimality [19]. This principle leads to necessary and sufficient conditions
of optimality through the solution of a boundary value problem in PDEs known as
the Hamilton-Jacobi-Bellman (HJB) equations. In the formulation of this PDE, the
state variables x are treated as independent variables, making the HJB equations
impractically difficult to solve for large systems. On the whole, this approach does
not result in practical numerical methods outside of some very particular applications
[173].

As mentioned above, direct methods for optimal control use discretization tech-
niques in order to approximate the optimal control problem by a nonlinear program
(NLP) on a finite-dimensional Euclidean space. These methods can be further clas-
sified in terms of the level of discretization used in this approximation. In the si-
multaneous approach, both the state and control functions are discretized, either by
finite differencing, collocation, or more general basis set expansions, with colloca-
tion being the most common [178, 54, 46, 42]. This provides a representation of the
state and control functions in terms of finitely many real parameters, so that the
resulting optimization problem is a standard NLP on a Euclidean space with a large
system of equality constraints approximating the original DAEs. The benefit of this
approximation procedure is that it enables one to apply standard methods in non-
linear programming. On the other hand, the simultaneous approach produces very

large-scale NLPs, so that in practice specialized algorithms are required [26].

In contrast, the sequential approach (also called control parameterization [173, 32])
considers only discretization of the control functions. The controls are approximated
by an expansion in terms of a finite set of basis functions, resulting in, for example,
piece-wise constant, piece-wise affine, or polynomial controls. With this approxima-
tion, the controls can be represented in terms of a finite number of real parameters,
p € R™ so that u is now regarded as a known function of ¢ and p. If, for every
admissible parameter vector p, the differential-algebraic system has a unique solu-

tion, then this approximation reduces the search space to a finite-dimensional space.
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Applying control parameterization to the Problem 1.3.1 gives the following program,

where P C R™ is the set of admissible values for p.

Problem 1.3.2.

nf - ofu(ts,p)x(tr.poow)) + [0l u(s.p). x(s,p. o)) ds (112)
st hlultyp)x(ty.p.00) + [ €suls.p)x(spoo)ds <0 (113

peP oy, (1.14)

where, for every (p,oq) € P x ¥, x(+,p, o) is the unique solution of

f(t,U(t,p),X(t,p, 00)7X(t7p7 0'0)) = 07 Vi € [t()vtf]v (115>

(X(t()a P, UO)? X(t07 P, UO)) = 0yp.

Note that the objective and constraint functions above are not known explicitly
as functions of the decision variables. However, they are well-defined as such and can
be evaluated numerically via numerical solution of the embedded DAEs (1.15). Due
to the availability of robust dynamic simulation software [96, 12, 82, 175], one can
find local optima for large-scale dynamic optimization problems quite effectively with
the sequential approach.

There has been much discussion in the literature concerning the advantages and
disadvantages of the simultaneous and sequential approaches. As compared to the
simultaneous approach, the sequential approach has the drawback that every evalua-
tion of the objective and constraints, along with their derivatives, requires numerical
integration and sensitivity analysis of the embedded DAE system. Another drawback
is that the sequential approach may fail if the embedded DAEs have unstable modes
for some feasible choice of p and oy. On the other hand, the simultaneous approach
requires the solution of very large-scale NLPs, while the sequential approach does
not. Moreover, accurate discretization of the states is often problematic in the si-

multaneous approach, as is the need to provide the NLP solver with accurate initial
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guesses for the discretized state variables. In the sequential approach, discretization
of the state trajectories is handled internally by a dynamic simulation code using
very mature adaptive procedures that have proven to be accurate, efficient and reli-
able. Moreover, there is no need to provide an initial guess for the state trajectory.
For most problems, there is no unified consensus on which of these methods should
be used. However, the discussion has led to an interesting compromise known as
multiple-shooting, which is particularly advantageous for unstable systems and em-

bedded boundary value problems [101].

1.3.3 Global Optimization of Standard NLPs

As with many local optimization techniques, the existing methods for solving dy-
namic optimization problems to global optimality can be viewed as an application of
established methods for optimization on Euclidean spaces to the NLPs resulting from
either the simultaneous or sequential approach. Before discussing these methods, it is
helpful to review some basic concepts from global optimization on Euclidean spaces,
in particular, the spatial-branch-and-bound algorithm. Both here and in the discus-
sion of dynamic optimization problems in the next section, we restrict our attention
to so-called deterministic global optimization algorithms. This excludes the class
of stochastic search algorithms, including simulated annealing, genetic algorithms,
tabu search, particle swarm optimization, harmony search, ant-colony algorithms,
etc. [65, 52, 124]. While these algorithms are designed to find global minima for
problems with multiple suboptimal local minima, these approaches are ad hoc. They
not only fail to provide a guarantee that a global solution will be found, they are
incapable of verifying optimality in case such a point has been found. In contrast,
our interest here is in algorithms that are guaranteed to furnish a globally optimal

solution after finitely many iterations.
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Consider the standard NLP

Ipneig J(p) (1.16)
st. G(p) <0.

where P C R"™ is an n,-dimensional compact interval and J and G are continuous
on P. To solve this problem to global optimality, the spatial branch-and-bound
(B&B) method considers a sequence of subproblems in which (1.16) is restricted to a

subinterval P! C P:

i 1.1
min J(p) (1.17)
st. G(p) <0,

The basic requirement for applying spatial B&B is that, for any subinterval P' C P
(which may be P itself), procedures are available that compute guaranteed upper and
lower bounds on the optimal objective value of (1.17). These bounds are denoted
by UBD' and LBD!, respectively. Since the value of the objective function at any
feasible point provides an upper bound on the optimal objective value of (1.17), U BD!
can be computed by solving (1.16) to local optimality. Computing a lower bound is
substantially more difficult and is the key step in the spatial B&B algorithm. Methods

for accomplishing this are discussed below.

Supposing that upper and lower bounding procedures are available, the spatial
B&B algorithm procedes as follows. First, upper and lower bounds are computed for
the optimal objective value of (1.16). Since these bounds apply to the original problem
of interest, rather than to the subproblem (1.17), they are denoted by UBD and
LBD, respectively. If it happens that UBD — LBD is less than a specified tolerance
g, then the B&B algorithm terminates, having bracketed the optimal objective value
of (1.16) within the given tolerance. An estimate of the solution value p* is then given
by the value which attained the upper bound UBD. If this termination test fails,

then P is partitioned into two subintervals, termed branching, typically by bisection
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in its dimension of largest width. These subintervals inherit the bounds UBD and
LBD, which are obviously valid for the corresponding subproblems (1.17) on account
of being valid for (1.16). These two subintervals are then added to a stack ¥ of

subintervals, or nodes, to be processed that is maintained throughout the algorithm.

At the beginning of a generic iteration of the algorithm, UBD and LBD are
the best known upper and lower bounds on the optimal objective value of (1.16),
respectively, and the stack ¥ contains a number of nodes P!, each of which is equipped
with upper and lower bounds UBD'! and LBD' that have been inherited from the
parent node from which it was generated through bisection. Collectively, the nodes
P! may not form a partition of P, but the complement of U;P' in P will have been
proven not to contain the optimal solution of (1.16) through the procedures below.
The iteration proceeds by selecting from the stack a node P for which LBD! = LBD.
The upper and lower bounds UBD' and LBD! are then refined by computing bounds
on the optimal objective value of (1.17) using the procedures that we have assumed
to be available. If it is found that (1.17) is infeasible, then P' is eliminated from
further consideration and a new element is selected from the stack. In this case, we
say that P! is fathomed by infeasibility. Otherwise, upper and lower bounds on the

optimal objective value of the original problem (1.16) are updated according to
UBD :=min UBD* and LBD := min LBD*, (1.18)

where the min is taken over all elements of 3. These assignments are valid because the
complement of Uy P* in P has been shown not to contain a global optimum of (1.16).
Moreover, if P! was the only element of ¥ for which LBD' = LBD at the beginning
of the iteration, and if LBD' was improved by the application of the lower bounding
procedure to (1.17), then LBD is improved by this assignment. If UBD is improved
by this assignment, then there is an opportunity to fathom some nodes in the stack.
This is done by checking the inequality LBD* > UBD for every P* € X. If this is
true for some P*, then the optimal solution cannot lie in P* and PF is eliminated from

further consideration. In this case, P* is said to be fathomed by value dominance.
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If P! has not been fathomed either by infeasibility or by value dominance, then it is

bisected and the two resulting nodes are added to the stack.

The iteration outlined above is repeated until either the stack becomes empty,
indicating that (1.16) is infeasible, or it is found in some iteration that UBD—LBD <
¢, indicating that a point p* has been found which achieves an objective value within
e of the globally optimal objective value. Roughly, if the lower bounding procedure
has the property that it provides sharper bounds on smaller intervals P' and becomes
exact in the limit as P’ tends toward a singleton, then it can be shown that one of
these outcomes will occur after finitely many iterations [84]. Due to the repeated
partitioning of P, the spatial B&B algorithm exhibits worst-case exponential run-
time with respect to the dimension of p and the magnitude of 1/e. In practice, the
primary determinants of the run-time are the computational cost and the accuracy
of the lower bounding procedure. In addition, a number of more advanced techniques
have been developed which can greatly accelerate convergence through the use of
constraint propagation techniques [147, 148, 149]. Thus, while it is true that the
basic procedure outlined above can be prohibitively expensive, impressive results
have been achieved for many challenging problems using advanced implementations

of the method [146, 147, 171, 160].

Several methods are available for computing lower bounds on the optimal objective
value of the subproblem (1.17). A simple approach is to compute interval bounds
on the image of P! under J using interval arithmetic [125]. Though many early
implementations are based on this approach [90], the lower bounds computed in this
way are relatively weak. Moreover, these bounds obey a first-order convergence rate
property [125], while it has been demonstrated that at least second-order convergence
is required to avoid serious convergence problems in spatial B&B algorithms [50].
In most modern implementations, lower bounds are computed by constructing and
solving convex underestimating programs [118, 7, 57, 171]. Though there are many
ways to accomplish this, a popular and illustrative approach is to construct a convex
function J : P! — R which underestimates J on P!, and a (componentwise) convex

function G : P! — R™ which underestimates G on P'. Such functions are termed
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convex relazations of J and G on P!, respectively. A convex underestimating program

is then given by

min  J(p) (1.19)

pEP!

st. G%(p) <o0.

In particular, this program is convex, and hence solvable to global optimality using
standard local optimization techniques, and its optimal objective value is easily seen

to underestimate that of (1.17).

There are several methods for constructing a convex relaxation of a function.
Floudas et al. have constructed convex relaxations for twice differentiable functions
by adding a sufficiently large quadratic term to the original function. This is accom-
plished by shifting the diagonal elements of the Hessian matrix by a parameter «
[7]. Values of a which guarantee convexity of the resulting function can be found via
interval arithmetic [4, 3]. It has recently been shown that aBB relaxations have a

second-order convergence rate [30].

Another approach due to McCormick [118] provides a method for computing con-
vex relaxations of so-called factorable functions (this technique is presented in detail
in Chapter 2). Roughly, a function is said to be factorable if it can be defined by the
recursive application of basic operations including binary addition, binary multiplica-
tion, and composition with a library of simple univariate functions. In particular, any
function that can be written explicitly in computer code is factorable. Given such a
function, McCormick’s technique constructs relaxations by the recursive application
of relaxation rules for each of the basic operations defining the function. McCormick’s
technique is easily implemented using the operator overloading capabilities of object-
oriented programming languages, and tends to produce much tighter relaxations than
those produced by the aBB method, particularly on wide intervals P!. Moreover, it
is shown in [30] that McCormick’s relaxations also have second-order convergence
subject to some implementation details. On the other hand, they are generally nons-

mooth, which makes solving (1.17) more difficult. This difficulty has been addressed

40



in [122], which provides rules for efficiently computing subgradients for McCormick’s
relaxations which can then be used by nonsmooth solvers such as bundle methods.

A related technique that generates a convex underestimating program for (1.16)
in the case where J and G are factorable is described in [171] and used in the popular
code BARON. This technique uses a recursive procedure similar to that of McCormick,
which in this case substitutes the result of each basic operation defining the objec-
tive and constraint functions with a dummy variable subject to one or more linear
constraints. This procedure does not result in program of the form (1.19), but rather
produces a linear program in a higher-dimensional space whose optimal objective
value is guaranteed to underestimate that of (1.17). This method has the advantage
that the underestimating program is linear and can therefore be solved more efficiently
and reliably than the nonlinear convex underestimating programs derived from aBB
or McCormick’s relaxation technique. On the other hand, these underestimating pro-
grams have many more variables than the original problem. The convergence rate of
this method is unknown, but its successful implementation in BARON suggests that it
is likely second-order.

A key feature of all of these methods, which has significant consequences for
global dynamic optimization, is that the objective function and constraints in (1.16)
must be factorable. That is, these functions must be given by explicit algebraic
expressions. Of course, this is notably not the case for the NLP (1.3.2) derived by

control parameterization of (1.3.1).

1.3.4 Existing Approaches for Global Dynamic Optimization

All of the available methods for deterministic global optimization of nonconvex dy-
namic optimization problems are extensions of the direct methods discussed in §1.3.2,
using variants of the spatial branch-and-bound algorithm of the previous section. Ob-
taining a guarantee of global optimality from an indirect method is problematic for
several reasons. First, these methods are intimately related to necessary conditions of
optimality, which do not distinguish between locally and globally optimal solutions.

However, this fact alone is not insurmountable. In Chapter 11, we shown that some
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of the key ideas used for solving dynamic optimization problems to global optimality
using the sequential approach can actually be applied directly to dynamic optimiza-
tion problems in the original infinite-dimensional space. Specifically, we show that it
is possible to construct convex underestimating programs in this space. However, a
much more serious problem is that there is no known method for exhaustively par-
titioning an infinite-dimensional space, which precludes the use of the spatial B&B

framework.

In the case of the simultaneous approach, the extension to global optimization is
apparent. Since total discretization of the infinite-dimensional problem results in a
standard NLP on a finite-dimensional Euclidean space, the spatial branch-and-bound
algorithm can be applied directly using standard methods for the lower bounding
procedure. However, given the size of the NLPs generated through the simultaneous
approach and the worst-case exponential run-time of the spatial B&B algorithm, this
cannot be considered a practical approach to global dynamic optimization. Nonethe-
less, it has been attempted in the articles [55, 42]. In [55], comparisons show that the
simultaneous global optimization approach is badly outperformed by an early method
based on the sequential approach. In both articles, it is clear that an adequate dis-
cretization of the state variables creates problems which are too large to be solved in
reasonable time by a global optimization routine, and coarser discretizations can not
represent the original dynamics well enough to produce reliable results (the optimal

objective value was found to depend strongly on the discretization).

As discussed in §1.3.2, the sequential approach avoids the dramatic increase in
problem size characteristic of the simultaneous approach. Moreover, it reduces the
dynamic optimization problem to a standard NLP on a Euclidean space, so that
in principle the spatial B&B method can be applied. However, the objective and
constraint functions in the resulting program (Problem 1.3.2) are not known explic-

itly, but rather are defined implicitly through the solution of the embedded dynamic
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system. That is, in order to write Problem (1.3.2) as the standard NLP

min J(p, o) (1.20)

PEP, opEXy

st. G(p,o0) <0,

we must make the definitions

J(p, 0'0) = ¢(u(tfa p)a X(tfa P, 0'0)) + /t ' @D(S, u($> p)> X(Sv P, UO))d$> (1'21)

G(p,o00) = h(u(ty,p),x(ts, p,00)) + / ' £(s,u(s,p),x(s,p,00))ds, (1.22)

to

where x is the solutions of the embedded DAEs (1.15). As discussed in the previous
section, this precludes the use of standard lower bounding procedures.

The first method for overcoming this problem was proposed by Esposito and
Floudas in [54], where convex relaxations of the functions J and G are computed
by a dynamic extension of the aBB method known as SBB. Recall that the «BB
method computes a convex relaxation of a given function by adding a sufficiently
large quadratic term, where the required magnitude « of this term is inferred by
analysis of the Hessian matrix. The key idea here is that the Hessian matrix of J,
for example, can be evaluated by solving the second-order sensitivity system for the
embedded DAEs. However, without an explicit functional form for the Hessian, «
cannot be computed through the standard approach and is instead approximated via
a finite sampling procedure. This not only makes constructing these relaxations very
inefficient, but also precludes any guarantee that the relaxation is indeed convex.

A method for computing a valid o was later proposed by Papamichail and Ad-
jiman [135], resulting in the first practical global dynamic optimization algorithm.
Notably, this method applies only in the case where the embedded dynamic system
is an explicit system of ODEs. In fact, this is true of every existing global dynamic
optimization algorithm, excluding those based on the simultaneous approach. The
method described in [135] uses results from differential inequalities (see §1.2.2) in

order to bound the solutions of the embedded system of differential equations, as well
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as the second-order sensitivities. This yields an interval Hessian matrix which can
be used to compute a value for a that ensures convexity. Though this approach is
rigorous, the convex relaxations generated in this way tend to be extremely weak,

likely due to a very conservative bound on the required « value.

A different approach, which is also applicable to dynamic optimization problems
with explicit ODEs embedded, was proposed by Singer and Barton in [161, 164].
Using the recursive nature of certain relaxation techniques (McCormick’s technique
and the methods in [171]), it was shown that a convex underestimating program for
(1.20) can be constructed given only a method for computing (componentwise) convex
and concave relaxations of x(¢,-,-) on P x X, for all ¢ € [ty,tf] (a concave relaxation
is a concave function that overestimates the function of interest). This idea was first
used in order to solve dynamic optimization problems involving a class of linear time-
varying ODEs whose solutions are known to be affine, and hence both convex and
concave, with respect to the decision variables [161]. The approach was then extended
to problems with nonlinear ODEs embedded in [164]. In this case, a combination of
McCormick’s relaxation technique and differential inequalities was used to derive an
auxiliary system of ODEs whose solutions are both affine in the decision variables and
describe upper and lower bounds on the solution of the original ODEs [162], hence
providing the required relaxations of x(¢, -, -) for all ¢ € [to,?;]. Computational results
for this method demonstrate that the resulting lower bounding procedure requires less
computational effort and provides much more accurate bounds as compared to the

aBB based method in [135].

Lin and Stadtherr have proposed a method for globally solving dynamic optimiza-
tion problems with ODEs embedded which does not use convex relaxations [103, 104].
Rather, a sophisticated Taylor method (see §1.2.2) is used to compute very tight in-
terval bounds on the solution of the embedded ODEs [105], which are then used
to compute a lower bound for the optimal objective value of (1.20). Unlike lower
bounding procedures based on standard interval arithmetic, this method does not
suffer from slow convergence. This is because the required interval computations are

done using Taylor model arithmetic, which is a much more accurate method based
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on high-order Taylor series expansions [113, 24]. For many test problems, solution
times for this approach are substantially faster than those reported for any other
deterministic algorithm. However, using Taylor Models for bounding the solution of
the embedded ODEs is extremely costly. The number of Taylor coefficients that must
be stored increases exponentially with the number of decision variables and the order
of the Taylor expansion [74]. Hence, there is reasonable concern that methods of this
type will prove to be inefficient or unusable for problems with many decisions, and/or
problems for which a high-order Taylor expansion is required to capture the state
dependence on the decision variables accurately.

Though no optimization results have yet been presented, two related methods for
computing convex and concave relaxations of the solutions of parametric ODEs have
recently been proposed by Sahlodin and Chachuat [151, 150]. These methods extend
the technique in [105] for computing interval bounds on the solutions of paramet-
ric ODEs by applying McCormick’s relaxation technique in place of weaker interval
computations throughout the algorithm. These methods appear capable of provid-
ing very tight relaxations when a sufficiently high-order Taylor expansion is used.
On the other hand, the use of high-order Taylor expansions again makes these ap-
proaches potentially very expensive for high dimensional problems, and the existence
of an appropriate compromise in the context of global optimization remains an open

question.

1.3.5 Contributions

Aside from intractable methods based on a total discretization approach, all of the
available methods for global dynamic optimization apply only to problems with ex-
plicit ODEs embedded. In this thesis, we present the first method capable of solving
problems with DAEs embedded. In particular, we consider the class of semi-explicit
index-one DAEs of the form (1.7). Like methods for ODEs, this method is based on
a spatial B&B algorithm, and the primary challenge in developing it was to derive a
valid lower bounding procedure.

Following the work of Singer and Barton [164], the key ingredient in the lower

45



bounding procedure is a method that computes convex and concave relaxations of
the solutions of a parametric system of DAEs. In Chapter 7, the problem of relaxing
the solutions of a dynamic system is analyzed in a general setting, resulting in two
novel relaxation theories. Though these methods are ultimately applied to systems
of DAESs, they can also be applied directly to explicit ODEs. In both cases, effi-
cient numerical methods are developed using an extension of McCormick’s relaxation

technique developed in Chapter 2.

For systems of ODEs, the resulting relaxation methods are most closely related to
the existing method of Singer and Barton [162]. The choice to pursue methods of this
type was based on several considerations including their ease of use, favorable scaling
and computational efficiency as compared to other competitive methods. Of the two
methods developed in this thesis, the first is shown to have distinct drawbacks and is
illustrative of some problems unique to relaxation methods for dynamic problems. On
the other hand, the second method has very satisfactory performance and is shown to
significantly outperform the method of [162] in numerical experiments. For systems
of semi-explicit index-one DAESs, the relaxation methods developed here are the first

available in the literature.

In Chapter 10, we present a basic spatial B&B algorithm for the deterministic
global solution of dynamic optimization problems with semi-explicit index-one DAEs
embedded. During the course of this thesis, the vast majority of work on global dy-
namic optimization has been directed at deriving relaxations for the solutions of ODEs
and DAEs. Comparatively little effort has been dedicated to developing optimization
algorithms to make use of them. Accordingly, the presented algorithm is basic in
several respects, and analogy with global optimization techniques for standard NLPs
suggests that the method should be quite computationally intensive. Though we do
find the efficiency of this basic algorithm to be problematic, it is no more so here than
for existing techniques for problems with explicit ODEs embedded. Hence, the algo-
rithm successfully provides an extension of the current state-of-the-art to problems
with DAEs embedded. We analyze the performace of the algorithm in the context of

several case studies and take the opportunity to suggest some promising directions for
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future improvement, noting in particular the advanced techniques that have proven
to be indispensable for practical global solution of standard NLPs.

Finally, in Chapter 11, we present the surprising result that the relaxation the-
ory developed here can largely be applied to dynamic optimization problems in the
original infinite-dimensional space. In particular, this allows one to construct con-
vex underestimating programs for nonconvex optimal control problems, without the
need to discretized either the state or the controls. Though this seems to provide a
key step towards a global optimization method for nonconvex optimal control prob-
lems, a complete algorithm remains elusive because their seems no reasonable way to

exhaustively partition an infinite-dimensional space.
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Chapter 2

Factorable Functions, Interval
Arithmetic and McCormick

Relaxations

2.1 Introduction

In order to solve global optimization problems, one must have some means of inferring
global information about the functions involved. In general, local characterizations
of a function, such as its value or its derivative at a point, are not enough. Rather,
one requires information about the behavior of the function on the entire domain of
interest. An essential tool in this regard is the so-called factorable representation of a
function, which will be heavily used throughout this thesis. Essentially, a function is
factorable if it can be written as a finite sequence of simple operations, including basic
arithmetic operations as well as intrinsic functions available on a computer, such as

Ve, 2™, e® sinx, etc. For example, the function

f(z1,15) = 102, + 22e™ (2.1)

49



is factorable because it can be evaluated for any (x;,z5) € R? by executing the

following sequence of simple computations:

V1\T1,T2) = X1,
Va\T1,T2) = T2,
V3\T1,X9) = 101)1(5(71,2[‘2),

&
=
8
B
I
S
W~
8
=
B
~
X
<
ot
&
T
8
)
~

Roughly, each of the intermediates v; is called a factor, and the factorable representa-
tion is the sequence vy, ..., v;. In essence, any function written explicitly in computer
code will be factorable, so it is not at all restrictive to develop methods for this class

of functions.

In this chapter, the class of factorable functions is defined formally, and two stan-
dard methods are introduced for obtaining useful global information about them.
These methods are interval arithmetic [125] and McCormick’s relaxation technique
[118], which are used to compute interval enclosures and convex relaxations of fac-
torable functions, respectively. The presentation of interval arithmetic is mostly stan-
dard, though some definitions are made more general and some new regularity results
are developed. On the other hand, the analysis of McCormick’s relaxation technique
includes many generalizations and new results, leading to the the generalized Mec-
Cormick relaxations of §2.7. As will be seen in later chapters, the application of these
techniques to dynamic problems will require more out of both of these methods than

do typical global optimization algorithms.
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2.2 Factorable Functions

To formalize the notion of a factorable function, we must first define the set of opera-
tions that will be permissible in the sequence of computations defining such functions.
Each element of this set will be a real-valued function on a Euclidean space. To avoid
notational conflicts in later sections, it is prudent here to use the formal notation for
a function as a triple (o, B, R), where B is the domain, R is the range, and o is a
mapping from B into R, o : B — R. Throughout this thesis, the set of permissi-
ble operations will contain the binary addition operation (4, R? R), and the binary
multiplication operation (x,R? R). In addition, it will include a library of univariate
functions, which is a set £ whose elements are univariate functions; (u, B,R) € £
has B C R. The elements of £ will be used to represent functions such as /z, ",

T sinx, etc. Furthermore, £ should include the negative and reciprocal functions

e
—z and 1/, so that subtraction and division can be achieved by combination with
(+,R% R) and (x,R? R). In order for the class of factorable functions to be useful,
it is necessary to require that certain information about each element of L is either
known or easily computable, and that certain basic properties are satisfied. For now,
it is only required that, for each (u, B,R) € L, u(x) can be evaluated computationally
for any « € B. Further requirements will be added throughout this chapter. For refer-
ence, they are Assumptions 2.3.8, 2.4.25, 2.5.29 2.5.39, and 2.5.33. In practice, these
assumptions are not at all restrictive. The required information is readily available

for a large variety of univariate functions, and all required properties can be shown

to hold with only minor exceptions.

Definition 2.2.1. Let n;,n, € N. A L-computational sequence with n; inputs and

n, outputs is a pair (S, m,):

1. S is a finite sequence {((oy, By, R), (m,, R*"1 R%))}7 | with every element

defined by one of the following options:

(a) (og, By, R) is either (+,R%R) or (x,R? R) and 7, : R¥~! — R? is defined

by 7 (v) = (v;, vj) for some integers ¢,5 € {1,...,k —1}.
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(b) (o, Bx,R) € L and 7, : R¥*! — R is defined by m(v) = v; for some
integer 7 € {1,...,k —1}.

2. m, : R — R™ is defined by 7m,(v) = (v .-, Vin,)) for some integers
i(1),...,i(no) € {1,...,ns}.

A computational sequence defines a function fs : Dg C R™ — R"™ by the following

construction.

Definition 2.2.2. Let (S, 7,) be a L-computational sequence with n; inputs and n,

outputs. Define the sequence of factors {(vy, Di, R)},.,, with D), C R™, where
1. For k=1,...,n;, Dy =R" and vi(x) = x, Vx € Dy,

2. For k=mn;+1,...,np, Dy = {x € Dy_1 : mp(v1(x),...,v5-1(x)) € Bi} and

Og(x) = o om0 (V1(X), ..., vE-1(X)), VX € Dy,

The set Ds = D,,, is called the natural domain of (S,7,), and the natural function

(fs, Ds,R™) is defined by fs(x) = 7, 0 (v1(%), ..., vn, (%)), Vx € Ds.

Example 2.2.1. Equation (2.1) defines a computational sequence with n; = 2 in-
puts, x = (x1,23), and ng = 1 output. In fact there are several computational
sequences that describe this function, depending on the order in which the operations
are applied. The computational sequence leading to the sequence of factors shown

previously is:

- - v = 1,

- - Uy = T2,

03 =10x m3(v) =n vy = 100y,

o4 = ()2 m(v)=1v vy = v},

o5 =exp m5(V) = vy vs = exp(vq),
06 = X m6(V) = (v4,v5) v = V405,
or=+  m(v)=(vs,v6) v7 =103+ Vg,
- To(V) = v7 fs =vr.



Since every univariate function appearing in the computational sequence above is

defined on the entire real line, the natural domain is Dg = R2.

Definition 2.2.3 (Factorable function). A function f : D C R™ — R™ is L-factorable
if there exists a £-computational sequence (S, 7,) with n inputs and m outputs such

that the natural function (fs, Dg, R") satisfies D C Dg and f = fs|p.

Remark 2.2.4. Again, note that the use of the term factorable in later chapters will
imply Assumptions 2.3.8, 2.4.25, 2.5.29, 2.5.39, and 2.5.33.

2.3 Interval Analysis

For a,b € R, a < b, define the interval [a,b] as the compact, connected set {z € R :
a < x < b}. Interval analysis is the study of intervals as basic arithmetic objects
on par with integers and real numbers. This concept will be extensively used to
compute global information about factorable functions in the form of interval bounds
on their range. In this section, the basics of interval analysis are presented, leading
in particular to the concept of a natural interval extension of a factorable function.
Definitive resources in this field are [125] and [131].

The set of all nonempty intervals is denoted IR. Intervals are denoted by capital
letters, Z € IR. Since Z is a subset of R, the notation z € Z is well-defined. The set
of n-dimensional interval vectors is denoted IR". In particular, Z € IR" has elements
Z; €IR,i=1,...,n. Every Z € TR" can be regarded as a subset of R" defined by the
Cartesian product Z; X ... X Z,, so that z € R" satisfiesz € Zifz; € Z;, i =1,...,n.
The set of n x m interval matrices is denoted TR™*™ and defined analogously to IR";
A € IR™™ has elements A;; € IR, for all : € {1,...,n} and j € {1,...,m}, and, for
any A € R™™ with elements a;;, A € A if a;; € A;; for all indices ¢ and j. For any
D c R™, let ID denote the set {Z € IR" : Z C D}. This notation is also used for
D c R™m™,

If viw € R” and v < w, then [v, w] denotes the n-dimensional interval vy, w] x
L ,U

ooy X|Up, wy]. Moreover, for any Z € IR, the notation z“, z” € R™ will be commonly
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used to denote the vectors such that Z = [z* zY]. The notation m(Z) denotes
the midpoint of Z, m(Z) = 0.5(z% + zY), and w(Z) denotes the width of Z, w(Z) =
zV —zl. For A € IR"™, m(A) and w(A) are real-valued matrices defined analogously.

For any z € R", the singleton |z, z] is called a degenerate interval.

2.3.1 Inclusion Functions and Interval Extensions

The central task in interval analysis is to compute an interval which encloses the range

of a given function. This is the notion of an inclusion function, formalized below.

Definition 2.3.1. Let f : D C R® — R™, and for any £ C D, let f(£) denote the
image of F under f. A mapping F': © C ID — IR™ is an inclusion function for f on
Diff(X) C F(X), VX € D.

Ideally, an inclusion function should be defined on all of ID; i.e., an interval
enclosure can be computed for the image of any X € ID under f. In practice,
however, this is not always possible. This issue is discussed further after Theorem
2.3.11. Typically, inclusion functions are derived from a simpler object known as an

terval extension.

Definition 2.3.2. Let D C R". A set ® C IR" is an interval extension of D if
every x € D satisfies [x,x] € ©. Let f : D — R™. A function F : ® — IR™ is

an interval extension of £ if ® is an interval extension of D and, for every x € D,

F([x,x]) = [f(x), £(x)].
An interval extension will be an inclusion function if it is inclusion monotonic.

Definition 2.3.3. Let ' : ® C IR" — IR™. F' is inclusion monotonic on © if

XiCcXy, = F(Xl) C F(Xg), VXl,XQ €D. (22)

Theorem 2.3.4. Letf : D C R" — R™ and let F : ® — IR™ be an interval extension
of £. If F' is inclusion monotonic on ® N1ID, then F is an inclusion function for £

on®NID.
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Proof. Choose any X € ® NID and any x € X. Since x € D, it follows that
[x,x] € ® and f(x) € [f(x),f(x)] = F([x,x]) C FI(X). O

The following result is useful for constructing inclusion functions for complex

functions from those of simpler functions.

Lemma 2.3.5. Let f; : D C R® — R™ and f, : Dy C R™ — R, and define
Dy = {x € Dy : fi(x) € Dy}. Let F} : ©1 — IR™ and Fy, : Dy — IR* be
interval extensions of f; and f5, respectively. Then D19 = {X € D, : F1(X) € Dy}
is an interval extension of Dig, and (Fy o Fl,i)lg,]I]Rk) 1s an interval extension of
(fy 0 f1, D1o, R¥). If F} and Fy are inclusion monotonic on ®1 and D, respectively,

then Iy o F| s inclusion monotonic on D1s.

Proof. First it is shown that x € Dyy implies [x, x| € D15. For any x € Di, x € Dy
implies that [x,x] € ©; and Fi([x,x]) = [fi(x),fi(x)]. Then f,(x) € Dy implies that
Fi([x,x]) € Dq, so that [x,X] € D1s.

To show that (Fyo F},®1s, HRk) is an interval extension of (fof;, D1, R¥), choose
any x € Djp. Since iy is an interval extension of Dig, [X,x| € ®13. Then,
Ba(Fi([xx])) = Fa([f (x), £1(x)]) = [f2(£: (x), B(£ (x))].

It remains to show that F, o Fj is inclusion monotonic on ®i5. Choose any
X, X € @y, such that X ¢ X. Then Fy(X) C Fi(X), and both intervals are in D,

A

so that Fg(Fl(X)) C FQ(Fl(X)) O

2.3.2 Interval Arithmetic and the Natural Interval Extension

Just as one adds, multiplies and performs other simple operations on real numbers,
these operations are defined for elements of TR as well. The basic property of these
interval operations is that they are inclusion functions for the corresponding real op-
eration. Using this system, termed interval arithmetic, one can compute an inclusion

function for any factorable function in a very natural way.
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Definition 2.3.6. Define (+,IR? IR) and (x,IR? IR) by

+(X,Y)=X+Y = [z" +y" 2" + 4],

x(X,Y) = XY = [min(z"y*, 25yY, 2", 2YyY), max(aty®, oPyY, ¥y, 2Vy "))

Theorem 2.3.7. (+,IR? IR) and (x,IR? IR) are interval extensions of (+,R? R)

and (x,R2, R), respectively, and they are inclusion monotonic on IR?.

Proof. Clearly, IR? is an interval extension of R?. For any x € X and y € Y, [z, 2] +

y,yl = [v +y,v+y| and [z,z][y,y] = [min(xy, vy, 2y, vy), max(zy, vy, vy, vy)] =

[zy, zy]. For inclusion monotonicity, see [125], §3.3. O

Of course, the previous theorem implies that (4,IR?* IR) and (x,IR? IR) are
inclusion functions for (+, R, R) and (x,R? R) on IR?. In particular, for any X,Y €
IR", we have z +y € X +Y and 2y € XY, for all z € X and y € Y. Furthermore,
Lemma 2.3.5 implies that these functions may be composed to conclude, for example,
that v +xy € X4+ XY, forallz € X and y € Y. Our aim is to extend this recursion
to arbitrary £-computational sequences. However, the ability to do so depends on L.

In particular, it requires the following.

Assumption 2.3.8. For every (u, B,R) € L, an interval extension (u,IB,IR) is
known and can be evaluated computationally. Furthermore, this interval extension is

inclusion monotonic on IB.

Remark 2.3.9. In the assumption above, the notation u is used to denote both
the original univariate function and its interval extension. The ambiguity in this
convention is removed by specifying the domain and codomain of the function, which
is the purpose of using the triplet notation for functions throughout this chapter.
Overloading the notation u in this manner has the advantage that we may write, for
example, exp(X) for some X € IR directly, without defining additional notation for

the interval extension of the exponential.

Interval extensions for a wide variety of univariate functions are compiled in §2.8.

Note that there is no need to define interval subtraction and division explicitly, since
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these operations can be achieved by combining addition and multiplication with uni-
variate negative and reciprocal functions.

Suppose Assumption 2.3.8 holds and (S, 7,) is a L-computational sequence. Then,
to any element ((og, By, R), (m, R¥=1 R%)) of S, there corresponds an inclusion mono-
tonic interval extension (oy,IBy,IR). Further, the functions (m, IR*™' IR?) (or
(5, IRF~' TR)) may be defined in the natural way, so that for example (V) =
(Vi, V;) if mi(v) = (v;,v;). Then, the natural interval extension of (S,7,) is defined

as follows.

Definition 2.3.10. For every L-computational sequence (S, 7,), with n; inputs and

n, outputs, define the sequence of inclusion factors {(Vy, Dy, IR)}, ., where
1. Forallk=1,...,n;, Op = IR™ and Vk(X) = X, VX € Dy,

2. Forall k =n; + 1,.. Ny, Dy = {X € Dp_1: Wko(‘/i(X),. . .,Vk_l(X)) c I[Bk}
and Vi(X) = o om0 (Vi(X),...,Vi1(X)), VX € Dy.

The natural interval extension of (S,7,) is the function (Fs,®gs,IR"™) defined by
Ds =D, and F5(X) = 7,0 (Vi(X), ..., V,, (X)), VX € Ds.

ny
Theorem 2.3.11. Let (S,7,) be a L-computational sequence with natural function

(fs, Ds,R"™). The natural interval extension (Fs,®gs,IR™) is an interval extension

of (fs, Ds,R"™), and is inclusion monotonic on Ds.

Proof. Consider the sequence of factors {(vy, Di, R)},., and the sequence of inclusion
factors {(Vi, Dy, IR)},”,. Choose any K € {1,...,n;} and suppose that (V;, Dy, IR)
is an interval extension of (vg, Di,R), and inclusion monotonic on @y, for all k& €
{1,..., K —1}. If K < n;+ 1, this is true because, for any k < K, ©; = IR" is
an interval extension of Dy = R™  Vi([x,x]) = [z, zx] = [vp(X), vk(x)], and V} is
trivially inclusion monotonic on TR™.

Now, (v1,...,vx_1) is a well-defined mapping from Dy _; into RE=1. By the

inductive hypothesis, (Vi,...,Vx_1), as a mapping from Dg_; into IR is an in-
terval extension of (v1,...,vx_1), and is inclusion monotonic on Dy ;. It follows
that 7m0 (V4,..., Vk_1) is an interval extension of 7y o (vq,...,vx_1), and is inclusion
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monotonic on g _1. By Theorem 2.3.7 and Assumption 2.3.8, (ox, Bk, IR) is an
interval extension of (o, Bk, R), and is inclusion monotonic on IBg. Then, Lemma
2.3.5 shows that (Vi, Dk, IR) is an interval extension of (vg, Dk, R), and it is inclu-
sion monotonic on D . By induction, this holds for every K € {1,...,n}, and the

theorem follows from the definition of (Fs, ®g, IR"). O

Ideally, ®s should contain all of IDg, so that for any X € [Dg the natural
interval extension provides an interval enclosure of the image of X under f. From
Definition 2.3.10, it is clear that ®s will only fail to be the whole of 1Dg if, for some
X € IDg, a domain violation occurs when evaluating the interval extension of some
univariate function in the computational sequence. Even though fs is well-defined on
Dg, this is possible because the value of an inclusion factor Vi (X) may overestimate
the image of X under the corresponding factor v,. However, Definition 2.3.10 and

inclusion monotonicity of the inclusion factors immediately imply the following useful

property.

Lemma 2.3.12. Let (S,7,) be a L-computational sequence with natural interval ez-

tension (Fs,®gs,IR™). For any X € IR", X € Dg implies that I1X C Ds.

Definition 2.3.13. Let f : D C R” — R™ be a L-factorable function. Then, for any
L-computational sequence describing f, the natural interval extension (Fs,®s, IR™)

is called a natural interval extension of f.

It is apparent from Theorem 2.3.11 that a natural interval extension of a L-
factorable function is indeed an interval extension, and is inclusion monotonic on ®g.
More importantly, it is an inclusion function for f on ®s NID. Moving forward, the

notation ([f], ®,IR™) will be used to denote a natural interval extension of (f, D, R™).

Example 2.3.1. Consider again the function (2.1), and the computational sequence
discussed in Example 2.2.1. Interval extensions of all of the univariate functions
involved in this sequence are known and in fact quite intuitive. Consider computing
an enclosure of the range of this function on the interval X; x X, = [—1,3] x [.4, 1].

To do this using the natural interval extension, the sequence of inclusion factors is
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evaluated as follows:

Vi(Xy, Xp) = Xy = [-1,3],

Va(X1, Xp) = Xo = [4,1],

V3( X1, Xo) = 10V4 (X7, X5) = 10[-1, 3] = [-10, 30],

Vi(X1, X2) = (Vi(X1, X2))? = [-1,3] = [0,9],

V5(X1, Xa) = exp(Va(X1, X)) = exp([.4,1]) = [exp(.4), ],

Vo(X1, X2) = Vi(X1, X2) X V5(X1, X3) = [0, 9][exp(.4), €] = [0, 9e],

Va(X1, Xa) = Va(X1, Xo) + Vi(X1, Xa) = [=10,30] + [0,9¢] = [~10,30 + 9¢],
F(X1, X3) = V(X1 X3) = [10, 54.5].

By Theorem 2.3.1 and Lemma 2.3.5, it is now guaranteed that the value of (2.1) lies
in interval [—10,54.5], for any (x,z2) € [—1,3] x [.4,1].

From the previous example, it should be clear that computing natural interval
extensions is easily automatable, and hardly more computationally demanding than
executing the same sequence of computations in real arithmetic. Many libraries are
available for computing interval extensions automatically using the operator over-
loading functionality of object oriented programming languages such as C++ (Pro-
fil: http://www.ti3.tu-harburg.de/keil/profil/index_e.html; Boost: http://
www.boost .org/doc/1ibs/1_37_0/libs/numeric/interval/doc/interval.htm).

The price that one pays for the efficiency and simplicity of interval arithmetic is
that it often provides very conservative enclosures. Essentially, this is because the
procedure is memoryless; the interval addition defining V7 in example 2.3.1 takes
no account of the fact that both V3 and Vi depend on X, so that v3 and vg may
not vary within V3 and Vj independently. This well-known shortcoming is termed the
dependency problem. On the other hand, the interval arithmetic operations, and hence
natural interval extensions under appropriate assumptions on £, have the property
that the computed interval bound becomes less conservative as the input interval is

decreased in width [125].
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2.4 McCormick Analysis

In this section, we begin the development of McCormick’s relaxation technique, which
is completed in Sections 2.6 and 2.7. McCormick’s technique provides a means to
compute convex and concave relaxations of L-factorable functions. Let D C R"™ be
convex. A vector function g : D — R™ is called convex if each component is convex;

g(Ax) + (1 = A)xg) < Ag(x1) + (1 = N)g(xa), V(A x1,%2) €[0,1] x D x D,

and it is called concave if the opposite (weak) inequality holds.

Definition 2.4.1. Let D be a convex set in R™ and f : D — R™. A function
f<v . D — R™ is a convex relaxation, or convexr underestimator, of £ on D if £ is
convex on D and f®(x) < f(x), Vx € D. Similarly, a function f* : D — R™ is a

concave relaxation, or concave overestimator, of £ on D if f°¢ is concave on D and

fee(x) > f(x), Vx € D.

Suppose f : D — R is L-factorable with the £-computational sequence (S, ,),
S = {((uk, B, R), (mp,, RETL RH%)) L7 and the sequence of factors { (vg, Dy, R) },2 .
McCormick’s relaxation technique can be thought of as computing a natural relaxation
similar to the natural interval extension of the previous section. When evaluating the
natural interval extension of f on X, the interval X is taken as input and an inter-
val Vi (X) is computed for each factor vy sequentially. In particular, this is done by
interval versions of each operation o, taking intervals as inputs and returning inter-
vals as outputs. Thus, in the evaluation of the interval extension, the basic unit of
information passed from one operation to the next is the interval. In contrast, Mc-
Cormick’s procedure takes an interval X and a point x € X as input, and associates
to each factor an interval Vi (X) and two additional numbers v*(X, x) and v*°( X, x).
The interpretation of the interval is the same; it encloses the image of X under vy.

The numbers v’ (X, x) and v°“(X, x), respectively, represent the values of convex and

concave relaxations of vy on X evaluated at x. In effect, what is required for Mc-
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Cormick’s procedure is that each operation o; can be replaced with a mapping that
takes an interval, as well as two relaxation values, as input, and returns the same as
output. Thus, there is a direct analogy between McCormick’s relaxation technique
and interval arithmetic. However, the basic unit of information is more complex. It

is the element of the set
MR" = {(Z5,Z°) € IR" x IR" : ZB n Z% # (}. (2.3)

Elements of MIR" are denoted by script capitals, Z € MR". For any such Z, the
notations Z2, Z¢ € IR and (z*,zY, 2%, z°°) € R" will commonly be used to denote
the intervals and vectors satisfying Z = (2%, Z°) = ([z*, 2Y], [2*, z*)).

The representation of the relaxation values z® and z° as an interval of course
imposes the basic requirement that z® < z“, which is natural given the interpretation
above. The further requirement that Z? N Z¢ be nonempty is also natural since the
interval bounds Z? and the relaxation values Z¢ are intended to bound the same
value. Some desirable properties of McCormick’s relaxation procedure will further
require that one works with objects for which z<,z° € ZP. Therefore, we make the

following definitions.

Definition 2.4.2. Z € MR" is called proper if Z¢ C ZB. The set of all proper
elements of MIR" is denoted MR

prop*

Definition 2.4.3. The function Cut : MIR" — MIR” is defined by

prop

Cut(2)=(ZP,Z2%n 2%, VZec MR" (2.4)

Definition 2.4.4. For any z € R", the element ([z,z], [z,z]) € MIR" is called degen-

erate.

Unlike elements of IR, elements of MR are not subsets of R, though it will be
useful to interpret them as such. To do so unambiguously, we define the enclosure

function.
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Definition 2.4.5. The function Enc : MIR" — IR" is defined by
Enc(2)=2zPn2Z° VZec MR (2.5)

According to the previous definition, the notation z € Enc(Z) in well-defined,
while z € Z is not. On the other hand, as elements of IR" x IR", elements of
MIR"™ are subsets of R” x R™, and the inclusion relation for Z;, Z, € MR" is defined

accordingly.

Definition 2.4.6. For any Z,, Z, € MR", the inclusion Z; C Z; holds if and only if
7B c Z8 and Z¢ c Z§.

As with intervals, the set MIR"*™ can be defined analogously to MIR"; A € MIR™*™
has elements A;; € MR, foralli € {1,...,n}and j € {1,...,m}. Forany D C R", let
MD denote the set {Z € MR" : ZP c D}. This notation is also used for D C R™*™,

In what follows, McCormick’s technique is formalized by defining operations on
MR", leading to a relazation function analogous to the inclusion function of interval
analysis. This presentation is not standard. However, the resulting method is equiv-
alent and there are numerous advantages. First, the notation is much more compact
and bears a direct relationship with the standard computational implementation of
the method. Second, more precise statements of certain properties are achieved. Fi-
nally, the construction of the generalized McCormick relaxations presented in §2.7

becomes evident and is achieved with minimal additional effort.

2.4.1 Relaxation Functions and McCormick Extensions

By analogy to the inclusion function of §2.3.1, the relazation function is defined
here as the fundamental object that we wish to compute for a given function f :
D — R™. As described above, McCormick’s technique takes an interval X € 1D
and a point x € X as input and returns an interval F(X) and relaxation values
fr(X,x) as f(X,x) as output. Accordingly, it is sensible to define our notion of

a relaxation function as a mapping F : ID x D — MR", with some appropriate
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convexity and enclosure properties. Of course, the interpretation of the output is
F(X,x) = (F(X),[f"(X,x),f“(X,x)]). However, a much more useful object is
the mapping F : MD — MR". The same interpretation can be recovered using
arguments of the form X = (X, [x,x]). At the same time, more general inputs are
allowed, which leads directly to the notion of a generalized McCormick relaxation. In
particular, mappings of this form are composable.

Relaxation functions are defined below, after some preliminary concepts are in-

troduced.

Definition 2.4.7. Let X', € MR". X and Y are coherent, or X is coherent to
V,if XB =YB. Aset DC MR" is closed under coherence if, for every coherent
X, Y € MR", X € D implies Y € D. If D is closed under coherence, then ) € TR"
is said to be represented in D if there exists X € D with X? = Q. A function
F : D — MR™ is coherent if D is closed under coherence and F(X') is coherent to
F(Y) for every coherent X,) € D.

It is easy to see that any set of the form MD, with D C R”, is closed under
coherence, and any () € ID is represented in MD. In order to impose an appropriate
convexity /concavity condition on relaxation functions, it is necessary to define convex
combinations of coherent elements of MIR". Unfortunately, the addition and scalar
multiplication operations on MR", defined in the next section, are not suitable for
this task because these operations are designed to propagate relaxation information,
not to act as vector space operations. Therefore, for any coherent X;, Xy € MIR" with

common interval part (), we define
Conv(\, Xy, X)) = (Q,AXC 4+ (1 - N)XS), VYAeo,1].

Note in particular that Conv(\, X7, Xs) is coherent to both X} and A5, so that A, A €
D implies that Conv(\, X}, Xy) € D for any D that is closed under coherence.

Definition 2.4.8. A function F : D — MR™ is coherently concave on D if it is
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coherent and, for every coherent &, X5 € D,

f(COHV()\,Xl,XQ)) D) COHV()\,F(Xl),F(XQ)), VA e [O, 1]

Remark 2.4.9. In the previous definition, the term coherently concave is used instead
of coherently convex because of the direction of the required inclusion. If MIR" were
a vector space and one considered the partial ordering imposed by the inclusion
relation (i.e., <=C and >=D), then a definition of concavity through the inclusion
above would be consistent with the standard definition of concavity on a vector space.
As mentioned above, MIR" is not a vector space, but we choose the term concave

nonetheless.

Definition 2.4.10. Let f : D € R* — R™. A mapping F : D — MR"™ is a
relaxation function for f on D if it is coherently concave on D, and every X € D

satisfies, f(x) € Enc(F(X)), Vx € Enc(X).

The following lemma shows that this definition indeed provides convex and con-

cave relaxations of f. It uses the notation F(X) = (FB(X), [f(X), f(X)]).

Lemma 2.4.11. Let f : D C R*™ — R™ and let F : D — MR"™ be a relaxation
function for £ on D. For any X € 1D that is represented in D, define the functions
UO: X -R™ by

Ux) =X, [x,x])) and O(x)=f“((X,[x,x])) (2.6)

forallx € X. ThenU is convex on X, O is concave on X, and U(x) < f(x) < O(x),
Vx € X.

Proof. Choose any x € X. Since D is closed under coherence, (X, [x,x]) € D for all
x € X. Noting that x € Enc((X, [x,x])), it follows that f(x) € Enc(F((X, [x,x]))).
In particular, U(x) = £f((X, [x,x])) < f(x) < f((X, [x,x])) = O(x).
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Choose any x1,Xs € X and any A € [0,1]. Then

F(Conv(A,(X, [x1,%1]), (X, [x2,X2])))
D Conv (A, F((X, [x1,x1])), F((X, [x2,%2]))).

In particular

UAx1 + (1 = N)xa) = FU((X, [Ax1 + (1 — N)x2, Ax1 + (1 — A)x3])),
< MU, [x1,xa]) + (1= DEY((X, [x2,%2])),
= NA(x1) + (1 = MU (x2).

Concavity of O follows analogously. O

As with inclusion functions, the enclosure property of a relaxation function will
be achieved through a simpler construction, the McCormick extension, with the help

of a monotonicity property.

Definition 2.4.12. Let D C R*. A set D C MR" is a McCormick extension of
D if every x € D satisfies ([x,x],[x,x]) € D. Let f : D — R™. A mapping
F : D — MR™ is an McCormick extension of £ if D is a McCormick extension

of D, and F(([x,x], [x,x))) = ([f(x), £(x)], [f(x). £(x)]), Vx € D.
Note that, for any D C R", MID is a McCormick extension of D.

Definition 2.4.13. Let F : D ¢ MR" — MR™. F is inclusion monotonic on D if
X CAXy = f(Xl) C f()(g), VX, Xy € D.

Theorem 2.4.14. Let f : D C R" — R™ and let F : D — MR™ be a McCormick
extension of £. If F s inclusion monotonic on D N MD, then every X € DN MD
satisfies f(x) € Enc(F (X)), Vx € Enc(X).

Proof. Choose any X € DN MD and any x € Enc(X). Then x € X® C D and
hence ([x,x],[x,x]) € D and F(([x,x], [x,x])) = ([f(x), f(x)], [f(x),f(x)]). Then, by
inclusion monotonicity, f(x) € Enc(F(([x,x], [x,x]))) C Enc(F(X)). O
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The following composition results are useful for constructing relaxation functions

for complex functions from those of simpler functions.

Lemma 2.4.15. Let D; C MR" and Dy C MR™ be closed under coherence, and let
Fi: Dy — MR™ and Fy : Dy — MRF pe coherently concave and inclusion monotonic
on Dy and Ds, respectively. Then the set Dig = {X € Dy : Fi1(X) € Dy} is closed

under coherence and Fo o Fi is coherently concave and inclusion monotonic on Dis.

Proof. Let X, € MR" be coherent and suppose that X € Dy5. To show that Diq
is closed under coherence, it is shown that ) € Diy. Since X is in Dio, it is also in
D, and since D is closed under coherence, Y € D;. Since F; is coherently concave,
Fi(X) and Fi(Y) are coherent. But Fi(X) € Dy because X € Do, and hence
Fi1(Y) € Dy because Dy is closed under coherence. Then, by definition, Y € Dis, so
D15 is closed under coherence.

Choose any A € [0,1]. Because F; is coherently concave,

Fi(Conv(A, X,Y)) D Conv(\, Fi(X), Fi()), (2.7)

and F1(X) and F;()) are coherent. Because F is coherently concave,

fQ(COHV()\, fl(X), fl (y))) D) COHV()\, fg(fl()()), fQ(fl (y))) (28)

and Fo(F1 (X)) and Fo(F1(Y)) are coherent. Since F;(Conv(A, X,))) is coherent to
Fi(X), it is an element of D,. Since, F» is inclusion monotonic on Dy, combining

(2.7) and (2.8) shows that

Fo(F1(Conv(A, X,Y))) D Conv(A, Fo(F1 (X)), Fo(Fi(Y))), (2.9)

which shows that F, o F; is coherently concave on Ds.

It remains to show that F5 o F; is inclusion monotonic on Dis. Choose any
X,Y € Dyy such that X € Y. Then F(X) C Fi(Y), and both are elements of Ds,
so that Fo(F1 (X)) C Fao(Fi(Y)). O
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Remark 2.4.16. Note that only inclusion monotonicity of F, was required to recover
coherent concavity of the composition Fyo0F;. This is analogous to standard composi-
tion results for convex and concave functions, where one must assume a monotonicity

property for the outer function.

Lemma 2.4.17. Let f, : D; C R® — R™ and f, : Dy C R™ — RF, and define
Dy = {x € Dy : fi(x) € Dy}. Let Fy : D1 — MR™ and F» : Dy — MRF be
McCormick extensions of f; and fy, respectively. Then Do = {X € Dy : F1(X) € Do}
is a McCormick extension of Dia, and (Fyo Fi, Dis, MR'“) 18 a McCormick extension

Of (fQ o f17 Dlg, Rk)

Proof. First it is shown that x € D; implies ([x,x], [x,x]) € Dyy. For any x €
D5, x € D; implies that ([x,x],[x,x]) € D; because D; is a McCormick ex-
tension of D;. Because F; is a McCormick extension of f, Fi([x,x],[x,x]) =
([f1(x), f1(x)], [f1(x), fi(x)]). Since x € Di2, we have fi(x) € Do, which implies that
Fi([x,x], [x,x]) € Dy because D, is a McCormick extension of D,. By definition, this
implies that ([x,x], [x,x]) € Dis.

To show that (Fz o Fq, Dss, I\\/JIRk) is a McCormick extension of (f, o f;, Dip, R¥),
choose any x € Dyy. Since Di5 is a McCormick extension of D, ([x, X], [%,X]) € Dia.

Then,

Fa(Fr([x, %], [x,%]))) = Fo(([fi(x), fi (x)], [fa(x), £1.(x)])),
= ([f(fi(x)), f2(f1(x))], [f2(f1(x)), £2(F1 (x))])-

2.4.2 McCormick Arithmetic and the Natural McCormick

Extension

In this section, the basic operations defining L-factorable functions are extended to
MIR. Aside from some minor differences discussed below, these extensions are the

addition, multiplication and composition rules of McCormick’s original work [118].
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Definition 2.4.18. Define (+, MR?* MR) by
+HXY) =X +Y=(XP+Y? (XN X))+ (YPNnY")). (2.10)

In the following results, it is shown that (4+, MR? MR) is a McCormick extension

of (+,R? R), and is coherently concave and inclusion monotonic on MR?,

Theorem 2.4.19. For any coherent X1, Xy € MIR" with common interval part Q,
QNAXE+ 1 =NXD)DOMQN XY+ (1 -N)(QNXS), Vrelo,1].

Proof. Letting Q = [¢", qV], it suffices to show that

max(qL, Az’ 4 (1= N)zg’) < A max(qL, )+ (1= X) max(qL, x5,

min(¢¥, Az + (1 — N)z5°) > Amin(q¥, 25°) + (1 — A) min(¢¥, 5%).

But this follows directly from the fact that max(g”,-) and min(¢Y,-) are convex and

concave on R, respectively. O

Theorem 2.4.20. (+, MR?* MR) is a McCormick extension of (+,R? R). Further-

more, it is coherently concave and inclusion monotonic on MR?.

Proof. MIR? is clearly a McCormick extension of R?, and for any (z,y) € R?,

([, 2], [z, 2]) + ([y, ¥, [y, y]) = ([z, 2] + [y, ], [z, 2] + [y, y]), (2.11)

= (z+y, 24y [z+y z+7). (2.12)

To show that (4, MR? MR) is inclusion monotonic, let (X1, ))), (Xs, Vs) € MR?
and suppose that Xy C X} and Y, C V;. Then Xy + Vo = ([XZ + V2], [(XP N XE) +
(P OYO))  (XF + YL I(XE N XE) + (VP N YO)) = & + D,

It remains to show that (+, MR? MR) is coherently concave on MR? Clearly,
MR? is closed under coherence. Choose any coherent (X}, ), (Xs, Vo) € MR? and
let ) x R denote their common interval part. It is clear that Z; = &} + ); and
2y = Xy + Y, are coherent with interval @ + R. Choose any A € [0,1] and define
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X = Conv(\, X, As), Yy = Conv(\, V1, )s), and Z=X+Y. Then, using Theorem
2.4.19,

7 =QNX) + (RNYY), (2.13)
= (QN XY + (1 =X)X5) + (RNAY + (1= N)Yy)), (2.14)
SAQNX)+1 - NQNX)+AMRNYD)+ (1= N(RNYS), (2.15)
=AM @NXT)+(@QNY)] + (1 =X [(RNXF) + (RNYy)], (2.16)
=\Z% 4+ (1 =N Z§. (2.17)
It follows that Z D Conv(\, Z,, Z5), which is the desired result. O

Definition 2.4.21. Define (x, MR?* MR) by
x(X,)) = XY = (XPY?B, [z, %)), (2.18)

where

2 = max ([yA X7 + o1V — by )" [V RO 12V =) 2a9)
2 = min ([ X + 2"V — ytal]" VRO 4ty = yPet]T) L (220)

and X = Cut(X) and Y = Cut()).

In the previous definition, the algebraic expressions in square brackets evaluate
to intervals, and the superscript L or U indicates the lower or upper bound of that
interval, respectively. This definition is based on the convex and concave envelopes

of the bilinear term zy on the intervals X? and Y2, given by
L.L U

max(yL:B + oty —ylal yYz + 2Vy — yU:)sU)

< zy <min(y 'z + 2%y — y"2¥ yYs + 2y — yUa").

From this, it is simple to show that 2 < 2%, 2z < 2V and 2* < 2°°, so that X is

indeed an element of MR.
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The notation above is not typically used to define McCormick multiplication.

However, expanding 2, for example, gives

2% = max([y" X¢ + oYY — 2l )l [V XC + 2VY 9 — 2UyY)h), (2.21)
= max([yEXC]L + [eLV )P — 2ty [V XO)E + 2V P EIE — aUyY),
= max(min(y“z%, y*z°) + min(z*g*, 245°) — xly",
min(yUz, yU7%) + min(zU5*, 2U5%) — 2VyV).
Readers familiar with the standard definition will now see that the definition above
is equivalent, with the exception that the Cut operation is not applied to X and )
in McCormick’s original work [118]. Note also that this operation also appears in
the definition of (+, MR?* MR) (written out explicitly in this case), though not in
McCormick’s original definition. In general, this step potentially makes the results of
these operations sharper. It also makes X and ) proper, which has important con-
sequences for the inclusion monotonicity of McCormick multiplication, as discussed

below.
Theorem 2.4.22. (x, MR? MR) is a McCormick extension of (x,R? R).

Proof. Let (z,y) € MR?. Multiplying ([z, ], [z, z]) and ([y, ], [y, y]) as per Definition

2.4.21, the conclusion follows from the observations

2 = max([y[z, =] + [y, y] — zy)", [y[z, 2] + zly, y] — 2y]") = 2y,

2 = min([y[z, 2] + 2y, y] — 2y)”, [y[z, 2] + z[y, y] — 2y]") = 2y.

Theorem 2.4.23. (x, MR? MR) is inclusion monotonic on MR,

Proof. Let X1, V1, X5, Vs € MR and suppose that Xy C X} and Yy C V. It follows
that X2 ¢ XB, Y,B c Y, X§ € XF and Y C Y. By Theorem 2.3.7, X2V} C

XByB. Tt remains to show that [25%, 25°] C [2£, 2], where 2§, 25¢, 2V and 2{¢ are
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defined as in Definition 2.4.21. It will be shown that

2" = max([yf X{ + a1V — afyl", WV X7 + 2V — 2Vyl]"),
< max([yy X5 + 21Yy — ayy]”, [yf X5 + 27V — 2a¥yl]h),
< max([yy X5 + 23Yy — abyy )", [ys X5 + 23 V5 — afyd]"),

__ v
= Z9 .

The proof that z{® > 25 is analogous. In general, max(a,b) < max(a’,0') if a < o

and b < ¥. It will be shown that

[ X7+ 2 Y —aryl]" < e XS+ arYy — atyr]” (2.22)

< [ys X§ + 25 VY — ahyy)”.

The remaining inequality is proven analogously. The first inequality in (2.22) follows
directly by inclusion monotonicity of interval multiplication and addition, and the
fact that X¢ D X{ and Y\© D Y,F. Consider the second inequality in (2.22). First,

it is shown that

lyr X3 +arYy —ayyr]” = [y (X5 — o)) + 27Y5 )", (2.23)
= [yr (X3 —ap)]" + [2Y5 )", (2.24)
< [y (X3 —ay))" + [ V5 ]" (2.25)

Since X§ C X2 c XP, the interval (X{ — 2F) contains no negative elements. Since

yb <yl it follows that [yF (XS —2P)E < [yl (XS —2F)]E, which implies the inequality
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above. Then, using an identical argument,

[y X5 + a1 Yy — abyl] < [ys (X5 — af) + 21 YS)5, (2.26)

= [ Xy + Yy —yyar]”, (2:27)

= [y X5 + a2t (Vs — )", (2.28)

<[ X3 + a3 (Y - )l (2.29)

= [y Xy + a3y — 2] (2.30)

This proves the second inequality in (2.22). O

Theorem 2.4.24. (x,MR? MR) is coherently concave on MR?.

Proof. Choose any coherent (X;,))), (Xs,)s) € MR? with common interval part
@ x R. It is clear that X1); and AX5), are coherent with common interval part QR.
Choose any A € [0,1] and let X = Conv(\, Xy, X3) and Y = Conv(\, V1, )s). By
Lemma 2.4.19, AXC + (1 = M) XS € (QNX%) and A\YC + (1 = \)YE € (RNYO). Tt
follows that

ArXC 4+ (1= MrXS cr(@nX©), (2.31)

MYE 4+ (1= MY cr(RNYC), (2.32)
for any r € R. Then

Y (QNX) + 2" (RNYY) - yrat]"
= QN X" + [ (RNY ) -yt
< PWEXT + (1= NyPXE]E A+ et 4 (1= Nt - ytat
= Ay XTTE+ (1= M XS]+ Az Y01 + (1= N[y ]F = et
= M[y"XT)E + YO + (1= N (" XS] + [P Y)R) — yhat,

= A" X{ + 2"V —y"2")") + (1= (" X5 + 2"V —ytat]h).
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By an analogous sequence of manipulations it can be shown that

B (QNX) +2Y(RNYY) —y )"

< My XY + 2"V =y ") + (1= N (WU XS + 2V - Ve,
By convexity of max on R?, it follows that

max([y"(Q N X9) + 2" (RNY) —y* """ (@ N X) + 2" (RN YY) — y"a"]h)

< max(A([y"X{ + 2"V —yPa"h) + (1= N (" X5 + 2"V = yhah)h),
Ay XY + 2"V — 2" + (1= N(y" X5 + 27y —yY2"]h)),

< dmax([y" X{ + 2"V =yt U XY + 27V — 2]

+ (1= N max([y"X§ + 'Yy — yral b, [y XS + VY — yVal)h).

Letting 2", 25" and 2° be as in Definition 2.4.21, this last inequality is exactly
2 < A28+ (1—X)25, and an analogous argument shows that 2°¢ > Az + (1 — \)z5°.

Combined, these imply that Z€ > AZC + (1 — \) Z§. O

By Theorem 2.4.14, it has now been established that the functions (+, MR? MR)
and (x,MR?* MR) are relaxation functions for (+,R? R) and (x,R? R) on MR?,
respectively, and are moreover inclusion monotonic there. It should be noted that
(x,MR? MR) can be proven to be a relaxation function (x, R% R) on MR? directly,
without first showing inclusion monotonicity. This is the standard development, in
particular because (x, MR?* MR) is not inclusion monotonic without the use of the

Cut operation in Definition 2.4.21. This is demonstrated by the following example.

Example 2.4.1. Let &} = Y, = ([-1,1],[-3,1]) and X, = Y, = ([0.7,1],[-2.5,1]),
and note that Xy C A} and ), C Y;. Despite these inclusion, it will be shown that
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XoVo & X1, if the Cut operations are not used in Definition 2.4.21. Let

cv — L L
21" = max ([ylLXIC +27YC — l'fyﬂ ) [?J?Xf +a2{ Y - x[ljyﬂ )

— max ([(—1)[—3, 1+ (=1)[=3,1] — (=1)(=1)]",

cv —

257 = max ([yE XS + oV — abyb]", [y XS + a§vE — afyf]")
[(0.7)[=2.5,1] 4 (0.7)[=2.5,1] — (0.7)(0.7)]",
()=25,1] + (1)[-25,1] - ()W)

— max ([[—1.75, 0.7] + [~1.75,0.7] — 0.49" , [~2.5,1] + [~2.5,1] — 1]L> ,

e N

= Imax

= max ([[-3.5, 14 - 0.49]" (5,2 - 1]*)

= max (—3.99, —6) = —3.99.

With these definitions, 25" < 2{", so that inclusion monotonicity is violated.

Since (X,MRQ,MR) has been proven to be inclusion monotonic when the Cut
operation is used, but not otherwise, it follows that it is inclusion monotonic on

MR,op in either case. However, one cannot rely on always operating on MR,,. In

2

the next example, it is shown that (X,I\\/JIRpmp,

MR) itself may produce elements of
MR that are not proper. That is, MR, is not closed under multiplication.

Example 2.4.2. Let X =Y = ([-1,1],[-1,1]). Clearly, X,y € MR,,,,. Using the
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notation of Definition 2.4.21,

[ LXC + :L’LYC LyL]L’ [yUXC + :L’UYC o ZL’UyU]L),

ax(
max([[=1,1] + [-1, 1] = (=) (=1, [, 1] + [-1,1] = (1)(1)]"),
(
(

= max([[~2,2] — 1], [[~2,2] — 1]4).
= max([—3, 1]%, [-3, 1)),

= —3.

But ZP = [-1,1] x [-1,1] = [-1,1]. Therefore, XY ¢ MR ,p.

We now define the univariate functions in £ on MIR. The key contribution of Mc-
Cormick’s original work is the McCormick composition rule, which essentially shows
how an inclusion monotonic relaxation function (u, MI[B, MIR) can be constructed for
any (u, B,R) € L, provided that convex and concave relaxations for v can be com-

puted over a given interval X.

Assumption 2.4.25. For every (u, B,R) € £, functions u®,u : B — R, where
B={(X,z) €IB x B:x € X}, and 2™® 7 : [B — R are known such that

1. For every X € IB, u®(X,-) and u*(X, -) are convex and concave relaxations of

u on X, respectively.

2. 2™(X) and 2™*(X) are a minimum of v(X,-) on X and a maximum of

u(X,-) on X, respectively.

3. For any X, X, € IR with Xy, C Xj, u® (X, z) < u®(Xo,z) and u®(Xy,z) >
u( Xy, z) for all z € X,.

4. u([z, x], x) = u“([z, z], z) for every z € B.

Appropriate definitions of u®, ¢, ™™ and 2™ are compiled for many univariate
functions in §2.8. In most cases, it is simple to formulate the convex and concave
envelopes of univariate functions. When these are used, Conditions 1, 3 and 4 of

Assumption 2.4.25 hold by definition.
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McCormick’s composition rule now defines relaxation functions for the elements

of L as follows.

Definition 2.4.26. For every (u, B,R) € L, define (u, MB, MR) by

u(X) = (u(XB), [uC”(XB,mid(xw,:ccc,:cmin(XB))),
UCC(XB, mid(:zc”, ZE'CC, ImaX(XB)))} )’
where u(X?) is the value of (u,1B,IR) at X5.

Note that X € MB implies that either 2 € X? or z € X, or both. By
definition x™"(XB) zmax(XB) € X5 so that, in both uses of the mid function above,
at least two of the three arguments lie in X Z. It follows that the mid function chooses

an element of X® and hence of B, in both cases, so that u(X) is well-defined.
Theorem 2.4.27. (u,MB,MR) is a McCormick extension of (u, B,R).

Proof. Choose any © € B. By Assumption 2.3.8, u([z,z]) = [u(z),u(z)], and by
Conditions 1 and 4 of Assumption 2.4.25, u®’([z, z|, ) = u*([z, z], x) = u(x). O

Proving inclusion monotonicity requires the following lemma.

Lemma 2.4.28. Suppose g is a convex function on an interval [x¥, 2Y] C R and g

attains its infimum at ™ € [z¥ 2Y]. Then g is monotone decreasing on [xt, z™]
and monotone increasing on [x™" zV]. Similarly, if g is concave on [z¥ zY] and
attains its supremum at x™> € [z 2], then g is monotone increasing on [z, 2™]
and monotone decreasing on [x™* zY].

Proof. The proof is elementary. O

Theorem 2.4.29. (u, MB,MR) is inclusion monotonic on MB.

Proof. Let X;, Xy € MB, suppose that Xy C &7, and let Z; = u(X;) and 25 = u(Ay).
By Assumption 2.3.8, it suffices to show that [25", 25¢] C [2{", 2{¢]. It will be shown

that z{" < 25”. The proof that 2{° > 2{° is analogous.
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Denote h™1(X;) = mid(z$?, z5¢, 2™™(XP)), i € {1,2}. To show that 25 < 25% It

7 2V

will be shown that
u (X () < u(XT RN A)) < u (XS (). (2.33)

It was argued above that h™"(X;) € XP and h™n(X,) € XP. Since XP c X8, it
follows that h™"(X,) € XP, and hence the second inequality in (2.33) follows from
Condition 3 of Assumption 2.4.25. It remains to show the first.

By definition, z™®(XP) is a minimum of u®(XPZ ) on XB. If h™n(X)) =
7™ (XP), then the first inequality in (2.33) must be satisfied because h™"(X,) € XP.

Suppose h™*(X;) = z{. The definition of the mid function and the fact that z§* <
2¢¢ require that z™(XB) < 2 < 2%, so h™B(AX)) is to the right of z™*(X5). Since
u(XEB,.) is convex on X¥, it is monotonically increasing to the right of x™n(XP5)
by Lemma 2.4.28. But z{* < 25 < x5, so if ™ (Xy) is 25 or x5, then the first
inequality in (2.33) holds. Further, if h™"(X,) = 2™®(XF), the definition of the mid
function requires that z5? < 2™ (XP) < 25¢, so 2™*(X2) is to the right of h™1(X))
and the first inequality in (2.33) still holds.

Now suppose that A™"(X;) = x$°. The definition of the mid function and the fact
that 2§ < 25° require that 2™8(XPB) > 25 > 2, so h™1 (X)) is now to the left of
™ (X P). By the convexity of u®(XP, ), it is monotonically decreasing to the left
of ™1 (XP) by Lemma 2.4.28. But, by hypothesis, ¢ > x5¢ > x5, so if A™P(X,) is
s or 5, then the first inequality in (2.33) holds. Further, if A™(X) = 2™ (X0),
the definition of the mid function requires that z§? < z™(XB) < 25¢, so ™1 (XP)

is to the left of h™™(X;) and the first inequality in (2.33) still holds. O
Theorem 2.4.30. (u, MB,MR) is coherently concave on MB.

Proof. Choose any coherent Xy, Xy € MB with common interval part @), any A € [0, 1]
and let X = Conv(\, X1, X). Let 2, = u(Xy), 25 = u(X,) and Z = w(X). It will
be shown that 2¢ < Azf’ 4+ (1 — A\)25". The proof that 2°¢ > Az{¢ + (1 — X)z5° is
analogous.

Let w = u®(Q,-) and 2™ = x™(Q). Since w is convex, it can be decomposed
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[118] into a constant part, A = w(2™"), a convex, non-increasing part, wp(z) =
w(min(x, 2™"))— A, and a convex, non-decreasing part, wr(z) = w(max(x, 2™"))— A,

such that w(z) = wi(x) + wp(z) + A, Vo € Q.

Since z{" < x%°, there are three possible orderings of the numbers z{", z{¢ and

cv min)

™1, Assuming any of these, it is easy to see that one of the numbers max(x$°, x

and min(z{°, ™) is equal to z™", and the other is equal to mid(z§’, x¢, z™™"). Then,

w(mid (x5, 25, 2™")) = w(max (2, 2™")) + w(min(z§, 2™™)) — A (2.34)
= w(max(z{", ¢", ™)) + w(min(z{", ¢, 2™")) — A

= wy(max(2{", ¢")) + wp(min(zf’, ¢")) + 4,
and by the same arguments

w(mid (25, 25°, 2™™)) = w;(max(z5’, ¢%)) + wp(min(z5, ¢V)) + A, (2.35)

w(mid(2, 2%, 2™™)) = w;(max(2, ¢%)) + wp(min(°, ¢)) + A. (2.36)

Observing that max(-, ¢%) is convex on R,
max(2”, ¢") < Amax(z{", ¢") + (1 — A) max(z5", ¢"),
and since wy is convex and non-decreasing

wy(max(,4") < wi([Amax(af’ ") + (1 = A max(ag’, ")

< Awy(max(z$”, ¢%)) + (1 — Nwr(max(z5, ¢%)).
Applying analogous arguments to the term wp(min(2, ¢V)), it follows that
wp(min(z°, ¢")) < Awp(min(25%, ¢7)) + (1 = Nwp(min(z5°, ¢”)).
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Now, applying (2.34), (2.35) and (2.36),

w(mid (2%, 3, 2™")) < Mwy(max(25", ¢")) + (1 = Nwr(max(25", ¢%))
+ Mwp (min(z§%, ¢)) + (1 — ANwp(min(z5°, 7)) + A
= Awr(max (27", ¢%)) + wp (min(a5°, ¢7)) + A]
+ (1= N)[wr(max(25”, ¢")) + wp(min(z5, 7)) + A]

= )\w(mld(ggiv’ xic, xmin)) + (1 _ )\)W(mld(l'gv, ZE';C, l’min)).

But this last inequality is exactly 2 < Az + (1 — \)z25". O

By Theorems 2.4.27, 2.4.29, 2.4.30 and 2.4.14, it now follows that each (u, MIB, MIR)
is a relaxation function of the corresponding (u, B,R) € L. As with the McCormick
multiplication operation, it can be shown directly that (u, MB,MR) is a relaxation
function without proving that it is a McCormick extension or that it is inclusion
monotonic. This is a more standard development, and it does not require Conditions
3 and 4 in Assumption 2.4.25. However, for application to global optimization, both
inclusion monotonicity and the condition for degenerate inputs dictated by the def-
inition of a McCormick extension are very important, and will not necessarily hold
without these additional assumptions.

We now define the natural McCormick extension of a L-computational sequence.

Definition 2.4.31. For every L-computational sequence (S, 7,), with n; inputs and

n, outputs, define the sequence of relazation factors {(Vy, Dy, MR)},2, where
1. Forall k=1,...,n:, Dy = MR"™ and V,(X) = Xy, VX € Dy,

2. Forall k = ni+1,. EERRITD Dk = {X c Dk—l . WkO(Vl(X),. .. ,Vk_l(X)) c MBk}
and Vi(X) = op om0 V1(X), ..., Vi1 (X)), VX € Dy.

The natural McCormick extension of (S,m,) is the function (Fs, Ds, MR") defined
by Ds = D,,, and F(X) =m,0 (Vi (X),...,Va, (X)), VX € Ds.

ng f

Theorem 2.4.32. Let (S,7,) be a L-computational sequence with natural function

(fs, Ds,R"™). The natural McCormick extension (Fs,Ds,MR") is a McCormick
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extension of (fs, Ds,R"™), and it is coherently concave and inclusion monotonic on

Ds.

Proof. Consider the sequence of factors {(vx, Di, R)};”, and the sequence of relax-
ation factors {(Vy, Dp, MR)};”,. Choose any K € {1,...,n;} and suppose that
(Vi, Dr, MIR) is a McCormick extension of (v, Dy, R), and coherently concave and
inclusion monotonic on Dy, for all k € {1,..., K — 1}. If K < n; + 1, this is
true because, for any k < K, D, = MR" is a McCormick extension of D = R™,
V(% x], %, x])) = ([ew, 2], [0, 2x]) = ([0r(x), ve(X)], [0x(x), vi(x)]) for any x € Dy,
and Vj is trivially inclusion monotonic and coherently concave on MIR™.

Now, (v1,...,vx_1) is a well-defined mapping from Dy _; into RE=1. By the
inductive hypothesis, (Vi,...,Vk_1), as a mapping from Dg_; into MR~ is a
McCormick extension of (vq,...,vx_1), and is inclusion monotonic and coherently
concave on Dg_. It follows that 7, o (Vy,...,Vk_1) is a McCormick extension of
7 o (v1,...,Vk_1), and is inclusion monotonic and coherently concave on Dk ;. By
Theorems 2.4.20, 2.4.22 and 2.4.27, (ox, MBg,MR) is a McCormick extension of
(ok, Bk, R), and is coherently concave and inclusion monotonic on MBg by The-
orems 2.4.20, 2.4.23, 2.4.29, 2.4.24 and 2.4.30. Then, Lemma 2.4.17 shows that
(Vk, Dk, MR) is a McCormick extension of (vx, Dg,R), and Lemma 2.4.15 shows
that it is coherently concave and inclusion monotonic on Dg. By induction, this
holds for every K € {1,...,ns}, and the theorem follows immediately from the defi-
nition of (Fs, Dg, IR"). O

Similar to the situation for natural interval extensions, it is generally not possible
to define a natural McCormick extension on all of MIDg. However, the situation for
natural McCormick extensions is no more restrictive than that for natural interval
extensions because the domain M B of a univariate function only restricts the interval
part of its argument. In particular, it is easily seen that any X € ®g is represented in
Ds. Moreover, inclusion monotonicity of the relaxation factors immediately implies

the following.
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Lemma 2.4.33. Let (S, 7,) be a L-computational sequence with natural McCormick
extension (Fs,Ds, MR"). If an interval X € IR™ is represented in Dg, then every
element of 1X is represented in Ds; i.e. MIX C Dsg.

Definition 2.4.34. Let f : D C R™ — R™ be a L-factorable function. Then,
for any L-computational sequence describing f, the natural McCormick extension

(Fs,Ds, MR™) is called a natural McCormick extension of f.

It is apparent from Theorem 2.4.32 that a natural McCormick extension of a L-
factorable function is indeed a McCormick extension, and is coherently concave and
inclusion monotonic on Ds. More importantly, it is a relaxation function for f on DgN
MD. In fact, the standard McCormick relaxations of f can be defined from a natural
McCormick extension of f exactly as in Lemma 2.4.11 (see §2.6). Moving forward,
the notation ({f}, D, MR™) will be used to denote a natural McCormick extension of
(f, D,R™). Furthermore, we denote {f}(X) = (FZ(X), [{f}=(X), {f}<(X)]).

As with natural interval extensions, the evaluation of the natural McCormick ex-
tension of a sequence of computations can be easily automated and is only marginally
more computationally demanding than executing the same sequence of computations
in real arithmetic. Throughout this thesis, natural McCormick extensions are com-
puted using the library MC++ (http://www3.imperial.ac.uk/people/b.chachuat/

research). MC++ is the successor of 1ibMC, which is described in detail in [122].

2.5 Regularity of Functions on IR" and MR"

It should not be surprising that the regularity of a £-factorable function, i.e., whether
it is continuous, Lipschitz, differentiable, etc., depends on the corresponding prop-
erties of the univariate functions in £. In later chapters, it will be very useful to
recognize that natural interval and McCormick extensions also enjoy some regularity
properties, again inherited from the properties of the univariate interval and Mc-
Cormick extensions (u,1B,IR) and (u, MB,MR). In this section, several notions

of regularity are extended to include functions to or from the sets IR" and MR"
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and shown to hold for factorable functions, natural interval extensions, and natural
McCormick extensions under mild assumptions. Among these, the piecewise differ-
entiability of natural interval extensions and all properties of natural McCormick
extensions are new contributions. The properties of factorable functions are apparent
and a Lipschitz condition for natural interval extensions has been previously demon-

strated in [131].

2.5.1 IR" and MR" as Metric Spaces

Let Z,Y C R™. The Hausdorff distance between Z and Y, induced by the infinity-

norm distance on R", is defined by

dy(Z,Y) = max <su$ ;1612 1z = ¥|loo, ig};ylg}f/ |z — y||oo) . (2.37)

ye

Let KR™ denote the set of all nonempty compact subsets of R™. It is well-known that
KR"™ is a complete metric space under dgy. In this context dgy will be referred to as
the Hausdorff metric. Since IR" C KR", it follows that IR" is also a metric space
under dy. If Z,Y € IR", Z = [z",2Y] and Y = [y, yY], then the Hausdorff metric

on IR" is equivalently expressed as
A (2,Y) = max (max |2 — yF|, max|=l ~ ). (2.38)

Recall that any subset of a metric space is itself a metric space with the same metric.

Then, since MR"” is a subset of IR*", it too is a metric space under the distance

dy(Z,Y) =d(ZP x 29 YP x Y°) (2.39)
=max (dy(Z°,Y"?),dy(2°,YY)), VZ,¥Y € MR"

In general, the set R¥ x IR" x MR™ is a metric space, for any k,n,m € N, with
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the metric

doo (X1, Z1, V1), (X2, Z2, V2)) = max (||x1 — X2||eo, du(Z1, Z2), das (D1, V2)) . (2.40)

Thus, open and closed subsets of R¥ x TR™ x MR™ are defined in the standard way.
Moreover, for functions mapping to and/or from this space, continuity is defined by
the standard e-0 condition, or equivalently by the condition that the inverse images

of open sets are open.

The practical reason for viewing R*¥ x TR" x MIR™ as a metric space is to analyze
the regularity of natural interval and McCormick extensions. In later chapters, some
developments will require that interval and/or McCormick extensions are continuous,
or even Lipschitz, with respect to the bound and relaxation values taken as input.
Consider an interval function F : IR" — IR™. When discussing the regularity of F’,
it is often convenient to think about the dependence of, say, the lower bound F* on
the real vectors z” and zV describing the input interval Z = [zl zY]. Other times,
it will be more convenient to think of continuity on the metric space IR" according
to the standard definition. In the remainder of this section, it is shown that these
notions are equivalent, so that we may use whichever is most convenient for the task at
hand. The continuity of natural interval and McCormick extensions is demonstrated

in §2.5.5 and §2.5.6, respectively.

Definition 2.5.1. Define the set

H(k,n,m) = {(X, ZL, ZU, yL’ yU’ ycv’ ycc) c Rk+2n+4m . (241)

ZL S ZU, yL S yU’ ycv S ycc’ [yL’yU] N [ycv’ycc] 7& @}
Furthermore, let ig : R¥ x IR™ x MR™ — H®*"™™ be defined by
ir(x,2,Y) = (x,2", 2", y" y", y*, y°), (2.42)

where [zl,2Y] = Z and ([yl,yY], [y, y*]) = V.
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The mapping ig identifies its argument with an element of a Euclidean space in
the natural way. It is defined as a mapping into H®*™™ so that it is bijective, and

hence invertible. The following lemma follows directly from this definition.

Lemma 2.5.2. (ig, RF x TR" x MR™, H*®"™™)) is bijective and isometric; i.e.,

llir(x1, Z1, M1) — ir(X2, Z2, Vo) |loo = doo ((x1, Z1, 1), (X2, Z2, V2)), (2.43)

for any (x1, Z1, 1), (X2, Z3,Y5) € RF x IR" x MR™.

Theorem 2.5.3. Let M : D C RF x IR" x MR™ — R! x IR? x MR". The following

conditions are equivalent:
1. M s continuous on D.
2. igr o M is continuous on D.
8. Moig' is continuous on Q = ig(D).
4. ig o Moz is continuous on Q = ig(D).

Proof. Since g is an isometry, it follows that both ig and z'ﬂgl are continuous. Then,
since the composition of continuous functions is continuous, 1 implies 2, 3 and 4, 2
implies 4, and 3 implies 4. To prove the remaining results, it suffices to show that 4
implies 1.

Suppose that 4 holds but 1 does not. Then there exists an open set O C R! x
IR? x MR" such that M~'(O) is not open in D. Consider the image

i2(0) = {ig(a) 1 a € O} = {b € HE") 1 i=1(b) € O}, (2.44)

By the last equality, it follows that ig(O) is open in H®%") because it is the inverse
image of the open set O under the continuous mapping iﬂgl. Then, by 4, the inverse

image (ig o M oiz')"(ig(O)) is open in Q. But

(ir 0 Moig') 7 (ir(0)) = ir(M ™ (ig' (ir(0)))) = ir(M~1(0)), (2.45)
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so that ig(M™1(0)) is open in Q. Since i is continuous as a mapping from D into
Q = ig(D), it follows that iz (ig(M~1(0))) is open in D. But ix'(ig(M(0))) =
M~1(0), so this contradicts the hypothesis that M~1(O) is not open in D. 0O

Returning to the example of the function F' : IR" — IR™, Theorem 2.5.3 shows
that it is equivalent to speak of the continuity of F' as a mapping from IR" to TR™
(Condition 1) and the continuity of F'* and FY as functions z* and zV on the set

{(z*,2Y) e R" x R" : z& < zU} (Condition 4).

2.5.2 Lipschitz and Locally Lipschitz Functions

In this section, Lipschitz and locally Lipschitz conditions are defined and some stan-
dard results are presented. For functions to and/or from the spaces IR" or MIR", it
is shown that the analogues of Theorem 2.5.3 hold for these Lipschitz properties as

well.

Definition 2.5.4. Let (X, dx) and (Y, dy) be metric spaces and let f: X — Y. fis
Lipschitz on X if 9L > 0 such that

dy(f(:(fl), f(l’g)) < LdX(LL’l, S(Zg), VSL’l, Ty € X. (246)
f is locally Lipschitz on X if, for every & € X, 3n, L > 0 such that

dy (f(z1), f(z2)) < Ldx(x1,22), V1,29 € Byy(2), (2.47)

where B, (2) = {x € X : dx(z,2) < n} is the open ball in X of radius n about .

If f is Lipschitz on X, then it is locally Lipschitz on X. Moreover, if f is locally
Lipschitz on X, then it is uniformly continuous on X. Neither of the converses are
true. Affine functions are Lipschitz, as are finite sums of Lipschitz functions, and the
same is true of locally Lipschitz functions. Compositions and products are discussed
below.

Recall that any subset of a metric space is again a metric space with the same

metric. Then, it is sensible for a function to be Lipschitz or locally Lipschitz on a
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subset. In the latter case, however, one must take care that the open ball is interpreted
as open with respect to the subset. For example, let (Y, dy) be a metric space and
let f:R" — Y. Then, f islocally Lipschitz on £ C R" if, for every x € £, 9n, L > 0
such that

dy(f(X1>, f(Xg)) S LHX1 — X2||, Vxl,x2 e EnN Bn()AQ (248)

Here, B,(x) = {x € R" : |[x — x|| < n} is the standard open ball in R" of radius 7
about X, so that EN B, (x) = {x € £ : ||x — x|| < n} is the open ball in the metric

space E of radius n about X.

Lemma 2.5.5. Let (X,dy) and (Y,dy) be metric spaces and let f : X — Y be locally
Lipschitz on X. Then f is locally Lipschitz on any E C X.

Proof. Choose any z € E. Since f is locally Lipschitz on X, dn, L > 0 such that
dy (f(z1), f(z2)) < Ldx(z1,22) for all xy,29 € {z € X : dx(z,%) < n}. But since
E C X, the same inequality must hold for all z1, 25 € {x € E : dx(x,2) < n}. O

It is very simple to show that the composition of two Lipschitz functions is Lips-

chitz. This also holds true for locally Lipschitz functions.

Theorem 2.5.6. Let (X,dx), (Y,dy) and (Z,dz) be metric spaces and let f : Ex C
X =Y andg: By CY — Z be locally Lipschitz on Ex and Ey, respectively. Then
go f s locally Lipschitz on Exy = {x € Ex : f(z) € Ey}.

Proof. Choose any & € Exy and let y = f(&) € Ey. Since g is locally Lipschitz
on Ey, 3y, Ly > 0 such that dz(g(y1), 9(y2)) < Ledy (y1,y2) for all y1,y2 € By, (),
where B, (7) = {y € By : dy(y,9) < n4}. Since f : Exy — FEy is continuous,
Q= f7'(By,(9)) is open in Exy and contains Z. Since f is locally Lipschitz on Exy,
Ing, Ly > 0 such that dy(f(x1), f(v2)) < Lydx (w1, 72) for all 2,2 € B, (%), where
B, (2) = {v € Exy : d(z,%) < ny}. Since Q is open in Exy, n € (0,7y] can be
chosen small enough that the open ball B, (Z) (again in Exy) is a subset of @), and
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hence f(B,(2)) C By, (). Then, for any 1,2, € B, (%)

dz(go f(x1),90 f(22)) < Lydy (f(21), f(22)) < LgLydx (21, 22). (2.49)
O

The following theorem is a very useful fact about locally Lipschitz functions. Let a
compact neighborhood of x in X be a compact subset of X with x in its interior. Recall
that a metric space (X, dy) is said to be locally compact if there exists a compact

neighborhood of every x € X.

Theorem 2.5.7. Let (X,dx) and (Y,dy) be metric spaces and let f : X — Y. If f
is locally Lipschitz on X then f is Lipschitz on every compact K C X. If (X, dx) is

locally compact, then the converse holds.

Clearly, R™ is locally compact, since for any x € R", the closure of any open ball
about x in R", B,(x), is a compact neighborhood of x in R™. On the other hand, not
all subsets £ C R™ are locally compact metric spaces. If E is open, then it is locally
compact because B (x) is a compact neighborhood of x in E for small enough € > 0.
If E is closed, it is also locally compact because £ N B, (x) is a compact neighborhood
of x in E. If E is neither open nor closed, then it may not be locally compact because

E N B.(x) may fail to be closed and its closure in R™ may fail to be a subset of E.

Corollary 2.5.8. Let (Y,dy) be a metric space and let f : E C R* — Y. If f is
locally Lipschitz on E then f is Lipschitz on every compact K C E. If E is either

open or closed, then the converse holds.

In general, products of Lipschitz functions are not Lipschitz. However, we have

the following theorem.

Theorem 2.5.9. Let (X,dx) be a metric space and let (Y,dy) be a normed space,
and hence a metric space with dy (y1,y2) = ||[y1 — val|, Yy, o €Y. If f,g: X = Y
are Lipschitz and bounded on X, then fg is Lipschitz on X.
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Proof. Choose any x1,x2 € X. Then, using the triangle inequality,

[f(z1)g(x1) — f(22)g(22)| (2.50)
< |[f(x1)g(x1) — f(21)g(@) || + [ f(21)g(22) — f(22)g(22) ],
< |[f(@)lllg(x1) — g(@2)[| + lg(z2) [ f (1) — f(22)]],

< sup || f(2)[| Lgdx (21, x2) + sup [|g(z)[| Lydx (21, x2),
zeX rzeX

= [sup || f(2)[|Lg + sup [|g(x)[| Ly | dx(z1,22).
zeX zeX

O

Corollary 2.5.10. Let (X,dx) be a locally compact metric space and let (Y, dy) be
a normed space, and hence a metric space with dy (y1,vy2) = ||ly1 — va||, Yy1,92 € Y.

If f,g: X — Y are locally Lipschitz on X, then fg is locally Lipschitz on X.

Proof. Choose any x € X. Since X is locally compact, there exists a compact neigh-
borhood K, of x in X. Since both f and g are locally Lipschitz on X, there exists
n > 0 sufficiently small that both f and g are Lipschitz on B, (z). Choosing n > 0
small enough that B, (z) C K,, continuity ensures that f and g are also bounded on

B, (x). Then Theorem 2.5.9 implies that fg is Lipschitz on B, (x). O

Since R¥ x IR™ x MIR™ is a metric space, Lipschitz and locally Lipschitz functions
are well-defined on this space. The following theorems extend the observations of

Theorem 2.5.3 to these classes of functions as well.

Theorem 2.5.11. Let M : D C R¥ xIR" x MR" — R! x IR? x MIR". The following

conditions are equivalent:
1. M is Lipschitz on D.
2. ig o M is Lipschitz on D.
3. Moig' is Lipschitz on Q = ig(D).
4. ig o M oig' is Lipschitz on Q = ig(D).
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Proof. Since ir is an isometry, it follows that both ig and z'ﬂgl are Lipschitz. Then,
since the composition of Lipschitz functions is Lipschitz, 1 implies 2, 3 and 4, 2 implies
4, and 3 implies 4. Then, it suffices to show that 4 implies 1.

Suppose that 4 holds and 1 does not. By 4, 4L > 0 such that

|ig 0 M oig!(@) — ig o M oig'(a)|leo < L||&@ — alle, Va,a € Q. (2.51)

Since 1 fails, there exist points (X, Z,)) and (X, Z, 5/) in D such that

By (2.43), this implies that
lin o M(%,Z,9) — ix 0 M(%, 2, D)l > L (%, 2,9), (. 2,9)) . (2.53)
Now, define d = ig(%, Z,Y) and a = ip(X, Z, JA)) Then this inequality becomes
lir 0 M oig! (@) — i o Moig' (@] > Lds (ig'(a), iz (a)) . (2.54)
Again, (2.43) implies that

lir 0 M o i (a) — ik 0 M oig' (a)]|ee > Lllir(iz' () — ir(iz' (@),  (2.55)
But a,a € @, so this contradicts (2.51). a

Theorem 2.5.12. Let M : D C RF x IR" x MR™ — R! x IR? x MR". The following

conditions are equivalent:
1. M is locally Lipschitz on D.
2. ig o M s locally Lipschitz on D.
8. Moig" is locally Lipschitz on Q = ig(D).
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4. ig o Moig! is locally Lipschitz on Q = ig(D).

Proof. Tt follows directly from (2.43) that both ig and iz' are Lipschitz. Then, since
the composition of locally Lipschitz functions is locally Lipschitz, 1 implies 2, 3 and
4, 2 implies 4, and 3 implies 4. Then, it suffices to show that 4 implies 1.

Suppose that 4 holds and that M is not locally Lipschitz at (x, Z,)) € D. Then,
for any n, L > 0, there exist distinct points (X, Z,)) and (X, Z, JA)) in D, both within
n of (x,7,)), such that

> L. (2.56)

In particular, there must exists two sequences of points in D, denoted by (X, Z, 37k)
and (f{k,Zk,j/k), both converging to (x, Z,)), such that (X, Zy, Vi) # (f{k,Zk,j/k)
for all £ € N and

doo (M(ika Zka 3}/6)7 M(f{ka Zka j’k))
lim sup

S— — = +00. (2.57)
k—o0 doo <(}Ek’Zk,yk),(§{k7Zk7yk))

By (2.43), this implies that

’ i © M(Xk, Zi, Vi) — ir © M(Xky Ziy Vi) || oo
im sup

. — = +00. (2.58)
k—oo doo ((ik,Zk,yk),(XkaZkayk))

Now, for every k € N, define a;, = ig(Xy, Z, 5@) and ay = ig(Xy, Z, jik), so that

lip 0 M o ig" (@) — iz 0 M o iz (@)l

lim sup — = +00. 2.59
o do (i (@), 5 (a0)) (259
Using (2.43) again, this implies that
. . R N
lim sup |ig o M oig (af) ZAR o Moig ()| — too. (2.60)
k—o00 ||a'k - akHOO

But for every k € N, ay, ax € Q. Furthermore, the fact that ig is an isometry implies
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that {a,} and {a,} converge to a = ir(x,Z,)). Then, (2.60) contradicts 4. O

2.5.3 Piecewise C'! Functions

Definition 4.5.1 in [56] introduces the class of piecewise C! functions, which is ex-
tended to interval functions here. The formal definition of this class of functions is

not important here. Only the following known facts will be used:
Lemma 2.5.13. Let £y C R" and E, C R™ be open.
1. If f € CY(E;,R™), then £ is piecewise C* on E;.

2. Let f1,£, : Ef CR" - R™ and g : E, — RY be piecewise C' on E; and E,,
respectively.
(a) £ + f5 is piecewise C' on Ej.
(b) gofy is piecewise C' on the open set By, ={z € E; : fi(z) € E,}.

(c) If m =1, then fifo, min(f1, f2) and max(f1, f2) are piecewise C* on Ej.
3. Iff: By — R™ is piecewise C* on Ey, then f is locally Lipschitz on E;.

4. Iff : E; — R™ is piecewise C on Ey, then £ is Frechet differentiable everywhere

in By except on a subset of Lebesgue measure zero.

Proof. For Conclusions 1 and 2, see p. 92 of [153]. Conclusion 3 is Corollary 4.1.1 in
[153], and Conclusion 4 follows from Theorem 3.1.1 in [56]. O

The notion of a piecewise C'! function is now extended to interval-valued mappings.
By Theorem 2.5.3, a mapping ¢ : £ C R" — IR™ is continuous on E if and only
if ig o ¢ is continuous on E. Then, the following definition is consistent with other

notions of regularity for interval-valued mappings.

Definition 2.5.14. Let £ C R” be open and let ¢ : E — IR™. The mapping ¢ is

called piecewise C' on F if ig o ¢ is piecewise C' on FE.
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From the discussion above, it follows that if ¢ is piecewise C! on E, then it is
continuous as a mapping from E to IR™. This leads to the following lemma, which

is required for further results to be well-posed.
Lemma 2.5.15. Let ¢ : E C R™ — IR™ be piecewise C' on E. If ® C IR™ is open,
then

Ex={z€c E:¢(z) € D} (2.61)

18 open.

Proof. Since ¢ is piecewise C! on FE, it is continuous on E. Therefore, Eyg is the
inverse image in E of the open set ® under a continuous mapping, and hence it is

open with respect to E. Since F is itself open, Eg is open. O

The definition of a piecewise C* interval-valued mapping can now be extended to

mappings from IR™ to IR? as follows.

Definition 2.5.16. Let ® C IR™ be open and let M : ©® — IRY. M is called

piecewise C! on @ if, for every piecewise C' function ¢ : £ C R — IR™, the

mapping
Es 3> z+— M(¢(z)) € IR? (2.62)

is piecewise O on the open set Ep = {z € E: ¢(z) € D}.

As with real-valued functions, a piecewise C'* interval function is locally Lipschitz.
Proving this claim requires the following function, which is important in later chapters

as well.

Definition 2.5.17. Let [J: R™ x R™ — IR" be defined by

O(v,w) = |v—max (0,=(v—w) ], w+max (0,=(v—w)]]. (2.63)
e (0,50 )t (0500w )

Interpretation of [ is provided by the following lemma. The proof is trivial.
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Lemma 2.5.18. Let v,w € R".

1. If v <w, then O(v,w) = [v,w].

2. For every i with v; > w;, O(v;, w;) is the singleton {m([w;,v;])}.
Lemma 2.5.19. O is piecewise C' on R™ x R".

Proof. The result follows from Definition 2.5.17 and Conclusions 1 and 2 of Lemma

2.5.13. 0

Lemma 2.5.20. Let ® C IR™. If M : ® — IRY is piecewise C* on D, then it is

locally Lipschitz on ®.

Proof. Choosing ¢ = [ in Definition 2.5.16, the hypothesis on M implies that the
function ig 0 M o (J is piecewise C' on Ep = {(v,w) € R" x R" : (J(v,w) € D}. By
Conclusion 3 of Lemma 2.5.13, this implies that ig o M o[ is locally Lipschitz on Eg.

Recall from Definition 2.5.1 that HO™9 = {(v,w) € R* : v < w}, and for any
(v,w) € HO™9 it (v,w) = [v,w]. Then, the restriction of [J to H(®™0 is exactly
in'. This implies that ig o M o igz' is locally Lipschitz on Q = {(v,w) € HO"0 .
O(v,w) € D} = {(v,w) € HO"0 . i-l(v.w) € D} = ig(Ep). Now Theorem 2.5.12
shows that M is locally Lipschitz on Eg. O

The composition of piecewise C'! interval functions is again piecewise C!, as shown

by the following lemma.

Lemma 2.5.21. Let ©; C IR™ and ©, C IR* be open and let M; : ©, — IR and
My : Dy — IR? be piecewise C' on D1 and D,, respectively. The set Dy = {7 €
D, : M(Z) € Dy} is open and My o My is piecewise Ct on Dqs.

Proof. Since M, is piecewise C! on D1, it is locally Lipschitz and hence continuous
there. Then, the set ©15 is the inverse image in ®; of the open set ©, under a
continuous mapping. Therefore, 15 is open with respect to ©;. Since ®; is open in

HRm, SO is @12.
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Choose any piecewise C' mapping ¢ : £ C R — IR™ and define Ep, ={z € E :
#(z) € D,}. Now define ¢' : Ep, — IR" by

&' (z) = My(p(z)), Vz € Eop,. (2.64)

Since M; is piecewise C' on Dy, ¢’ is piecewise C' on Eyp,. But since M, is piecewise

C! on D, this implies that

z— My(¢/(2)) = Ma(M(¢(2))) (2.65)

is piecewise C'! on the set

{z€Ep, :¢(2) €Dy} ={z€ F:¢(z) €D and M;(4(z)) € Da}, (2.66)
= {Z el ¢(Z) S @12}. (267)
But ¢ was chosen arbitrarily, so M, o M is piecewise C! on D1s. O

Before leaving this section, we introduce the extended intersection of intervals,

which is a useful in later sections, and establish its regularity.

Definition 2.5.22. Let N : IR" x IR" — IR" be defined by
N([z", 2], 2%, 2Y]) = [mid(z", 2", 2"), mid(z", 2", 2¥)). (2.68)

Furthermore, define the standard notation ZNZ = N\(Z, Z), VZ, Z € IR™.
An interpretation of this function is given by the following lemma.
Lemma 2.5.23. Let Z, Z € IR™.
1. IfZNZ 40, then ZNZ =2ZN Z.
2. For all i such that Z; N Z; =0, Z,N\Z; is either {2} or {2V}.
3. ZNZ C Z.
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The proof of the preceding lemma is straightforward and is omitted.

Lemma 2.5.24. For any Q = [q%,q"] € IR", the mapping N(Q, -) is an inclusion

monotonic interval extension of mid(q”, qY,-).

Proof. Let z € R". Then, by definition,

N(Q, [z,2]) = [mid(q", q",z), mid(q", q", z)].

Therefore, N(Q, -) is an interval extension of mid(q%, qY,-). If z;,2, € R® and z; < z,,
then it is obvious that mid(q*, qV, z;) < mid(q’, qV, z). By the definition of N(Q, -),

inclusion monotonicity must follow. O
Lemma 2.5.25. N is piecewise C* on IR x IR".

Proof. Ifz" 2V € R™ and z" < zU | it is easily verified that mid(z*, zV, 2) is equivalent
to max(z’, min(zY, 2)) for all z € R". The result now follows from Definition 2.5.22

and Conclusion 2 of Lemma 2.5.13. O

2.5.4 Regularity of Factorable Functions

The natural function of a L-computational sequence, and hence any L-factorable
function described by that sequence, inherits some nice properties from the elements

of L.

Theorem 2.5.26. Let (S,7,) be a L-computational sequence with natural function
(fs, Ds,R™). If u is continuous (resp. locally Lipschitz, Lipschitz, k times continu-
ously differentiable) on B for every (u, B,R) € L, then fs is continuous (resp. locally
Lipschitz, Lipschitz, k times continuously differentiable) on Ds. If u is continuous

on B and B is open for every (u, B,R) € L, then Dgs is open.

Proof. Suppose u is continuous on B and B is open for every (u, B,R) € L. For K =
n; + 1, it is clear that D, is open and vy is continuous on Dy, for all £ < K. Suppose
this is true of some arbitrary K € {n;+1,...,ns}. Then Dk is the inverse image of an

open set under a continuous mapping, and is hence open, and vk is continuous on Dy
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by Theorem 4.7 in [145]. Finite induction shows that Dg is open and fs is continuous
there. Since Theorem 4.7 in [145] does not require openness, the same argument
shows that fs is continuous on Dg if only u is continuous on B for every (u, B,R) € L.
Furthermore, the same argument shows the claims for local Lipschitz continuity and
Lipschitz continuity using well-known composition results (see Theorem 2.5.6), and
for k times continuous differentiability in light of the composition result on p. 199 of

[127). O

2.5.5 Regularity of Natural Interval Extensions

In this section, it is shown that natural interval extensions are locally Lipschitz and

piecewise C'!' under appropriate assumptions on the elements of L.
Theorem 2.5.27. (+,IR? IR) and (x,IR* IR) are piecewise C* on IR?.

Proof. Let (¢1,¢2) : E C R™ — IR x IR be piecewise C' on E, and let F' = ¢ + ¢».
Then F(x) = ¢F(x) + ¢%(x). By Definition 2.5.14, this a sum of two piecewise
C! functions, and is itself piecewise C! by Condition 2 of Lemma 2.5.13. Using an
analogous argument for FY, it follows that ¢, + ¢ is piecewise C' on E. Since (¢, ¢)
was chosen arbitrarily, this implies that (4-,IR? IR) is piecewise C* on IR?.

Now let F' = ¢1¢. Then

F*(x) = min(¢y (x)d3 (x), 61 (x)¢3 (x), 01 (%) 93 (%), &Y (x) 95 (x))-

Thus, F is piecewise C' on E by Condition 2 of Lemma 2.5.13. Using an analogous
argument for F'V | it follows that ¢, is piecewise C* on E. Since (¢1, ¢2) was chosen

arbitrarily, this implies that (x,IR? IR) is piecewise C' on IR, O

By Theorem 2.5.20, the previous result implies that (4,IR?* IR) and (x,IR? IR)
are locally Lipschitz on IR?. The next theorem shows that (+,IR? IR) is in fact
Lipschitz on IR

Theorem 2.5.28. (4,IR? IR) is Lipschitz on IR
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Proof. Let f&, fU : H®29 — R be defined by
[ty e ), £ Ryt 2 )] = [ )+ [y Y (2.69)

where H®20 = {(2L yF 2V V) € R* : 2f < 2V, y* < 4V}, By Theorem 2.5.11,
it suffices to show that both fX and fU are Lipschitz on H®2% By definition,
fi(at gyt 2V yY) = 28 + yb and fYU(xl, v 2, yY) = 2V + ¢Y, so this is clearly

true. ]

Assumption 2.5.29. For every (u, B,R) € L, the interval extension (u,IB,IR) is

locally Lipschitz on 1B5.

Theorem 2.5.30. Let (S,m,) be a L-computational sequence. The natural interval

extension (Fs,®s,IR™) is locally Lipschitz on Dg.

Proof. Consider the sequence of inclusion factors {(Vj, D, IR)};2,. Choose any K €
{1,...,ns} and suppose that (Vj, D, IR) is locally Lipschitz on ®y, for all k& €
{1,...,K — 1}. If K < n; + 1, this is obviously true. By Theorem 2.5.27 and
Assumption 2.5.29, (of,[Bg,IR) must be locally Lipschitz on IBg. Then, since
the composition of locally Lipschitz functions is again locally Lipschitz (Theorem
2.5.6), (Vk,®k,IR) is locally Lipschitz on ® . By induction, this holds for every
K e {1,...,ns}, and the theorem follows from the definition of (Fs, D, IR"). O

Corollary 2.5.31. Let f : D C R" — R™ be a L-factorable function. Then, every

natural interval extension of £, ([f],D,IR™) is locally Lipschitz on ®.

Of course, obtaining piecewise continuous differentiability of natural interval ex-
tensions requires a stronger assumption on the elements of £. The following lemma

is required to make this assumption well-posed.
Lemma 2.5.32. If D C R" is open, then 1D is open in IR".

Proof. If 1D is empty, then it is trivially open. Otherwise, choose Z € 1D. Then,
Z C D, and since D is open, 3¢ > 0 such that z € D if ||z — z|]|o < cand z € Z

(uniformity of € for every z € Z results from the compactness of Z, as per Theorem
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4.6 in [127]). Let Z € IR" satisfy dy(Z, Z) < e. By the definition of dy, this implies
that, for any z € Z, there exists z € Z such that ||z — z|| < e. But this implies that
ZcD or, equivalently, Z e 1ID. Hence, Z is an interior point of 1D and, since Z

was chosen arbitrarily, 1D is open. O

The following assumption is stronger than necessary for most uses of natural

interval extensions in this thesis and will be stated explicitly wherever it is needed.

Assumption 2.5.33. For every (u, B,R) € L, B is open and the interval extension
(u,IB,IR) is piecewise C* on 1B.

Theorem 2.5.34. Let (S,m,) be a L-computational sequence with natural interval
extension (Fs,®s,IR™). If Assumption 2.5.83 holds, then Ds is open and Fs is

piecewise C1 on Dg.

Proof. Consider the sequence of inclusion factors {(Vj,®y,IR)},.,. Choose any
K € {1,...,n;} and suppose that Dy is open and V} is piecewise C' on Dy, for
all ke {1,..., K —1}. If K < n;+ 1, this is obviously true. Since By is open, 1By
is open by Lemma 2.5.32. Then ® g is the inverse image of an open set under a con-
tinuous mapping, and is therefore open. By Theorem 2.5.27 and Assumption 2.5.33,
(0x, 1Bk, IR) must be piecewise C'* on IBf. Then, since the composition of piecewise
C! functions is again piecewise C'' by Conclusion 2 of Lemma 2.5.13, (Vx, Dk, IR)
is piecewise C'' on D k. By induction, this holds for every K € {1,...,n;}, and the
theorem follows from the definition of (Fs, ®g, IR"). O

Corollary 2.5.35. Let f : D C R® — R™ be a L-factorable function. For every
natural interval extension ([f],0,IR™) of £ satisfying Assumption 2.5.33, © is open

and [f] is piecewise C* on D.
Remark 2.5.36.

1. It is clear from the proof of Theorem 2.5.30 that natural interval extensions
remain continuous if the local Lipschitz condition on the univariate interval

extensions in Assumption 2.5.29 is replaced with a continuity assumption.
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2. The conclusion in Theorem 2.5.34 that ®s is open does not require that the uni-
variate interval extensions are piecewise C!, as in Assumption 2.5.33. An anal-
ogous proof shows that this conclusion holds if only IB is open and (u, 1B, IR)

is continuous on 1B for every (u, B,R) € L.

2.5.6 Regularity of Natural McCormick Extensions

In this section, it is shown that natural McCormick extensions are locally Lipschitz

under appropriate assumptions on the elements of L.
Theorem 2.5.37. (Cut, MR, MR) is Lipschitz on MR.
Proof. Let f&, fU, fov, e HOOD — R be defined by

([fL(l’L, I’U, l,cv’ ZE'CC), fU(l’L, I’U, l,cv’ ZE'CC)], (270)

[fcv(xL7 .CL’U, .CL’CU,LUCC), fCC(LUL,IU,Icv,LUCC)]) — Cut(([xL,xU], [xcv7 ZL’CC])),
where

HO0D — {(z%, 2", 2, 2°) € R : (2.71)

ZL’L < .CL’U, P < LUCC, [.CL’L,SL’U] N [LUCU,SL’CC] % @}

By Theorem 2.5.11, it suffices to show that fZ, fY, f® and f are Lipschitz on
HOOY  For fE(axb, 2V, 2%, 2%) = z¥ and fY(x*, 2V, 2, 2°) = 2V, this is obvious.
For f(xt, 2V 2%, 2¢¢) = max(al, 2%) and fe¢(z%, 2V, 2%, 2%) = min(zY, 2¢), it

follows from the fact that min and max are Lipschitz on R2. O

Theorem 2.5.38. (+,MR? MR) is Lipschitz on MIR* and (x, MR?* MR) is locally
Lipschitz on MR?.

Proof. Let f%, fU, fev, fe¢: H®%2) — R be defined by (omitting arguments)

(L5 £ L D) = (et 2 [, 2] + (™ 0] [y, v™)), (2.72)
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where

H(0’0’2) _ {(ZIZ’L, yL’ ZE'U, yU’ ZIZ'CU, ycv’ ZL’CC, ycc) c ]RS . (273)
LUL S LUU, yL S ij Prd S .CL’CC, ycv S ycc’

[z, 210 2, 2% £ 0, [y, g TN [y, v # 0}

By Theorem 2.5.11, the claim for (4+,MR?* MR) holds provided that f*, fY, f&
and f° are Lipschitz on H(®%2 By Theorem 2.5.27, this is true of f* and fY. By

definition (again omitting arguments),
% = max(z, 2%) + max(y*,y®) and £ = min(z", 2°) + min(yY, y). (2.74)

From this it is clear that f¢ and f° are Lipschitz on H(®%2? because min and max
are Lipschitz on R2.

Now let f, fU, fev, fe¢: H®%2) — R be defined by (omitting arguments)

(L5 £ L, £2D) = (2] [, %)) < (™ 9] [y, ) (2.75)

By Theorem 2.5.12, the claim for (x, MIR?, MR) holds provided that f%, fU, f* and
fee are locally Lipschitz on H®29 By Theorem 2.5.27, this is true of f* and fY.
The upper and lower bounds of the intervals X¢ and Y defined in Definition 2.4.21

(0,0,2

vary in a Lipschitz manner on H ) by Theorem 2.5.37. Then, by composition, it

suffices to show that the expressions

max ([yLXC S :L’LyL}L, [yUXC +2YY°¢ — :cUyU}L> , (2.76)
min ([yLXC +2VY° — yL:EU]U , [yUXC +2ly° — yUxL}U) , (2.77)
are locally Lipschitz with respect to the bounds of X?, Y2, X¢ and Y°. But this
is apparent from Theorem 2.5.27 and the fact that min and max are Lipschitz on
R2. O
Assumption 2.5.39. For every function (u, B,R) € L, the McCormick extension
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(u, MB, MR) is locally Lipschitz on MB.

Theorem 2.5.40. Let (S,7,) be a L-computational sequence. The natural Mc-
Cormick extension (Fs, Ds, MR") is locally Lipschitz on Dgs.

Proof. Consider the sequence of relaxation factors {(Vj, Dy, MR)},”,. Choose any
K e {1,...,ns} and suppose that (Vi, Dy, MR) is locally Lipschitz on D, for all
ke{l,..., K —1}. If K < n;+ 1, this is obviously true. By Theorem 2.5.38 and
Assumption 2.5.39, (ox, M Bk, MIR) is locally Lipschitz on MIBf. Since the composi-
tion of locally Lipschitz functions is locally Lipschitz (Theorem 2.5.6), (Vi , D, MR)
is locally Lipschitz on Dg. By induction, this holds for every K € {1,...,ns}, and
the theorem follows immediately from the definition of (Fs, Dg, IR"). O

Corollary 2.5.41. Let f : D C R"™ — R™ be a L-factorable function. Then, every
natural McCormick extension ({£}, D, MR™) is locally Lipschitz on D.

Remark 2.5.42. As was the case for natural interval extensions, it is clear from the
proof of Theorem 2.5.40 that continuity of natural McCormick extensions is achieved
if only continuity of the univariate McCormick extensions is assumed in place of the

local Lipschitz condition of Assumption 2.5.39.

To conclude this section, we collect some results that are useful for establishing a

Lipschitz condition for {f} on certain subsets of Dg.

Corollary 2.5.43. Let f: D C R" — R™ be L-factorable and let {f} : D C MR" —
MR™ be a natural McCormick extension of £. The function ig o {f} oig' is Lipschitz

on any compact K C ig(D).

Proof. Since K C ig(D), iro{f}oiz" islocally Lipschitz on K by Corollary 2.5.41 and
Theorem 2.5.12. Since K is compact, {f} is Lipschitz on K by Theorem 2.5.7. O

Lemma 2.5.44. Let f : D C R — R™ be L-factorable and let {f} : D C MR" —
MR™ be a natural McCormick extension of £. If X° is represented in D, then the
set K = {(x,xY,x x) € HOO : [xE xU] c X0, ip'(xl, xY,x%, x*) € D} is a

compact subset of ig(D).
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Proof. By Lemma 2.4.33, every X C X0 is represented in D. Moreover, D is closed
under coherence by definition. It follows that K = {(x*,x",x® x°) ¢ HO% .

[xE xY] € X°}. Since H(®%™ is closed, this set is clearly compact. O

2.6 Standard McCormick Relaxations

In this section, standard McCormick relaxations [118] are defined in terms of natural
McCormick extensions of L-factorable functions. Though this presentation is not
standard, the resulting relaxations are the same as those defined in McCormick’s
original work, with the caveat that the McCormick addition and multiplication rules
are modified, as discussed in §2.4.2. However, using the results for natural McCormick
extensions in 2.5.6, some new regularity and convergence results for McCormick’s

relaxations are proven here.

Definition 2.6.1. Let f: D C R®™ — R™ be L-factorable and let {f} : D C MR" —
MR™ be a natural McCormick extension of f. For any X € ID that is represented in
D, define 4,0 : X — R™ by

Ux) = {f}*((X, [x,x])) and  O(x) = {f}*((X, [x,x])). (2.78)

The functions U and O are called standard McCormick relaxations of £ on X.

By Lemma 2.4.11, it follows immediately that &/ and O are convex and concave

relaxations of f on X, respectively.

Corollary 2.6.2. Let f : D C R" — R™ be L-factorable and let U,O : X — R™ be
standard McCormick relazations of £ on X. U and O are Lipschitz on X.

Proof. Let ({f}, Dg, MR™) be the natural McCormick relaxation of f defining &/ and
O, and let K be defined as in Lemma 2.5.44 with X° = X. By Corollary 2.5.43,
{f} oix" and {f}* oix' are Lipschitz on K. But for every x € X, (x*,xY,x,x) is

in K, and it follows that &/ and O are Lipschitz on X. O
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2.6.1 McCormick Relaxations on Sequences of Intervals

A primary motivation for constructing convex and concave relaxations is for their use
in branch-and bound global optimization algorithms [84, 171]. There, convex and
concave relaxations are used to obtain lower and/or upper bounds on the range of a
nonconvex function on an interval X. These bounds are then successively refined by
partitioning the interval into a number of subintervals and constructing convex and
concave relaxations valid on each of these subintervals. In such applications, it is im-
portant to understand the relationship between relaxations generated on a nested and
convergent sequence of subintervals of X. From these relationships, one can infer the
limiting behavior of the relaxations when the partition of X is refined infinitely, which
has important consequences for the convergence of global optimization algorithms.
Let f: D C R* — R™, let {f} : D C MR" — MR™ be a natural McCormick
extension of f, and let X% € IR™ be represented in D. In this section, standard
McCormick relaxations of £ on subintervals of X© are investigated. The superscript
¢ is used to index subintervals X* C X°, and also relaxations valid on subintervals
of X;ie. U’ and Of denote the McCormick relaxations of f constructed as in Def-
inition 2.6.1 with X* in place of X. We consider a nested and convergent sequence
of subintervals, {X*} — X*, where X* is by necessity a subinterval of X°. The aim
of this analysis is to prove that a branch-and-bound global optimization algorithm
with a bounding operation based on McCormick convex and/or concave relaxations
converges to within a specified tolerance finitely. The reader is referred to Chapter IV
in [84] for a detailed discussion of the convergence of branch-and-bound algorithms
and the requisite properties of bounding operations (see Definition IV.4 and Theorem
IV.3). Here, we claim that the following properties of convex and concave relaxations

are sufficient for this application.

Definition 2.6.3 (Partition monotonic). A procedure which, given any subinterval
X* C XY generates convex and concave relaxations of f on X*, respectively &* and
0%, is partition monotonic if, for any subintervals X? ¢ X! C X, U?(x) > U*(x) and
0?(x) < O'(x), Vx € X2
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Definition 2.6.4 (Partition convergent, degenerate perfect). A procedure as in Def-
inition 2.6.3 is partition convergent if, for any nested and convergent sequence of
subintervals of X9 {X*} — X* the sequences {*} and {O'} converge to U* and
O* uniformly on X*, where U* and O* denote the relaxations generated on X*. A

procedure is degenerate perfect if the condition X* = [x,x] for any x € X implies

that U*(x) = f(x) = O*(x).

Below, it is shown that standard McCormick relaxations are partition monotonic,

partition convergent and degenerate perfect.
Theorem 2.6.5. Standard McCormick relaxations are partition monotonic.

Proof. Choose any subintervals X? C X' Cc X° and any x € X2. Let X! =
(X', [x,x]) and X? = (X2 [x,x]). Then, X? C X' Since X° is represented in
D, so are X! and X? (Lemma 2.4.33). Then, X', X? € D. By Theorem 2.4.32,
{f} is inclusion monotonic on D, which implies that {f}(X?) C {f}(X'). From this,
U(x) = {£}(x?) > {f}(X") = U'(x) and O*(x) = {f}(x?) < {f}(x") =
O'(x). O

Theorem 2.6.6. Standard McCormick relaxations are degenerate perfect.

Proof. Choose any x € X°. By Theorem 2.4.32, {f} is a McCormick extension of f,
so that ([x,x], [x,x]) € D and {f}([x,x], [x,x]) = ([f(x), f(x)], [f(x),f(x)]). It follows
that U*(x) = f(x) = O*(x). O

Lemma 2.6.7. Choose any two subintervals of X° with nonempty intersection, X*
and X?. Given any € > 0, there exists & > 0 independent of x such that [U'(x) —
U (x)| < € and |0 (x) — O*(x)| <€, for all x € X' N X?, provided that max(||x"! —

2| i = 2 |) < .

Proof. By Theorem 2.5.40, {f} is locally Lipschitz on D. It follows that {f} is
uniformly continuous on D. Then, for any ¢ > 0, there exists 6 > 0 such that
dy({£H(X1), {f}(X?)) < € for every X1, X? € D with dy (X!, X?) <. For any x €
X'N X2, choosing X} = (X', [x,x]) and Xy = (X2, [x, x]) gives ||U(x) —U*(X)||o < €
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and ||OY(x) — O%(x)|ls < €, provided that max(||x"! — x5?||, [|xV — xV?||) <

0. O
Theorem 2.6.8. Standard McCormick relaxations are partition convergent.

Proof. Choose any nested and convergent sequence of subintervals of X°, {X*} — X*.
Given any € > 0, Lemma 2.6.7 provides ¢ such that [/*(x) —U*(x)| < € for all x € X*,
provided that max(||xXf —x5*||o, [|xY —xY*||s) < d. By the convergence of {X*},
this condition must be satisfied for every ¢ greater than some N, which implies that

{U"} — U* uniformly on X*. The exact same proof applies to {O*}. O

Remark 2.6.9. Partition convergence was not addressed in McCormick’s original
work [118] and is in fact stronger than what is necessary to ensure the convergence

of spatial branch-and-bound algorithms using standard McCormick relaxations [84].

2.7 Generalized McCormick Relaxations

In this section, the concept of a generalized McCormick relaxation is introduced.
Given a function f : D C R” — R™, the standard McCormick relaxations essentially
take an interval X and a point x € X, and return values of convex and concave
relaxations of f on X, evaluated at x. In the development so far, this has been
represented by initializing the McCormick evaluation of the computational sequence
describing f with an element of MRR" of the form (X, [x,x]|). Within this context,
the key observation behind generalized McCormick relaxations is that this is not
the only useful initialization. Of course, the idea that we may evaluate a natural
McCormick extension beginning from any element of MIR" is no surprise; it is the
definition. What is perhaps more surprising is that, in some particular cases, very
useful interpretations can be attached to these alternate initializations. This section
details two simple applications, and others will appear in later chapters when the task
of relaxing the solutions of dynamic systems is taken up. Of the two topics below,

the notion of composite relaxations is the essential contribution.
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Definition 2.7.1. Define MC : R** — MR" be defined by
MC(xF, xY, x x*) = (O(x", xY), O(x", xV)N0O(x, x)). (2.79)

Definition 2.7.2. Let (S,7,) be a L-computational sequence with natural function

(fs, Ds,R™) and natural McCormick extension (Fs, Ds, MIR"*). Define
ds = {(xI,xY, x® x) € R*" : [x!,xY] € IDg is represented in Dg}. (2.80)

Define the functions U, O : & — R" by

UxE xY x% x°) = F&(MC(xE, xY, x, x)), (2.81)
O(xl, xY, x® x) = FE(MC(xE, xY, x%, x°)). (2.82)

The functions &/ and O are called the generalized McCormick relazations of (S, ,).

Before considering specific applications in Sections 2.7.1 and 2.7.2, we collect the

fundamental properties of generalized McCormick relaxations below.

Lemma 2.7.3. Let (S,7,) be a L-computational sequence with the natural function
(fs, Ds,R"™) and natural McCormick extension (Fs, Dg, MR™). Let X =[xt xY] C

IDs be represented in Ds and let XV, x € R™ satisfy x* < x°. Then
U(xP, xY, x? x°) < fs(x) < O(xF,xY, x¥ x°), V¥xeXn [x“, x“].

Proof. Let X = MC(x%, xY x® x¢) = (X, XN[x®,x]). If X N [x%, x| is empty,

then the conclusion trivially holds. Assuming otherwise, it follows that

X Nx®, x*] = XN[x*, x“] (2.83)
= [mid(x", x", x), mid(x*, x", x“)] (2.84)
= [max(x*,x*), min(x¥, x*)], (2.85)

Choosing any x € X N [x,x%], it follows that x € Enc(&Xx’). By Theorem 2.4.32,
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Fs is a natural McCormick extension of fs, and is inclusion monotonic on Dg. Since
X € IDg is represented in Dg, it follows that X € Ds N MDs. Then, since x €
Enc(X), Theorem 2.4.14 implies that fs(x) € Enc(Fs(X)), which gives the desired

inequalities. O

Lemma 2.7.4. Let (S,7,) be a L-computational sequence with the natural func-
tion (fs, Ds,R™) and the natural McCormick extension (Fs, Dg,MR"). Let X =
[xP,xY] C 1Dgs be represented in Ds. Let x5, x% € R™, i € {1,2,3}, satisfy x5* < x¢°

and X N[x57, x5 # 0, Vi € {1,2,3}. Choose any X € [0, 1] and suppose that

Z Y Z

x5 < AX{" 4+ (1 —M)x{" and x5 > Ax{“+ (1 — A)x{° (2.86)

a(xL,xU,xgv,xsf)swx%x%xiv,xi%( A)ZII(x XU X' xg),  (2.87)
A
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(xF xY, x5, x5°). (2.88)

Proof. Define x¢* = mid(x%, xY, x$) and x$¢ = mid(x*, xY, x5°), Vi € {1,2,3}. Un-
der the given hypotheses,

XA[x5, x5 = [%67, %5 = [max(x”, x5"), min(xY, x{%)], Vi€ {1,2,3}. (2.89)

TN (2]

From (2.86) and the fact that max(x’,-) and min(xY, ) are monotonic and, respec-

tively, convex and concave on R, it follows that
X7 < AX{" 4+ (1 = N)x7" and x5° > AX7+ (1 — M)x{“ (2.90)

Defining &; = MC(xF, xV,x&, x¢¢) for all i € {1,2,3}, this further implies that

Rty S Rty AL Rt}

X3 D Conv(A, Xy, Xy). By Theorem 2.4.32; Fs is inclusion monotonic and coherently

concave on Dg. Then,

fs(Xg) D) fs(COnV()\, Xy, Xg)) D) COHV()\,fs(Xl),fS(XQ)). (2.91)
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But this implies (2.88) and (2.87). O

Theorem 2.7.5. Let (S, m,) be a L-computational sequence with the natural function
(fs, Ds,R"™) and the natural McCormick extension (Fs, Ds, MIR"). Let P C R be
conver, let X = [xI',xY] C IDg, and let x,x°,x% : P — R"™ be such that x(P) C X
and x¢ and x© are, respectively, convex and concave relazations of x on P. If X is

represented in Dg, then the functions O,U : P — R™ defined by

I/{(p) = Z;{(XLaXUaXCU(p)aXCC(p))a (2'92)

O(p) = @(XLaXU>XCU(p)aXCC(p))a (293)

are convex and concave relaxations of fs o x on P, respectively.

Proof. From the hypotheses, x(p) € XN [x“(p), x*(p)] and x®(p) < x*“(p), Vp € P.
Using the hypotheses on X, Lemma 2.7.3 gives

Ux",x",x"(p),x“(p)) < fs(x(p)) < Ox",x",x(p),x“(p)), Vp e P.

Since x“ and x° are,respectively, convex and concave, convexity and concavity

of U(x%, xV,x(-),x°(-)) and O(x*, xV, x(-),x%(-)) follows from Lemma 2.7.4. [
The following regularity result is a consequence of Theorem 2.5.40.

Corollary 2.7.6. Let (S,m,) be a L-computational sequence. The generalized Mec-

Cormick relazations of (S,7,) are locally Lipschitz on Pg.

Proof. By Lemmas 2.5.19 and 2.5.25, it is clear that MC is locally Lipschitz on R4,
For any (x%,xV x® x) € ®g, [x" xY] is represented in Dg. It follows that MC
maps ®g into Dg. By Theorem 2.5.6, the composition Fg o MC must also be locally
Lipschitz on ®s. By the definition of the generalized McCormick relaxations, this
establishes the result. O

The following corollary now follows immediately from Theorem 2.5.7.
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Corollary 2.7.7. Let (S,m,) be a L-computational sequence. The generalized Mec-

Cormick relazations of (S,7,) are Lipschitz on any compact subset of Dg.

Corollary 2.7.8. Let (S,7,) be a L-computational sequence. Let KP C R*™ be

compact and let

K = {(x*,xY,x",x*) € &g : (x',x") € Kp}.
Then the generalized McCormick relazations of (S, m,) are Lipschitz on K.

Proof. Let (xt,xV,x x*) € K. By definition x’ < x¥ and hence MC(x*, xV, x x¢)
([xE, xY], [x®, %°]) for some x*,x° € R". By the definition of MC, it follows that
X < x° and [x%,x] C [xF,xY]. But for any such values, the definition of MC
further shows that MC(x%, xV, %% x%) = ([xF,xY], [x®,x*]). From this, it follows

that, for any (x,xY,x% x*) € K,
MC o ig o MC(x", x¥, x%, x*) = MC(x", x¥, x® x°). (2.94)
Then,
FsoMC oig o MC(x", xV, x, x*) = Fs o MC(x", xV, x%, x°), (2.95)
and hence it suffice to show that Fs o MC is Lipschitz on
Kye = {ig o MC(x*, x¥, x%, x) : (xF,x", x*,x°) € K} (2.96)
But
Kue € {(xFxY,x% x) € 0g : (xF,xY) € Kp, x,x* e [x!,xY]}, (2.97)

and this latter set is closed and bounded and hence compact. Then Fg o MC is
Lipschitz on Ky¢ by Corollary 2.7.7. 0
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2.7.1 Partial Relaxations

For some applications, it is desirable to relax a function with respect to only some of

its arguments. Such relaxations are defined as follows.

Definition 2.7.9. Let S C R™, D C R™ and suppose that f : S x D — R™. For
any convex Y C D, two functions U, O : S xY — R™ are called partial relazations of
fon S xY if for every s € S, U(s,-) and O(s, ) are convex and concave relaxations

of f(s,-) on Y, respectively.

When f is L-factorable and Y is an interval, partial relaxations can be readily

obtained from a natural McCormick extension.

Theorem 2.7.10. Let S C R™, D C R™ and suppose that f : S x D — R™ s
L-factorable. Let {f} : D — MR™ be a natural McCormick extension of £. For any
Y = [y%, yY] € 1D such that [s,s] x Y is represented in D for every s € S, the
functions O,U : S x Y — R™ defined by

Us,y) =U(s,y" 5,57 s y,8y) = {E1°(([s.38], [s.8]), (Vs [y, ¥))), (2.98)
O(s,y) = O(s,y",s,y".s,y,5,y) = {£}*(([s, 8], [s,s]), (V. [y. ¥])), (2.99)

are partial relaxations of f on S x Y.

Proof. The result follows directly from Theorem 2.7.5. In particular, fix any § € S
and consider the definitions P = [§,8] X Y, X = [§,8] x YV and x(s,y) = x%(s,y) =
x“(s,y) = (s,y), V(s,y) € [8,8] x Y. m

Corollary 2.7.11. DefineUd,O : S xY — R™ as in Theorem 2.7.10. Then U and
O are Lipschitz on S x X.

Proof. Let ({f}, D, MR™) be the natural McCormick relaxation of f defining ¢/ and
O, and let

K ={(s"y" " y" s,y 8% y) € R{tm) (2.100)

SL — SU — gt — ¢ c S, ycv’ycc c [yL’yU] C Y}
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K is clearly compact, and it is a subset of ® by the assumption that [s,s] X YV is
represented in D for every s € S. Then, by Corollary 2.7.7, U and O are Lipschitz on
K. But for every (s,y) € Sx Y, (s,yl,s,yY,s,y,s,y) is in K, and it follows that U
and O are Lipschitz on S x Y. O

The key result above is the Lipschitz dependence on S. Since changing s requires
changing the bounds s’ and sV in the standard relaxation, this result cannot be

proven directly by the continuity result in the standard framework.

2.7.2 Composite Relaxations

In this section, we demonstrate the use of generalized McCormick relaxations to
compute convex and concave relaxations of composite functions. This method is
used extensively to derive relaxations for the solutions of dynamic systems in later

chapters.

Definition 2.7.12. Let P C R™ be convex, D C R™ and f : P x D — R™.
For any set Y C D, functions ug,0r : P x R™ x R™ — R are called conver and
concave composite relaxations of £ on P x Y if the following condition holds: For any
y,y%y¢ : P — R™ with y(P) C Y, convex and concave relaxations of the composite

function

P>p+— g(p) =f(p,y(p)) (2.101)

on P are given by the composite mappings

P 3pr— g”(p) = u(p,y(p),y(p)) (2.102)
P 3p+— g“(p) = or(p, y°(p), y°(p))
provided that y© and y are, respectively, convex and concave relaxations of y on P.

When f is L-factorable and P and Y are intervals, composite relaxations can be

readily obtained from a natural McCormick extension as follows.
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Theorem 2.7.13. Let P € TR"™ and D C R™. Suppose that f : P x D — R™ is
L-factorable and let {f} : D — MR™ be a natural McCormick extension of f. For any
Y € 1D such that PXY is represented in D, the functions ug,0f : P xXR"™ xR™ — R™
defined by

ue(p, 2, 2°) = U(p",y", p", y", p, 2, p,2%), (2.103)
= {f}**((P, [p, p]), MC(y",y", 2%, 2%)),

Of(p, ch’ ZCC) = @(pL’ yL’ pU’ yU’ P, ch’ p, ch)’
= {£}°((P, [p, p]), MC(y",y", 2, 2%)),

are composite relaxations of f on P X Y.

Proof. Let y,y®,y“: P — R™ be such that y(P) C Y and y*® and y“ are, respec-
tively, convex and concave relaxations of y on P. Then, the result follows directly

from Theorem 2.7.5 with the definitions P = P, X = P x Y, x(p) = (p,y(p)),

x(p) = (p,y*“(p)) and x*“(p) = (p, y“(p)). =

As with standard McCormick relaxations, it can be shown that generating re-
laxations of the composite function g in (2.101) via Theorem 2.7.13 is a partition
monotonic, partition convergent and degenerate perfect procedure, provided that the
relaxations y® and y“® are generated by a partition monotonic, partition convergent
and degenerate perfect procedure. Let P € IR", D C R™, f: P x D — R™ and
y : P — D, and define g : P — R™ as in (2.101). Let {f} : D — MR™ be a natural
McCormick extension of f, and let Y € ID be such that P x Y is represented in D.
Now, consider a nested and convergent sequence of subintervals of P, {P‘} — P~*.

The following assumption is required.

Assumption 2.7.14. For any subinterval P* C P, valid bounds for y on P!, Y* =
[yl yU4], are available. Moreover, for any nested and convergent sequence of subin-

tervals of P, {P‘} — P*,

1. YH  cYf Y, forany £ € N,
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2. {Y*} — Y*, and

3. P* = [p, p| for some p € P implies that Y* = [y(p), y(p)]-

For any P (P*), it is now sensible to define the functions g« and g (

g°*) as in (2.102) and (2.103) with P and Y* (P* and Y*) in place of P and Y.

gcv,* and

Theorem 2.7.15. Suppose that, given any interval P* C P, convex and concave
relaxzations of y on P%, y' and y°>!, respectively, are available through a procedure
which is partition monotonic. Then generating convex and concave relaxations of g

on P* by (2.102) and (2.103) is a partition monotonic procedure.

Proof. Choose any subintervals P? C P! C P and any p € P2 For { € {1,2}, define

P = (P [p,p]), V' '=MCH™, y", vy (p),y“(p)).

Clearly, P? C P'. By Condition 1 of Assumption 2.7.14, Y2 C Y''. Furthermore, since
yf and y°“* are generated by a partition monotonic procedure, y%(p) > y**!(p)
and y°“?(p) < y““}(p). Then, it is not difficult to see that Y* C P!

Since P x Y is represented in D, so are P' x Y and P! x Y? (Lemma 2.4.33).
Then, (P, V'), (P? V?) € D. By Theorem 2.4.32, {f} is inclusion monotonic on D,
which implies that {f}(P?, V?) C {f}(P', V!). From this, g?(p) = {£}*(P?,V?) >
(1 (P, ) = ' (p) and g72(p) = {£}(P%, ") < {F}(P, ') =g (p). O

Theorem 2.7.16. Suppose that, given any interval Y* C Y, convex and concave

ot and y©t, respectively, are available through a procedure

relaxzations of y on Y', y
which is partition convergent and degenerate perfect. Then generating conver and
concave relaxations of g on P* by (2.102) and (2.103) is a partition convergent and

degenerate perfect procedure.

Proof. Consider any nested and convergent sequence of subintervals of P, { P‘} — P*.
Choose any p € P* and, for each £ € N (and ¢ = %), let P* = (P* [p,p]) and
V' = MC(yht, yUe yot(p), y‘(p)). By the assumption that P x Y is represented
in D, it follows that (P% )% € D for every £ € N. Now, for each p € P*, the
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sequence {(P¢ V*)} must converge to (P*, V*) by the convergence of the sequences
{P}, {YY), {y“*(p)} and {y*“!(p)}. Given any & > 0, each of these sequences has
some integer N above which every element deviates from its limit by less than ¢ in
the appropriate norm. Further, these integers can be chosen independently of the
point p € P* because {y“*} and {y°“‘} are assumed to converge uniformly on P*.
Taking the largest of these integers, this implies that, given any § > 0, it is possible to
find an integer N for which dy/((P*, V*), (P*,Y*)) < 6 for all ¢ > N and all p € P*.
Now, by the uniform continuity of {f} on D, this implies that, given any € > 0, there
exists 0 such that dy ({f}(P%, YY), {fHP*, V*)) < € if dy (P, V), (P, V%)) < 0,
regardless of p € P*. But this condition must be satisfied for large enough ¢. Then,
for any ¢ > 0, there exists ¢ € N large enough that ||g®‘(p) — g°*(p)|l« < € and
lget(p) — g°*(p)|loe < ¢, for all p € P, which is the desired result.

Now, if P* = [p, p| for some p € P, Condition 3 of Assumption 2.7.14 ensures that
YV* = [y(p),y(p)]- Then, P* = ([p,p,[p,p]) and ¥* = ([y(p),y(P)], [y(P), y(P)),

and the conclusion follows from the fact that {f} is a McCormick extension of f. [

2.8 Univariate Interval and McCormick Extensions

In order to derive natural interval and McCormick extensions, it was necessary to
assume that interval extensions and convex and concave relaxations are available
for the univariate functions in £ (Assumptions 2.3.8 and 2.4.25). In this section,
this information is compiled for many of the most common univariate functions.
Univariate functions not listed here can certainly be used in the methods described in
this work, provided that they can be shown to satisfy all assumptions. For information
on constructing convex and concave envelopes for univariate functions of interest, see

[118).

Addition of a constant
u(lz)=x+¢, B=R
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uF(X) =2t +¢, WWX)=2"+¢
u(X,x) =2 +c, (X)) =2

u(X,z) =z +c, 2™X)=2zY

Multiplication by a positive constant
u(x)=cxr, c>0, B=R
ub(X) = cat, WY (X) = ca?
u”(X,x) = cx, ™(X)=2z"

u(X, 1) =cx, 2™(X)=2Y

Negative
u(r)=—-z, B=R
u (X)) = —2Y, WY (X)= -2t
u”(X,z) = -2, 2™(X)=2aY
u(X,x) = —x, ™X(X) =2l
Reciprocal
u(z)=—-, B=R-{0}
WHX) = o WU (X) =
(X ) = . if
Lo MU gty i
(X ) = . if

&+ %(m — by if
xmin(X) — LUU, xmax(X) — LUL
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Exponential

Natural log

x*In(x)

Square root

u(X,x)=¢
eZ'U Z‘L
. _
u“(X,x) =" + P — (z — 2b)




The set B must be restricted from [0, 4+00) to (0,400) because \/x is not Lipschitz

on any interval containing zero.

u (X)) = Vak, WY (X) = VaU

(X, z) = Val + %(z —zh)

u(X,x) =V

xmin(X) — ij xmax(X) — ZL’U

Even integer powers

u*(X) =
min((zf)", (zY)") otherwise

u” (X) = max((z")", (zV)")

u(X,z) ="
ZL’U no__ ZL’L n
u“(X,z) = (a¥)" + ( :E)U —:(EL ) (z —2b)
0 if 0 € [zF, 2Y]

arg min((x2)", (zV)") otherwise

2™ (X)) = arg max((«®)", (zV)")

Odd integer powers



The convex envelope is

o " if x € [z*,2Y]
u (X7 l’) = L (m*)7l_(mL)7L
(@)™ +

2= (z —a%) otherwise

where

' otherwise

and 2’ is the solution of
(n —1)(2)" —nal (2" + ()" = 0.

The concave envelope is

u(X,x) = v if z € [2F, 2]
| (@) EDZE () otherwise
where
v if 2V <0
= ZIZ'L if ZIZ'L ’

2" otherwise

and z” is the solution of
(n —1)(2")" —na¥ (") + (V)" = 0.

Finally,

xmin(X> — ij

and

(X)) = 2Y.
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Sin
u(z) =sin(z), B=R

The convex envelope is first formulated for the case where [z, 2Y] C [37/2,77/2].

This requires definition of the following points. Let

_ _ __ 37 _
Tinfx,1 = 271', Linfx,2 = 377—7 Tmin,1 = 2 and Tmin,2 = 2

Next, define
. U
« Linfx,1 if x S Tinfx,1
A ,
7' otherwise
. L
" Tinfx,2 if T 2 Tinfx,2
= ,
2" otherwise

where 2’ is the solution of

U —2)cosa’

sin(zY) — sin(2’) = (x
ON [Tmin,1; Tinfx,1] and z” is the solution of

sin(z”) — sin(z%) = (2" — 2%) cos 2"
ON [Tinfx,2, Tmin2]. Now let 21 and xo be defined by

U

ry = mid(zf, 2V, 2*), 29 = mid(al, 2y, ).

Consider the function

sin(z) for x € [zF, z]
n(X,z) = ¢ sin(z;) + W(w — ) for x € (1,
sin(z) for z € (2q,2Y]
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It can be verified that n(X, ) is the convex envelope of sin on [z%, 2V] provided that
[z, 2Y] C [37/2,7m/2]. The convex envelope on any other interval can be obtained by
simple variable transformations and applications of 7, as follows. Let n(x) = %x + i
and define n; = [n(x%)|. Further, let ny equal n(z%) — 1 if n(z%) is an integer and

|n(zY)] otherwise. Finally, define

L _
Y = Tmin,1,

yU =2 —2(ny — Dmr.
The convex envelope of sin on an arbitrary interval is now stated as

n(Z,x—2(n —)m) if 2—2(n; —1)7 < Tiing
u”(X,z) =9 nY,r—2(ng — )m) if x—2(ny — )7 > Tpmina

-1 otherwise

Similarly, the lower bound on an arbitrary interval and a minimum of u®’(X,-) are

given by
—1 if 2V —2(n; — 1)1 > 2
’U,L(X> — ( 1 ) - 72
min(sin(z%), sin(2Y)) otherwise
and
;L’min(X) _ Tmin,2 + 2(711 — 1)71' if I’U — 2(711 — 1)7T 2 Tmin,2

arg min(sin(z%),sin(z")) otherwise

Finally, the upper bound, the concave envelope and a maximum of the concave en-
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velope are given by the symmetry relations

u” (X) = —u"(=X),
u(X,z) = —u” (=X, —x),
(X)) = —™ (= X).

Cos

The bounds and relaxations for cos can be obtained from the rules for sin and the
identity

cos(z) = sin(z + g), Vo € R.

2.9 Conclusion

In this chapter, the class of factorable functions was introduced, and it was shown
that useful global information about such functions can be automatically computed.
Two methods for obtaining such information were presented. The first, interval arith-
metic, provides guaranteed interval bounds on the range of a factorable function over
an interval of inputs. The second, McCormick’s relaxation technique, provides convex
and concave relaxations of factorable functions. These methods were then analyzed
in detail to establish several new regularity and convergence properties that will be
required in later chapters. Finally, a generalized form of McCormick’s relaxation tech-
nique was introduced which extends the applicability of McCormick-type relaxations
greatly. It was shown here that this technique provides relaxations of composite func-
tions. In Chapters 7 and 8, it will be shown that this technique is also essential for

relaxing the solutions of dynamic systems.
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Chapter 3

State Bounding Theory for
Parametric ODEs and Control

Systems

3.1 Introduction

In this chapter and the next, methods are developed for efficiently computing sharp
interval enclosures of the solutions of nonlinear control systems, subject to permissible
sets of inputs and initial conditions. This set of solution values is called the reachable
set, and the computed interval bounds on this set are called state bounds. Enclosures
of the reachable sets of dynamic systems are useful in many applications, including
uncertainty quantification [75], state and parameter estimation [163, 93, 103, 138, 88,
safety verification [85], fault detection [106] and controller synthesis [110]. The pri-
mary motivation for computing state bounds here, however, is for their use in algo-
rithms for global optimization of dynamic systems [135, 164, 104]. Such algorithms
embed the overestimation of reachable sets as a frequently called subroutine. Ac-
cordingly, we are interested in methods that can provide enclosures quickly (order
107's), and focus on mitigating the overestimation that such methods are prone to.

Computing sharp bounds on this time scale is a problem of general interest, both for
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other algorithms that embed reachable set computations and for online applications

such as state estimation [138, 88] and robust model predictive control [102].

For general nonlinear control systems, theoretical characterizations of the reach-
able set are available in terms of invariance domains [13], solutions of integral funnel
equations [133], and solutions of Hamilton-Jacobi-Bellman equations [120]. Despite
this rich body of theory, methods derived from these formulations are computation-
ally demanding. Several more tractable approaches enclose the reachable set within
polytopes or zonotopes. In [41], hyperplanes supporting the reachable set are com-
puted by solving dynamic optimization problems. A variant that produces weaker
enclosures but guarantees convex optimization problems is presented in Chapter 9.
Other methods involve abstraction of the nonlinear system by a hybrid system with
simplified (i.e., linearized) continuous dynamics in modes corresponding to a parti-
tion of the state space [72, 10, 5]. An enclosure for this simplified system is then
augmented by a bound on the abstraction error. Refinement of the partition leads
to sharper enclosures, but higher computational cost. As a representative example,
enclosures computed in [5] took on the order of 10's, making them inappropriate for

the applications of interest here, though they are indeed very sharp.

A less expensive approach is to enclose the reachable set within time-varying
interval bounds. Methods of this type are either based on Taylor approximations
with rigorous error bounds [130], or on viability type conditions, which in the case of
interval enclosures reduce to componentwise differential inequalities [75, 162, 156, 140,
141]. A unique feature of Taylor methods is that they produce wvalidated enclosures,
meaning that the enclosures are guaranteed even when computed on a finite precision
machine. Unfortunately, these methods apply only to ODEs that depend on real
parameters rather than controls, and produce very conservative bounds when the
range of parameters is large (see [140] for comparison with differential inequalities).
This conservatism can be greatly mitigated by using high-order Taylor expansions,
or by using more sophisticated inclusion algebras, such as Taylor model arithmetic
[24, 105], in place of interval arithmetic. Unfortunately, these measures dramatically

increase the computational cost, which in the latter case scales exponentially in the
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number of uncertain initial conditions and parameters.

The primary advantage of differential inequalities approaches is that they can
be implemented using interval arithmetic and numerical integration codes, yielding
bounds at a cost comparable to a single model simulation (order 10~%-107's for
systems with a few states). While the enclosures produced by these methods are
mathematically guaranteed, they are not validated. Therefore, they are inappropriate
for investigating long-time behavior of unstable or oscillatory systems. Given the
accuracy of modern numerical integration codes, however, these methods are effective
for stable systems over modest integration times, especially when the reachable set
is large compared to the expected numerical error owing to large parameter ranges.
Moreover, this issue can be overcome using a slightly more involved hybrid formulation
as in [140]. Like Taylor methods, differential inequalities approaches are typically
applied to parametric ODEs, but the extension to controls is less problematic (See
§3.3.2). A more difficult issue is that they are known to yield extremely conservative
enclosures for ODEs that are not quasi-monotone [182] (or cooperative [165]). In
[162], it was shown that this condition is frequently violated in applications. On the
other hand, it was also shown that it is often possible, through physical arguments,
to obtain a crude set G which is independently known to contain the reachable set,
and that greatly improved bounds can be computed by leveraging this information.

A practical implementation was developed for the case where G is an interval.

In this chapter, we develop a framework for effectively using general physical in-
formation in differential inequalities bounding methods, without a significant loss of
efficiency. First, the basic differential inequalities bounding method, which does not
make use of physical information, is presented and its advantages and disadvantages
are discussed in the context of a simple example (§3.3). The use of physical informa-
tion is discussed in detail in §3.4. Unfortunately, it happens that the most intuitive
usage is not always valid, and we present some choice counterexamples in order to
elucidate the fundamental problems. This discussion then motivates the central part
of the chapter, comprising §3.5-8§3.7, which contains a detailed analysis of the use of

physical information in differential inequalities through a mathematical abstraction
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in terms of set-valued mappings. This results in an abstract bounding theory, which
clearly isolates the fundamental problems of the conceptual discussion in §3.4 and
prescribes conditions under which one yet arrives at a correct bounding procedure.
From these general principles, we then derive several new bounding methods making
use of physical information in various forms. Some illustrative numerical examples

can be found throughout, and more thorough case studies follow in Chapter §4.

3.2 Problem Statement

For any measurable I C R, the space of Lebesgue integrable functions u : I — R is
denoted by L'(I). A vector function u : I — R™ is said to be measurable if each
scalar function u; is measurable, and is said to be Lebesgue integrable if each wu; is
an element of L*(I). The space of Lebesgue integrable vector functions is denoted by
(LHID))"

Let Iy C R be open, I = [ty,ts] C Iy, let U C R™ be compact, and define the set

of admissible controls
U={ue (L'I)™ :u(t) €U for ae. t € I} (3.1)

Let the set of admissible initial conditions be a compact set Xy C R™. Finally,

let D D Xgandletf: [y xU x D — R™. Consider the initial value problem in ODEs

x(t,u,x0) = f(t,u(t),x(t,u,xp)), (3.2)

X(thuaXO) = Xy,

where a solution is any mapping x : I x U x Xy — D such that, for each (u,x) €
U x Xy, the mapping x(+, u, Xg) is absolutely continuous and satisfies (3.2) a.e. on I.

The following assumptions hold throughout this chapter.
Assumption 3.2.1. Assume that

1. For any (p,z) € U x D, f(-, p,z) is measurable on I,

126



2. For a.e. t €I, f(t,-,-) is continuous on U x D,

3. For every compact K C D, Jax € L'(I) such that, for a.e. t € I,

If(t, p,2)||1 < ak(t), V(p,z) €U x K.

Assumption 3.2.2. For any z € D, there exists n > 0 and a € L'(I) such that, for

a.e. t € I and every p € U,

1£(t,p,2) — £(t, P, 2) [0 < a(t)]|Z — 2]/,

for every z,2 € B,(z) N D.

Above, B,(z) denotes the open ball of radius n around z. In case D is open,
Assumptions 3.2.1 and 3.2.2 ensure that a unique solution of (3.2) exists locally [62].
In any case, it is always assumed that, for each (u,xq) € U x Xy, there exists a unique

solution of (3.2) on all of I. We are interested in computing the following.

Definition 3.2.3. Two continuous functions v,w : I — R"* are called state bounds

for (3.2) if x(t,u,x¢) € [v(t), w(t)], V(t,u,x0) € I x U x Xo.

Remark 3.2.4. In many cases, we are interested in computing bounds on the solu-
tions of an ODE subject to parametric uncertainty. This is simply a special case of
the problem above, since a parameter vector p € R™ taking values in a compact set
P can simply be regarded as a vector of constant controls, u(t) = p for all ¢t € I,
taking values in U = P. The only disadvantage of this approach is that the bounds
will be valid for any solution that could result from a time-varying parameter vector
taking values in P, while the solutions of interest are only those corresponding to
constant parameter values. Thus, an additional source of conservatism is introduced.
This observation does not seem to be generally appreciated, and this reformulation is
routinely used in the standard differential inequalities method [135, 162]. It will be

used here as well, since a better method is not available.
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3.3 The Standard Differential Inequalities Method

In this section, a standard method for computing state bounds using the theory of
differential inequalities [182, 170] is presented. The key result is Theorem 3.3.2 below,
which gives a set of sufficient conditions under which two functions are guaranteed to
bound the solutions of (3.2) pointwise in t. The statement here differs from statements
in the literature in technical details. Its proof and a discussion of these differences

can be found in §3.3.1 and §3.3.2, respectively.

Definition 3.3.1. Let BX, BY : IR™ — IR™ be defined by BF([v,w]) = {z € [v,w] :

zi=wv;} and BY ([v,w]) = {z € [v,w] : z; = w;}, for every i = 1,...,n,.
Theorem 3.3.2. Let v,w : I — R"™ be absolutely continuous functions satisfying
(EX):  For every t € I and each index i,
1. v(t) < w(t),
2. BE([v(t),w(t)]) € D, BY([v(t), w(t)]) € D.
(IC):  v(ty) < x¢ < w(ty), Vxo € Xp.
(RHS): For a.e. t € I and each indez i,
1. v(t) < fi(t,p, z), for all z € BE([v(t),w(t)]) and p € U,
2. ;(t) > fi(t,p,z), for all z € BY([v(t),w(t)]) and p € U.
Then v(t) < x(t,u,x0) < w(t), V(t,u,x9) € I x U x X.

Conceptually, the key hypotheses of Theorem 3.3.2 are (IC) and (RHS). Hypoth-
esis (IC) simply requires that the bounding trajectories v and w are bounds at t.
The conditions of (RHS) are the differential inequalities. The purpose of these condi-
tions is to ensure that the solutions of (3.2) cannot cross v and w to the right of ¢y.
We will have much more to say about these conditions in Section 3.3.1. Theorems
such as Theorem 3.3.2, which establish inequalities between the solution of a dynamic

systems and other trajectories, are sometimes referred to as comparison theorems.
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The hypotheses of Theorem 3.3.2 can be satisfied computationally using interval
arithmetic. Suppose that U and X, are n,, and n,-dimensional intervals, respectively,

and that f is factorable. State bounds can then be computed by solving the ODEs

oi(t) = [F1"([t, 8], U, BE (v (1), w(t)])), (3.3)
wi(t) = [A]Y([t, 1], U, BY ([v(t), w(t)])),
[i(to), wi(to)] = Xos,

for a.e. t € I and each index ¢. By construction, the intervals over which the interval
extensions of each f; are taken in the right-hand sides of (3.3) are exactly the sets over
which the differential inequalities in Hypothesis (RHS) are required to hold. Thus,
any solutions v and w of (3.3) must satisfy (RHS). Furthermore, Hypothesis (IC) is
satisfied by the choice of initial conditions in (3.3). Then, provided that (EX) holds,
Theorem 3.3.2 ensures that v(t) < x(¢,u,x0) < w(t) for all (t,u,x0) € I xU x Xp.
The properties of bounding systems such as (3.3) are analyzed further in §3.5.2, and
it is shown that a unique solution exists, at least locally about ¢y, and indeed satisfies
(EX). The implementation of Theorem 3.3.2 through (3.3) is due to Harrison [75],

and will be referred to as Harrison’s method throughout.

Example 3.3.1. Consider the reversible chemical reaction
A+B=C (3.4)

with forward and reverse rate constants ky and k,, respectively, taking place in an
isothermal batch reactor. The time evolution of the species concentrations x4, zp

and z¢ are described by a system of ODEs of the form (3.2), where x = (24, x5, z¢),

u = (ky, k,), and the right-hand side is defined by f = Sr, where
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Consider computing state bounds on I = [0,0.05] min with the fixed initial condition
xo = (1.5,0.5,0) (M) and the (ks, k) in the interval U = [100,500] x [0.001,0.01]
(M~'min~!, min™"). That is, the set of admissible initial conditions is the singleton

Xo = {x0} and the set of admissible controls is
U= {(ks, k.)€ (L'(I))?*: (ks(t), k(1)) € [100,500] x [0.001,0.01] for a.e. t € I}.

Here, the solutions of interest correspond to k; and k, that are constant in time,
though the computed bounds will nonetheless be valid for time-varying rate constants,

as discussed in Remark 3.2.4.

Consider the ODE describing x¢, which is given by
To(t,u,Xg) = k(t)xa(t,u,xo)rp(t, u,x0) — k(t)zc(t, u, xo). (3.5)

ryr

Denoting U = [k, k¥] x [k}, k] and taking natural interval extensions of the right-

hand side function, the bounding differential equations (3.3) for z¢ are given by

e (t) = kfva(t)op(t) — kv (), (3.6)
we(t) = kfwa(t)yws(t) — kfwe(t),

ve(to) = weto) = @o,c-

The form of these equations result from the fact that all intervals are guaranteed to
be positive, so that the choice of upper or lower bound for each variable is dictated
simply by the sign of the term in which it appears. For example, the lower bound for
the right-hand side for ¢, przazp — pr2c, is computed by taking the lower bound
for every variable in the first term and the upper bound for every variable in the
second term. Note in particular that, in the second term, ve(t) is used in place of
we(t) since the natural interval extension in this case is taken over BE([v(t), w(t)]),
not [v(t), w(t)]. The bounding differential equations for x4 and xp are derived anal-
ogously. The solution of these bounding differential equations then gives the state

bounds [v(t),w(t)], for all ¢ € I. These equations were solved numerically using
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Figure 3-1: State bounds for the species concentration x¢ from Example 3.3.1. Solid
curves are true model solutions computed for 64 constant vectors u = (ks, k) on a
uniform grid over U = [100, 500] x [0.001,0.01] (M~'min~!, min~'). Dashed lines are
state bounds computed by solving (3.3).

CVODE [44] with absolute and relative tolerances of 107°. The state bounds on z¢
are shown by the dashed curves in Figure 3-1. The solid curves in Figure 3-1 are
solutions x¢(t, u, %) computed for 64 sampled u = (ky, k,.) taking constant values on
a uniform grid over U = [100,500] x [0.001,0.01] (M~'min~', min™").

It is clear from the figure that the computed trajectories do indeed bound the
model solutions, but they are very conservative and do not represent the true set of
solutions accurately. This issue is especially pronounced for the upper bound. On the
other hand, the computation of these bounds required only 1.8 x 10~* CPU seconds,
less than twice the cost of integrating a single model trajectory, 1.1 x 10~* s. These
computations were done on a Dell Precision T3400 workstation with a 2.83 GHz Intel

Core2 Quad CPU. One core and 512 MB of memory were dedicated to the job.

The previous example shows that Harrison’s method can potentially produce very
weak bounds. Unfortunately, these bounds are representative of the behavior of
Harrison’s method for many problems. On the other hand, the implementation of

Theorem 3.3.2 using interval arithmetic and a state-of-the-art numerical integration

131



routine is very inexpensive. Thus, the aim of this chapter and the next is to find
ways to reduce the conservatism of Harrison’s method, hopefully very significantly,

without compromising its efficiency.

As discussed in the introduction, this will be done by incorporating physical in-
formation into the procedure at a very fundamental level. Examining the results of
Example 3.3.1, it is easy to see that the bounds computed by Harrison’s method disre-
gard intuitive physical limitations. Given the reaction stoichiometry and the specified
initial condition, simple conservation laws demand that x¢ remains less than 0.5 M
for all time, regardless of u. Yet, the computed upper bound diverges toward +oc.
This suggests that even simple physical observations could be leveraged in order to
compute much sharper bounds. This idea was first suggested in [162], where physical
upper and lower bounds on each state variable, termed natural bounds, were used in
a modified form of Harrison’s method. In general, state bounds resulting from that
method do not demonstrate catastrophic divergence, but still largely fail to provide

an accurate enclosure of the reachable set throughout time.

In the next chapter, it will be shown that, for a very important class of ODE
models in chemical engineering, including that of Example 3.3.1, the physical infor-
mation used in [162], and in fact much more, is readily available and can often put
massive restrictions on the regions of state space that must be considered during a
state bounding computation. In the remainder of this chapter, we develop the theory
required to use this information effectively, while still maintaining an efficient compu-
tational implementation. In comparison to [162], the methods developed here differ
in that arbitrary physical information is considered instead of only natural bounds.
This generalization is very challenging, both theoretically and from an implementa-
tion standpoint, but in the end results in vastly superior bounds for problems where

rich physical information is available.
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3.3.1 Proof of Theorem 3.3.2

Preliminaries

The proof of Theorem 3.3.2 involves some standard facts about absolutely continuous
functions that can be found in [180]. Two important results are stated below. Denote
the space of absolutely continuous functions from [a, b] into R by AC([a, b], R). Recall
that any ¢ € AC([a, b, R) is differentiable at almost every ¢ € [a, b]. The abbreviation

“a.e. t € [a,b]” is used throughout.

Theorem 3.3.3. If ¢ € AC([a,b],R) satisfies p(t) < 0 for a.e. t € [a,b], then ¢ is
non-increasing on |a, b|.

Proof. See Theorem 3.1 in [170]. O

Lemma 3.3.4. For any ¢ > 0 and any $ € L'([a,b]), Ip € AC([a,b],R), non-

decreasing, and satisfying
0<p(t) <e Vtela,b], and pt)>|68(t)|pt), a.e te]la,bl. (3.7)

Proof. Choose v > 0, let B(t) = fbt(|/6(s)| +7)ds and let p(t) = eeP®. Clearly,
p > 0 and p(b) = e. B is absolutely continuous and hence differentiable a.e. on
[a,b] with B(t) = |8(t)| + 7. Since B is absolutely continuous and a — ee® is locally
Lipschitz, p is absolutely continuous (See [119]) and, for a.e. t € [a, b], the chain rule

gives

p(t) = PO (B(t) = p(t) (18(t)] +7) > |6(t)]p(2)-

Theorem 3.3.3 shows that p is non-decreasing. O

The proof of Theorem 3.3.2, and similar results in later sections, require a con-

struction that is summarized in the following lemma and corollary.

Lemma 3.3.5. Let § : I — R" be a continuous function with (tg) < 0. Suppose
3t € I such that §;(t) > 0 for at least one i € {1,...,n}, and define t; = inf{t € I :
6(t) £ 0}. Then
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1. tp <t; < tf and (S(t) <0, Vt € [to,tl].
2. The setV ={i:Vy >0, 3t € (t1,t1 +7] s.t. 0;(t) > 0} is nonempty.

Let ty € (t1,ts], € > 0 and B € L*([t1,t4]). Then there exists an index j € {1,...,n},
a non-decreasing function p € AC([t1,t4],R) satisfying (3.7) on [t1,t4], and numbers
to, t3 € [t1,t4] with ty < t3 such that the following inequalities hold:

5(t) < 1p(t), Vit € [ta,ts), (3.8)
0<5j(t), VYt € (tg,tg),

05(ts) = plts),
5j(t2) == 0

Proof. By hypothesis, the set {t € I : §(t) £ 0} is nonempty. Since ¢; is a lower
bound, 6(t) < O for all ¢ € I such that t < ;. If t; > ¢, then continuity ensures
that this also holds at ¢, so that §(t) < 0, Vt € [to,t1]. If t; = o, then the same
conclusion holds because d(ty) < 0. By the assumption that §(¢) £ 0 for some
t € 1, it follows that ¢; < t;. Since ¢; is the greatest lower bound, it follows that the
inequality 6(¢) < 0 is violated arbitrarily close to the right of ¢;. Then, since & is
finite dimensional, there must be at least one i such that §;(¢) > 0 arbitrarily close
to the right of ¢;. Thus, V # 0.

Choose any t4 € (t1,t¢], € > 0 and 8 € L'([t1,t4]). Choose m so that 3t € [ty, 4]
with §;(t) > m > 0, for some i. This must be possible since V is nonempty. By

Lemma 3.3.4, there exists a non-decreasing function p € AC([t1, t4], R) satisfying

0 < p(t) <min(m/2,€), Vte [ti,ts], and p(t) > |6(t)|p(t), ae. t € [t1,ts).

Let t3 = inf{t € [t1,t4] : 0:(t) > p(t) for at least one i}. Since p < m, this set is
nonempty. Because t3 is a lower bound, d(t) < 1p(t) for all ¢t € [ty,t4] with ¢ < t3.
Since t3 is the greatest lower bound, 6;(t3) = p(t3) for at least one j. Since §(¢1) < 0,
it follows that t5 € (¢, t4].

134



Fix any j such that 0;(t3) = p(t3) and let to = sup{t € [t1,t3] : 0,(t) < 0}. Since
d;(t1) < 0, this set is nonempty. Because t5 is an upper bound, §;(t) > 0 for all
t € [t1,t3] with t > t5. Because it is the least upper bound, §;(t2) = 0. It follows that
ty € [t1,13). O

Corollary 3.3.6. Let ¢, v,w : [ — R" be continuous and satisfy v(ty) < ¢(ty) <
w(ty). Suppose 3t € I such that either ¢;(t) < vi(t) or ¢; > w;(t), for at least one
ie{l,...,n.}, and define

ty =inf{t € I : ¢;(t) < v;(t) or ¢; > w;(t), for at lease one i}. (3.9)

Then
1. tp <t < Ly and V(t) < ¢(t) < W(t), vVt € [to,tl].
2. At least one of the sets
VE={i:Vy >0, 3t (ty,t1 +7] s.t. ¢s(t) <vi(t)},
VW={i:Vy>0, 3tE (t,ts +7] s.t. di(t) >wi(t)},

18 nonempty.

Let ty € (t1,tf], € > 0 and 8 € L*([t1,t4]). Then there exists an index j € {1,...,ny},
a non-decreasing function p € AC([t1,t4],R) satisfying (3.7) on [t1,t4], and numbers
to,t3 € [tl, t4] with ty < ts such that

v(t) —1p(t) < p(t) < w(t) +1p(t), Vi€ [ta,t3) (3.10)
and

0j(ta) = vi(ta), &;(ts) = v;(ts) — p(ts), and ¢;(t) < v;(t), (3.11)
( or ¢j(t2) = w;(ta), ¢;(ts) = w;(ts) + p(ts), and ¢;(t) > wj(t)>) (3.12)

for allt € (tg,t3).
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Proof. Define § : I — R?™ by §(t) = (v(t) — o(t), p(t) — w(t)), Vt € I. By hypoth-
esis, (tp) < 0, and 3t € I such that §;(¢) > 0 for at least one i. The conclusion now

follows from Lemma 3.3.5. O

We now proceed to the proof of Theorem 3.3.2.

Proof

Choose any (u,xg) € U x Xy and let x(t) = x(t, u,xg) for convenience. Suppose that

3t € I such that x(t) ¢ [v(t),w(t)]. We prove a contradiction.

Define t; as in (3.9) with ¢ = x, and define x(t) = mid(v(¢), w(t),x(t)). Noting
that the hypotheses of Corollary 3.3.6 are satisfied with ¢ = x, Conclusion 1 of that
corollary implies that x(¢;) = x(¢;). Let n > 0 and o € L*(I) satisfy Assumption
3.2.2 with z = x(¢;). Choose t4 € (t1,s] small enough that x(t),x(t) € B, (x(t1)),
Yt € [tq, 4]

Applying Corollary 3.3.6 with t4, § = « and arbitrary ¢ > 0 yields an index
Jj € {1,...,n,}, a non-decreasing function p € AC([t1,t4],R) satistying (3.7) on
[t1,t4], and numbers ty, t5 € [t,t4] with o < t3 such that (3.10) and (3.12) hold with
¢ = x (the proof is analogous if instead (3.11) holds).

It will be shown that Hypothesis (RHS).2 can be applied at the point (¢, u(t),x(t))
for a.e. t € [ta,t3]. By definition, it is clear that x(t) € [v(t),w(t)]. Hypothesis
(EX).1 and (3.12) show that z;(t) = mid(v,(t), w;(t), z;(t)) = w;(t) and hence X(t) €
BY([v(t), w(t)]). By Hypothesis (EX).2, this implies that x(t) € D.

Now, for a.e. t € [ta, t3], Hypothesis (RHS).2 gives

w;(t) = f3(tu(t), x(1)) = f(t, u(t), x(t) = a(t)[[x(t) = X(t)]|oo-
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By (3.10), ||x(t) — X(t)|| < p(t), so that, for a.e. t € [to, t3],

w;(t) + p(t) = f;(t, alt),x(t) — alt)p(t) + p(t),
> fj(tv u(t)v X(t)),

= a;(t).

The second inequality above follows from (3.7). By Theorem 3.3.3, this implies that

(x; —w; — p) is non-increasing on [ty, t3], so that

Ij(tg) — UJj(tg) — p(tg) S l’j(tg) — UJj<t2) — p(tg)

But, by (3.12), this implies that 0 < —p(t2), which contradicts (3.7).

3.3.2 Comments on Similar Results in the Literature

Similar results for ODEs without controls [182] originate from the existence theorem
of Miiller [126]. The extension to ODEs with real parameter dependence is apparent
and is discussed in [162]. The extension to ODEs with time-varying inputs has been
stated by several authors [75, 93] and is indeed apparent from Miiller’s result in the
case of continuous inputs. The present result holds also for L' controls. Its proof
requires a different approach and was influenced by Theorem 3.1 in [170], which
applies to quasi-monotone systems under Carathéodory hypotheses. This approach
is required in order to treat weak solutions of (3.2); i.e., solutions which only satisfy
(3.2) for a.e. t € I.

Compared to the statements in [93, 140], note that we require absolute continuity
of the bounds instead of continuity, and require that the differential inequalities hold
almost everywhere with true derivatives, as opposed to everywhere with Dini deriva-
tives. This is again related to the fact that the present result holds for L' controls,
and hence weak solutions of (3.2). We also note that Hypothesis (EX), which is in-
herent in Miiller’s formulation, is notably omitted from the statement in [75]. This

error originates from Remark 12.X(f3) in [182] (stated with incomplete proof) and
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is common in the literature. It is easy to see that (EX).2 is necessary in Theorem
3.3.2 because the hypothesis (RHS) is not well-posed without it. Moreover, (EX).1 is
easily motivated by Example 3.3.2 below and is unrelated to the presence of controls
in Theorem 3.3.2. Finally, we note that Theorem 3.3.2 is a special case of a general
characterization of invariant tubes for differential inclusions given in [13]. However,
the presented form is amenable to efficient interval computation whereas the general

form is not.

Example 3.3.2. Let I = [0,1] and D = R?. Consider the 2-dimensional ODE with
no controls defined by fi(t,z) = 21 — 2o, fo(t,2) = 22 — 21, and xo = [1 1]T. f
clearly satisfies Assumptions 3.2.1 and 3.2.2. Furthermore, with these definitions, it
is clear that x(t) = xo = [1 1]" is the unique solution of (3.2) on I. Now consider the
functions v and w given by v;(t) = va(t) = 12 + 1 and w; (t) = wy(t) = —t> + 1. By
straightforward computation, 01(t) = 9(t) = 2t and wy(t) = we(t) = —2t.

Omitting (EX).1, the remaining hypothesis of Theorem 3.3.2 are verified as fol-
lows. Hypothesis (EX).2 is trivial by the choice of D. (IC) is true because v(0) =
xo = w(0) = [1 1]T. (RHS).1 states that, for i € {1,2} and a.e. t € [0, 1], v;(t) must
satisfy the stated inequality if v(t) <z < w(t) and z; = v;(t). But, for any ¢ € (0, 1],
w(t) < v(t), so there does not exist any z satisfying these conditions. Therefore,
(RHS).1 is trivially satisfied. By an analogous argument, (RHS).2 is also satisfied.

On the other hand, it is clear that v and w do not satisfy the conclusion of
Theorem 3.3.2 because x(t) = xo for all ¢t € [0,1] and * +1 > 1 > —t? + 1 for all
t € (0,1], which implies that v(t) > x(¢) > w(t) on (0, 1].

3.4 The Use of a Priori Enclosures in Comparison

Theorems

This section provides a conceptual discussion of the use of physical information in the
context of differential inequalities bounding methods. Throughout, we assume that

some set G C R" is available such that x(t,u,x¢) € G, ¥(t,u,xq) € I xU x Xy. The
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set GG is called an a priori enclosure, since we assume that it is known prior to the
application of a state bounding method. It will be shown that the most natural use
of G in the context of differential inequalities is not valid in general, and that valid
uses can be non-intuitive and depend on the specific form of G (interval, polyhedral,
etc.).

Recall the central hypothesis of Theorem 3.3.2:

(RHS): For a.e. t € I and each index i,

1. 9(t) < fi(t,p,z) for all z € BE([v(t),w(t)]) and p € U,

2. ;(t) > fi(t,p,z) for all z € BY([v(t),w(t)]) and p € U.

Conceptually, (RHS) relates v;(t) and w;(t) to possible values of the derivatives of
solutions of (3.2) at ¢, through the values of f;(¢,-,-). However, it is clear that the
only values of f;(t,-,-) which are related to the derivatives of solutions of (3.2) are
those which f;(¢, -, -) takes at the points (u(t), x(¢, u, Xg)) with (u,x¢) € U x Xy. Then,
considering that G satisfies, by definition, x(t,u,x¢) € G, V(t,u,xq) € I x U x X,
it seems reasonable to expect that the sets over which the differential inequalities in
(RHS) are required to hold could be restricted in some way by G. Of course, the most

natural restriction is obtained by simply taking the intersection with G to arrive at:
(RHSa): For a.e. t € I and each index 1,

L. 9,(t) < fi(t,p,z) for all z € BL([v(t),w(t)])NG and p € U,

2. w;(t) > fi(t,p,z) for all z € BY([v(t),w(t)])) NG and p € U.

It should be clear that (RHSa) is a weaker hypothesis than (RHS), and thus poten-
tially enables one to characterize sharper bounds through Theorem 3.3.2.
Surprisingly, Theorem 3.3.2 is not generally valid with (RHSa) in place of (RHS).
This claim is contrary to Remark 2.4 in [162] and is proven by the counterexamples
below. These examples show two fundamentally different complications inherent in

(RHSa), which are subsequently discussed.
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Example 3.4.1 (Encountering the Empty Set in (RHSa)). Let I = [0,1], D = R and
consider the scalar ODE with no controls defined by f(t,2) = z and xg = 0. Clearly,
the unique solution of (3.2) with these definitions is given by z(t) = 0, Vt € I.
Assumptions 3.2.1 and 3.2.2 are obviously satisfied.

Choose G = [0,0], and let v(t) = w(t) = t* for all t € I. Clearly this satisfies
Hypothesis (EX) of Theorem 3.3.2. Furthermore, (IC) clearly holds, and (RHSa) is
trivially satisfied because, for any ¢ € (0, 1], the set [v(t), w(¢)|NG = [2,#*]N[0, 0] = 0.
Therefore, all of the hypotheses of Theorem 3.3.2 are satisfied, with (RHSa) in place of
(RHS), and the conclusion of that theorem is clearly false because z(t) = 0 < t? = v(t)
on (0,1].

Example 3.4.2 (A Regularity Problem on the Boundary of G in (RHSa)). Let
I =10,0.5], D = (—0.51,0.51) x (—2.1,2.1) and consider the 2-dimensional ODE
with no controls defined by fi(t,z) = —1 and fy(t,z) = 21/+/1 — z}. Assumption
3.2.1 is easily verified. Further, it can be shown that each f; is Lipschitz on I x D
by simply checking that the partial derivatives with respect to z are bounded on D
(though not on R?), and Assumption 3.2.2 follows. Letting xo = [0 1], it is easily
verified that the unique solution of (3.2) is given by x1(t) = —t and z(t) = V1 — 2.
Let G = {z: 22 + 22 < 1}. Note that x(t) € G for all t € I.

Now consider the functions v,w : I — R" defined by vi(t) = —t, wi(t) = t,
vo(t) = 1 and we(t) = 2. Hypotheses (EX) and (IC) of Theorem 3.3.2 are easily
verified. Moreover, for any ¢ € (0,0.5], the set BY ([v(t), w(t)]) NG is empty for every
i and the set BX([v(t),w(t)]) N G is empty for i = 1 and contains the single point
z = [0 1]T for i = 2. Thus, (RHSa).2 is trivially satisfied, and so is (RHSa).1 when
i = 1. (RHSa).1 is satisfied for i = 2 because 05(t) = 0 = fo(¢, [0 1]T), Vt € [0,0.5].
Of course, the conclusion of Theorem 3.3.2 does not hold since z4(0.5) = /0.75 ¢
[1,2] = [v2(0.5), w2(0.5)].

Despite these pessimistic results, it will be shown in the following sections that
hypotheses very similar to (RHSa) can in fact be used to derive strengthened com-

parison theorems and very effective bounding methods. To do so, however, it is
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necessary to dispense with the flawed conceptual idea leading to (RHSa), and come
to grips with the mathematical requirements that a (RHS)-type hypothesis must sat-
isfy. Conceptually, it is tempting to interpret the Hypothesis (RHS) in the following
way: if at any ¢ € I and for any (u,xq) € U x Xy, it happens that some solution
x; = x;(-,u,Xp) runs into a bound, say v;(t), for the first time, then (¢, u(t),x(t)) is
feasible in (RHS).1. Therefore, ©;(t) < #;(t). Moreover, since x(t) € G, the same
argument shows that 0;(t) < &;(¢) if we have (RHSa) instead of (RHS). So far, this
argument is correct. What is false is the idea that this differential inequality implies
that v; < x; to the right of t. This implication fails for v and x at ¢y in Example
3.4.1.

Examining the proof of Theorem 3.3.2, the hypothesis (RHS) is used in quite
a different way than the intuitive explanation above would suggest. In fact, the
entire proof occurs in the hypothetical situation where x(¢) is not in [v(t), w(t)]. The
hypothesis (RHS) is never applied to the point (¢, u(t),x(t)), because this point is
not in the required set by construction. Instead (RHS) is applied to a nearby point,
(t,u(t),x(t)), that does satisfy the required conditions. Specifically, (¢, u(t),x(t)) is
nearby in the sense that ||x(t) — X(t)]|s < p(t) for a.e. t € [ts,t3], and the usefulness
of applying (RHS) at this point to get information about i;(t) critically depends on
the Lipschitz condition on f;, as per Assumption 3.2.2.

Lets now consider how (RHSa) fails in the preceding examples, and how this
relates to the proof of Theorem 3.3.2. One fundamental difference between (RHS)
and (RHSa) is that, in the latter, it is possible for the set over which the differential
inequalities are required to hold to be empty. This is exactly the circumstance leading
to the counterexample Example 3.4.1, and it is fairly easy to see how this situation
interrupts the proof of Theorem 3.3.2. Specifically, there is no point X(t¢), nearby or
otherwise, at which (RHSa) can be applied. In Example 3.4.2, empty sets also occur,
but these are not the critical problem. (RHSa) does indeed impose a nontrivial
condition on vy(t), for all ¢ € I. However, the only point z for which we must have
09(t) < fa(t,z), according to (RHSa), is not nearby x(t) in the sense above. In

essence, the shape of the set G introduces non-Lipschitz behavior, despite the fact
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that f5 is Lipschitz.

A final rather serious problem with (RHSa) is that the efficient implementa-
tion of the standard differential inequalities method is no longer sensible. The set
BE([v(t),w(t)]) NG is not necessarily an interval if G is not an interval, so the hy-
potheses of (RHSa) cannot be satisfied efficiently through interval arithmetic. In
fact, it turns out that the case where G is not an interval is of significant interest in
applications.

Roughly speaking, the solution to all of the problems discussed above is to replace
the intersections with G in (RHSa) with some weaker operations. Conceptually,
these operations overestimate the set BiL/U([V(t),W(t)]) N G at each point in time.
Moreover, they return nonempty sets and obey a certain Lipschitz condition. Finally,
these operations can be chosen in order to return intervals or other types of sets that
permit an efficient computational implementation.

In general, what constitutes a valid weaker form of BF / Yv), w(t)]) N G will
depend on the particular form of G (interval, polyhedral, etc.). Moreover, this choice
is not unique. Finally, in many cases the difference between Bl / Yve), w®)]) NG
and this weaker form are subtle. All of this then begs the question, what are the
general principles that distinguish a valid usage of GG in a comparison theorem from
the invalid use of (RHSa)?

To answer this question, these weaker operations are formalized in a general set-
ting in the next section. Strictly, the requirement that these operations never return
the empty set is not absolutely necessary. Nonetheless, it will be inherent in the de-
velopment of the following section. A yet more general presentation permitting empty
sets is given in §3.7, though the resulting methods are more difficult to implement

and therefore not as useful in general.

3.5 A General Comparison Theorem

In this section, a comparison theorem is proven in a very general setting. In light of the

complications discussed in the previous section, the purpose of this abstract analysis
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is to understand the fundamental requirements that one must impose on (RHS)-type
hypotheses in order to arrive at a valid comparison theorem. The approach, then,
is essentially to assume precisely what is required by the method of proof used in
§3.3.1, and work backwards toward implementable methods. First, the problem of
bounding an arbitrary function ¢ € AC(I,R") by two functions v,w € AC(I,R") is
considered. State bounds for the ODEs (3.2) are considered explicitly in §3.5.1.

Let Dp C I x R" x R" and, for every i € {1,...,n}, let IT*, TIY : Dy — P(R).
That is, for every (t,v,w) € Dy, I*(t,v,w) and 1Y (¢, v, w) are subsets of R. The
following hypothesis provides a very minimal set of requirements relating the map-

pings HiL/ Y to the function ¢ in such a way that Theorem 3.5.1 below holds.

Hypothesis 3.5.1. Suppose that (£, v, W) € I x R" x R” satisfies v < ¢({) < W and
either ¢;(t) = 9; or ¢;(t) = 1 for at least one i € {1,...,n}. Then there exists 7 > 0
and o € L'(I) such that the following conditions hold for every (v,w) € B,((v,w))
and a.e. t € [t,f +n) such that (t,v,w) € Dy

1. If ¢4(t) < v;, then Jo € (¢, v, w) such that
| = ¢i(t)] < a(t) max (|| max(0, v — @(t))[|oc, || max(0, ¢(t) — w)|loc) . (3.13)

2. If ¢;(t) > w;, then Jo € 11V (¢, v, w) such that (3.13) holds.
Theorem 3.5.1. Let ¢, v,w € AC(I,R") satisfy
(EX):  (t,v(t),w(t)) € Dy, Vt € I.
(IC):  v(to) < @(to) < w(to).
(RHS): For a.e. t € I and each index i,

1. 9(t) <o for all o € TIE(t,v(t), w(t)),

2. w;(t) > o for all o € MY (¢, v(t), w(t)).
If Hypothesis 3.5.1 holds, then v(t) < ¢(t) < w(t), Vt € I.
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Proof. Suppose that 3t € I such that ¢;(t) < v;(t) or ¢;(t) > w;(t), for at least one

i €{1,...,n}. It will be shown that this results in a contradiction.

Note that the hypotheses of Corollary 3.3.6 are satisfied and define ¢; as in (3.9).
By Conclusion 1 of that corollary, v(t1) < ¢(t;) < w(t1). By continuity and Conclu-
sion 2, there must exist at least one i such that either ¢;(t1) = v;(t1) or ¢;(t1) = w;(t1).
Let n > 0 and a € L'(I) satisfy Hypothesis 3.5.1 with (£, v, W) = (t1,v(t1), w(t1)).
Choose t4 € (t1, 7] small enough that

telti,ti+n) and (v(t),w(t)) € B,((v(t1),w(t1))), Vt € [t1,t4]. (3.14)

Noting that (¢,v(t),w(t)) € Dy for all ¢t € [t;,t4] by Hypothesis (EX), we are now
guaranteed the conditions of Hypothesis 3.5.1 with (¢,v,w) = (¢, v(¢), w(t)), for a.e.
t € [tr, t).

We now apply Corollary 3.3.6 with ¢4, arbitrary € > 0 and 3 = «. This furnishes
an index j € {1,...,n}, a non-decreasing function p € AC([t,t4], R) satistying (3.7)
on [ty,t4], and numbers to, t3 € [t1,t4] with to < t3 such that (3.10)-(3.11) hold (the

proof is analogous if (3.12) holds instead).

For a.e. t € [ta, 3], (3.11) states that ¢;(¢) < v;(t). Then, combining Condition 1
of Hypothesis 3.5.1 and Hypotheses (RHS).1 shows that

05(t) = &5(t) < a(t) max (|| max(0, v(t) = ¢(1)) oo, [| max(0, ¢(t) — w(t)) ) .

(3.15)
for a.e. t € [ta,t3]. But by (3.10),
b;(t) — d;(t) < a(t)p(t), ae. t € [ty t3). (3.16)
Finally, using (3.7) and recalling that we have used § = «, this implies that
v;(t) — d;(t) — p(t) < a(®)p(t) — p(t) <0, a.e. t € [ty,t3). (3.17)
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By Theorem 3.3.3, this implies that (v; — ¢; — p) is non-increasing on [ts, 3], so
that v;(t3) — ¢;(t3) — p(ts) < v;(ta) — @;(t2) — p(t2). But by (3.11), this implies that
0 < —p(ts), which contradicts (3.7). O

3.5.1 Specialization to State Bounds for ODEs

Let Do C I x R™ x R"™ and, for every i € {1,...,n,}, let QF QV : Dg — P(R").

(2

To specialize Theorem 3.5.1 to the task of characterizing state bounds for (3.2), let

¢ = x(+,u,%y), for some (u,x9) € U x Xy, and let I1F and T1V take the form

Mt v, w) = {fi(t,p,2) : D € U, 7 € QL(t, v, w)), (3.18)

7 (t, v, w) = {fi(t,p.2) 1 p € U, z € O (t,v, W), (3.19)
for all (¢t,v,w) in the set

Dp={(t,v,w) € Do : QXY (t,v,w)C D, i=1,... ,n.}. (3.20)

(2

It will be shown that Hypothesis 3.5.1 is ensured by imposing the following conditions

on QF and QV:

Hypothesis 3.5.2. Let (£, v, W) € I x R™ x R™ and suppose that 3(u,xq) € U x X,
such that x = x(-,u, %) satisfies v < x(#) < W and either z;(f) = 0; or x;(t) =
for at least one i € {1,...,n,}. Then there exist n, L > 0 such that the following
conditions hold for every (v,w) € B,((V,W)) and a.e. t € [f,1+n) such that (t,v,w) €
Daq:

1. If ;(t) < v;, then 3z € QF(¢,v,w) such that
[1%(t) = 2[loo < Lmax (|| max(0,v = x(t)) |, [| max(0, x(t) = W)llo) . (3.21)

2. If x;(t) > w;, then 3z € QY (¢, v, w) such that (3.21) holds.

Lemma 3.5.2. Suppose that Hypothesis 3.5.2 holds. Then, for any (u,xg) € U x Xy,

145



Hypothesis 3.5.1 holds with ¢ = x(-,u,Xq) and the definitions (3.18), (3.19) and
(3.20).

~

Proof. Choose any (u,xq) € U x Xy and define ¢ = x(-,u,xq). Let (t,v,W) €
I x R™ x R™ and suppose that v < ¢(f) < W and either ¢;(#) = 9; or ¢;(#) = 1 for
at least one i € {1,...,n,}. Noting that (f, v, W) satisfies the required properties, let
Lg,nq > 0 be constants satisfying Hypothesis 3.5.2.

Let n; > 0 and a; € L*(I) be given by Assumption 3.2.2 with z = ¢(f). Define

a = Lgay and choose n € (0, min(ny, no)| small enough that

lp(t) — (D)l < 1s/2, (3.22)
Lo max (|| max(0, v — ¢(t))l|oo, || max(0, ¢(t) — w)llec) < 17/2, (3.23)

for all t € [£,£+n) and every (v,w) € B,((¥,W)). It will be shown that Hypothesis
3.5.1 holds with these definitions.

Choose any (v,w) € B,((V,W)). For a.e. t € [t,+n) such that (t,v,w) € D,
the conditions of Hypothesis 3.5.2 hold because n < ng and D C Dgq. Suppose
that ¢;(t) < v;. By Condition 1 of Hypothesis 3.5.2, 3z € QF(¢t,v,w) C D such
that (3.21) holds with L = Lg and x = ¢. Combining this with (3.23) implies
that ||@(t) — z|ls < ny/2. By (3.22) and the triangle inequality, it follows that
z € By, (¢(f)). This implies that the inequality of Assumption 3.2.2 can be applied
to the points z and ¢(t).

Let 0 = f;(t,u(t),z). By definition, o € IT1¥(¢, v, w). Moreover,

o = di(0)] = |filt,u(t),z) — fi(t.u(t), d(t))]. (3.24)
< ag(t)[|o(t) — 2z[|o, (3.25)
< a(t) max (|| max(0, v — ¢(t)) |, [| max(0, (1) — W)ll).  (3.26)

This proves Condition 1 of Hypothesis 3.5.1, and Condition 2 follows by an analogous
argument. O

It is important to note that Hypothesis 3.5.2 only implies Hypothesis 3.5.1 when
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f satisfies the Lipschitz condition of Assumption 3.2.2. The following Hypothesis is

an alternative to Hypothesis 3.5.2 that is sometimes easier to confirm.
Hypothesis 3.5.3. The following conditions hold for all : € {1,...,n,}:
1. Let (t,v,w) € I xR"™ xR". If 3(u,xq) € U x X satisfying v < x(t,u,x0) <w
and z;(t,u,xg) = v;, then (t,v,w) € Dgq and x(t,u,x0) € QF(t,v,w). If
d(u,x¢) € U x X, satisfying v < x(t,u,%x9) < w and z;(t,u,x9) = w;, then

(t,v,w) € Dq and x(t,u,xq) € QV(t,v,w).
2. Let (t,v,w) € Dq. QF(t,v,w) and QV (¢, v, w) are nonempty and compact.

3. Let (f,v,W) € Dgq. There exists n, L > 0 such that
A (QF (t,vi, w1), QF (t,va, W) < Lmax (||vi — Valloo, [|[W1 — Walloo) ,

for every (v, wy), (v2, W) € B,((¥,W)) and a.e. t € [£,1+n) such that (¢, vy, wy), (t, Vo, W) €

Dq. The analogous condition holds for QY.
Lemma 3.5.3. Hypothesis 3.5.3 implies Hypothesis 3.5.2.

Proof. Suppose that Hypothesis 3.5.3 holds. Choose any (f,v, W) € I x R" x R"
and (u,xg) € U x X, such that x = x(-,u, %) satisfies v < x(f) < W and either
z;(t) = ; or x;(t) = b; for at least one i € {1,...,n,}. By Condition 1 of Hypothesis
3.5.3, we must have (£,v,W) € Dq. Then, let 1q, Lqg > 0 be constants satisfying
Condition 3 of Hypothesis 3.5.3.

Let L = Lq. Noting that min(v,x(f)) = v and max(w,x(#)) = W, choose 7 €

(0, nq] small enough that
(min(v, x(t)), max(w,x(t))) € B,,((V,W)), (3.27)

for all (v,w) € B,((v,W)) and every t € [t,# +n). It will be shown that Hypothesis
3.5.2 holds with these definitions.

Choose any (v,w) € B,((v,w)). To show Condition 1 of Hypothesis 3.5.2, choose
any t € [t,t+n) such that (t,v,w) € Dq and suppose that z;(t) < v;. It follows that
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x;(t) = min(v;, z;(¢)). Noting that min(v,x(t)) < x(t) < max(w,x(t)), Condition
1 of Hypothesis 3.5.3 implies that (¢, min(v,x(t)), max(w,x(t))) € Dq and x(t) €
QF(t, min(v, x(t)), max(w, x(t))).

Condition 3 of Hypothesis 3.5.3 can now be applied with (vi,w;) = (v, w) and

(va, wy) = (min(v, x(t)), max(w,x(t))) to give

dir (QE(t, v, w),QF(t, min(v,x(t)), max(w, x(t)))), (3.28)
< Lomax (||v — min(v, x(¢)) ||, [[W — max(w, x(t))[|o0)

= Lo max (|| max(0, v — x(1))|| oo, || max(0, x(t) — W)||c0) -

It was argued above that x(t) € QF(t, min(v,x(¢)), max(w,x(t))). Moreover,
QL (t,v,w) is nonempty and compact by Condition 2 of Hypothesis 3.5.3. It then
follows from the definition of the Hausdorff metric that 3z € QF(¢, v, w) such that

%) = 2o < Lomax (|| max(0, v = x(#))[|oc, [ max(0,x(t) = w)llec) . (3:29)

This establishes Condition 1 of Hypothesis 3.5.2. Condition 2 is proven analogously.
]

In light of Theorem 3.5.1 and the previous two lemmas, the following result is now

apparent.
Theorem 3.5.4. Let v,w € AC(I,R"*) satisfy
(EX):  For every t € I and every index i,

1. (t,v(t),w(t)) € Dq,

2. QLt,v(t),w(t)) C D and QV(t,v(t),w(t)) C D.
(I0):  v(to) < xo < W(to), Vxo € Xo.
(RHS): For a.e. t € I and each index i,
1. v(t) < fi(t, p,z) for all z € QL (t,v(t),w(t)) and p € U,
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2. wi(t) > fi(t,p,z) for allz € QY (¢t,v(t),w(t)) and p € U.

If either Hypothesis 3.5.2 or Hypothesis 3.5.3 holds, then v(t) < x(t,u,x¢) < w(t),
V(t,u,Xo) el xUx XQ.

3.5.2 Computation of State Bounds

This section briefly describes how state bounds can be computed using Theorem 3.5.4.
The formulations presented here will be made more precise for the specific instances
of Theorem 3.5.4 given in §3.6.

For each index i, let L,ﬁ : I xU x D — R and consider the coupled system of
ODEs described by

;(t) =min f (¢, p,z) , vi(tg) = E}(n Zi, (3.30)
0

(pz) — z
st. z€QF(t,v(t),w(t), peU

w;(t :max_i t,p,Z ) w;(tp) = max z;,
( ) (p,z) f ( p ) ( 0) z€ Xy

st. zeQV(t,v(t),w(t), peU

for a.e. ¢ € I and every index i. Of course, some regularity will be required of f and

fi, as well as QF and QV

1)

in order for this system to have a well-defined solution.
However, if (3.30) does permit a solution, and L and f; are chosen appropriately,

then this solution provides state bounds for (3.2).

Corollary 3.5.5. Suppose that v,w € AC(I,R") satisfy (3.30) for a.e. t € 1.
Further, suppose that, for a.e. t € I and every index i, the functions L and f; are such
that f (t,p,2) < fi(t,p,2), ¥(p,2) € UxQf(t,v(t),w(t)) and fi(t,p,2z) < fi(t,p,2),
V(p,z) € U x QV(t,v(t),w(t)). If either Hypothesis 3.5.2 or Hypothesis 3.5.3 holds,
then v(t) < x(t,u,x¢) < w(t), V(t,u,x0) € I x U x Xj.

Proof. 1t follows immediately from (3.30) and the assumptions on the functions f and
£ that Hypotheses (IC) and (RHS) of Theorem 3.5.4 are satisfied. Furthermore, if v

and w satisfy (3.30) on I, then they must remain in the domains of definition of the
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functions appearing in the right-hand sides of (3.30) . In particular, (¢, v(t), w(t)) €
Dgq and Qf/U(t, v(t),w(t)) C D for all t € I and every index i. Then v and w also

satisfy Hypothesis (EX) of Theorem 3.5.4, and the conclusion follows. O

Note that one possible choice of L and f, that is guaranteed to satisfy Corollary

3.5.51is f, = f; = [, for each i. However, this makes solving the optimization
problems defining the right-hand sides of (3.30) prohibitively expensive in general.
As with Harrison’s method, it is possible to greatly simplify (3.30) through the use of

interval extensions. For this implementation, the following assumptions are required.
Assumption 3.5.6.
1. U and X, are n, and n,-dimensional intervals, respectively.

2. An inclusion monotonic interval extension for f, [f] : ® C I xIU x1D — IR""

is available.

Assumption 3.5.7. QF QV : Dg — IR™ for all i € {1,...,n,}.

(2

Under Assumptions 3.5.6 and 3.5.7, the basic interval implementation of Theorem

3.5.4 is given by the ODEs

Ul(t) = [fi]L([tv t]v U, QiL(tv V(t)v W(t)>>7 (331>
wi(t) = [fi]7 ([, 1], U, Q7 (8, v (1), w(t))),
[vi(to), wi(to)] = Xo,,

for a.e. t € I and each index 1.

Corollary 3.5.8. Suppose that Assumptions 3.5.6 and 3.5.7 hold and let v,w €
AC(I,R") satisfy (3.31) a.e. on I. If either Hypothesis 3.5.2 or Hypothesis 3.5.3
holds, then v(t) < x(t,u,xq) < w(t), V(t,u,xq) € I x U x Xp.

Proof. Since v and w satisfy (3.31) on I, they must remain in the domains of def-
inition of the right-hand side functions. It follows that (¢,v(t),w(t)) € Dq and
([t,t], U, Qf/U(t,v(t),w(t))) € ®y, Vt € I and every i. The latter implies that
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QiL/U(T,,V(t),W(T,)) C D, Vt € I and every i, and hence Hypothesis (EX) of The-
orem 3.5.4 holds. Hypotheses (IC) of Theorem 3.5.4 is satisfied by (3.31). Finally,
Hypothesis (RHS) is satisfied by (3.31) and the enclosure property of inclusion mono-
tonic interval extensions (Theorem 2.3.4). The conclusion now follows from Theorem

3.5.4. ]

The existence of a unique solution of (3.31) can be guaranteed, at least locally

about t, provided that the following regularity assumptions hold.
Assumption 3.5.9.
1. [f] is continuous on D.

2. Leti € {1,...,n,} and let (£,2) € I x IR™ satisfy ([£,],U,Z) € ©;. There
exists 17, L > 0 such that

dH([fl]([t7 t]? U7 Z1)7 [fl]([tu t]? U7 ZQ)) < LdH(Zlv Z2)7
Y(Z1, Zy) € B,(Z) and every t € [£,f+n) such that ([t,t], U, Z,), ([t,t],U, Z,) €
Dy.
Assumption 3.5.10. For alli € {1,...,n,}, QF, QV : Dy — IR™ are continuous.

Lemma 3.5.11. Suppose that Assumptions 3.5.6, 3.5.9, 8.5.10 and Hypothesis 3.5.3
hold. If there ezists an open set B C D, a number e > 0, and an interval J = [to, to+e€]

satisfying
1. J x B((x5,xY)) C Dq,
2. IJx1U x 1B C Dy,
3. QMY (to,xL,xY) € B for alli € {1,... ,n,},

then there exists I' = [to,to +n] C I, n > 0, and two functions v,w € AC(I',R™)

satisfying (3.31) for a.e. t € I'. Moreover, this solution is unique.
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Proof. Choose any i € {1,...,n,} and let 1q, Lo > 0 be the constants of Condition
3 of Hypothesis 3.5.3 with (£,v, W) = (to,x%,xY). By hypothesis, QF(to,x4,xy) C
B and hence ([to, to], U, QF(to, x§,x5)) € Dy. Let ny, Ly > 0 be the constants of
Condition 2 of Assumption 3.5.9 with (£, Z) = (to, QF(to, x&, xV)).

By Assumption 3.5.10, we may choose v € (0, min(e, no,n;)] so small that QF
maps [to, to + 7] x B,((x§,x{)) into BN B, (QF(to,x{,x{)). Then, Condition 1 of
Assumption 3.5.9 implies that the mapping (¢, v, w) — [fi]*([t,t], U, QF(t,v,w)) is

defined and continuous on [tg, ty + 7] X B,((x},xY)). Moreover,

Hfi]L([t’t]’ U, QiL(t>Vlawl))_[fi]L([t>t]> U> QiL(taV2>W2))|
S Lde(QZ-L(t,Vl,Wl),QiL(t,V2,W2)),

< LfLQ max(Hvl - V2||oo7 HWI - W2H00> )

for every (vi,w1), (va, wa) € B,((x§,x)) and a.e. ¢ € [to, to + 7).

Repeating this argument for QY and all i+ € {1,...,n,}, it is possible to choose
v so small that the right-hand sides of the ODEs (3.31) are defined and continuous
on [to, to + 7] x B,((xt,%Y)), and Lipschitz on B, ((x§,x{)) uniformly on [to, to + 7].
Then, the existence and uniqueness of a solution of (3.31) on some [to,to + 1] C I

follows from Theorem 3.1 in [91]. O

3.5.3 Recovering Harrison’s Method

Consider again the standard case where no a priori enclosure is available. To recover
Theorem 3.3.2 and Harrison’s method from Theorem 3.5.4 and (3.31), we need only
define Dg, QF and QY appropriately and check Hypothesis 3.5.3.

Consider the definitions

Do ={(t,v,w) € [ x R™ x R™ : v < w}, (3.32)
Qf(t, v, w) = B ([v,w]),
QV(t,v,w) = BY([v,w]).
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Let (t,v,w) € I x R™ x R"™ and suppose there exists (u,xg) € U x X, satisfying
x(t,u,x0) € [v,w]| and z;(t,u,%x) = v;. Then clearly v < w, and hence (t,v,w) €
Dq. Furthermore, x(t,u,x) € BF([v,w]). Thus, Condition 1 of Hypothesis 3.5.3
holds. Since each QF(¢,v,w) and QV (¢, v, w) maps into TR"*, Condition 2 holds as
well. Condition 3 holds since

i (01w, w), 2, ) = e s — o] ey = ] )
J J71

for all (t,v,w), (t,v/,w') € Dq (analogous arguments hold for Q). Now, Theorem
3.5.4 reduces to Theorem 3.3.2, and the interval implementation (3.31) reduces to

Harrison’s method.

3.5.4 Extending Dq

In the definitions (3.32), Dg is not open with respect to variations in (v, w) with ¢
fixed. This also turns out to be the case for many of the more obvious definitions
of Dg, QF and QV making use of a priori enclosures in §3.6. In general, this is
undesirable for two reasons. First, Hypothesis 1 of Lemma 3.5.11 will not hold in
general, so this result cannot be used to guarantee that the ODEs (3.31) have a
solution. Second, it potentially causes problems when solving (3.31) numerically.
Fortunately, Hypothesis 3.5.3 allows considerable freedom in the choice of Dq, QF
and QY so that this problem can almost always be avoided. In the case where no a
priori enclosure is used, a better definition can be obtained through the use of the [J
mapping defined in Definition 2.5.17.

Consider the definitions

Do =1xR"™ x R"™, (3.33)
Qi (t,v,w) = B (O(v, w)),
QY (t,v,w) = BY(O(v,w)).

As with the definitions (3.32), it is straightforward to show that Hypothesis 3.5.3 holds
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with the definitions (3.33). Then, using (3.31), these definitions provide a variant of
Harrison’s method that is theoretically and numerically better behaved. They also
provide an interesting variant of Theorem 3.3.2 where, notably, Hypothesis (EX) no
longer requires that v(t) < w(t), Vt € I. This does not contradict Example 3.3.2
because the hypothesis (RHS) is strengthened under the definitions (3.33).

Corollary 3.5.12. Let Dg, QF and QU be defined by (3.33). Let Assumptions 3.5.6

and 3.5.9 hold. If there exists an open set B C D, a number € > 0, and an interval

J = [to, to + €] satisfying
1. 17 xIU x IB C Dy,
2. QXY (tg,xE XYY € B for alli € {1,...,n,},

then there exists I' = [to,to+n] C I, n >0, and a unique solution of (3.31) ont e I’
satisfying v(t) < x(t,u,xq) < w(t), V(t,u,xq) € I' x U x Xj.

Proof. Assumption 3.5.10 and Hypotheses 1 of Lemma 3.5.11 both clearly hold. Then,
existence and uniqueness follows from Lemma 3.5.11, and the bounding property from

Corollary 3.5.8. O

3.6 State Bounds with a Priori Enclosures

In this section, it is again assumed that, by physical or mathematical arguments,
x(t,u,xg) is known a priori to lie in some crude enclosure G C R"*, for all (¢, u,xq) €
I xU x Xy. We consider the use of such information in the context of Theorem 3.5.4 to
derive state bounds under much weaker hypotheses than those required by Theorem
3.3.2. In most of the cases considered, efficient methods for computing these improved
bounds follow directly from Corollary 3.5.8.

Because the functions QF and QV in Theorem 3.5.4 are permitted to vary with
t, it is possible to handle the more general situation where G : I — P(R™) and
x(t,u,x¢) € G(t), for all (t,u,x¢) € I x U x Xy. One example of this is considered
in §3.7.
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3.6.1 An Interval Approach for General Enclosures

Consider an arbitrary a priori enclosure GG and suppose that the following mapping

is available.

Definition 3.6.1. Let D7y C IR™ be such that {Z € IR"™ : ZNG # 0} C Dz, and
let Zg : D7 — IR" satisfy

1. Zg(Z) C Z for all Z € Dz with ZNG # 0,
2. forany Z € Dz, ifz€ Z and z ¢ Z(Z), then z ¢ G,

3. for every Z € Dz, 3n, L > 0 such that dy(Za(Z1),Za(Z2)) < Lrdy(Zy, Zs), for
all Zy, Z, € Dy N B, (7).

In words, Z¢ is a locally Lipschitz interval mapping which tightens a given interval

Z by discarding points which are not in G. We show that Hypothesis 3.5.3 holds with

Do ={(t,v,w) € I x R"™ x R"™ : O(v,w) € Dz}, (3.34)
QiL(tava W) = BZL(IG(D(V>W)))a
QY(t,v,w) = BY (Ze(O(v,w))).

To show Condition 1 of Hypothesis 3.5.3, let (¢, v, w) € I xR™ xR™ and suppose that
there exists (u,xg) € U x X, such that x(¢t,u,x0) € [v,w]. Then [v,w]NG # () and
hence [v,w] € Dz, so that (t,v,w) € Dq. Further, x(t,u,x¢) € [v, w]NG implies that
x(t,u,x¢) € Ze(O(v, w)) by the contrapositive of Condition 2 in Definition 3.6.1. If in
addition x;(t,u,xg) = v; for some 4, then x(¢,u,xo) € BX(Zg(O(v,w))) = QF (v, w)
by Condition 1 in Definition 3.6.1. Condition 2 of Hypothesis 3.5.3 is true because
each QF and QY maps into IR™. By Lemma 2.5.19 and Condition 3 in Definition
3.6.1, it is clear that each QF and QY is a composition of locally Lipschitz functions,
so that Condition 3 of Hypothesis 3.5.3 holds as well.

By Corollary 3.5.8, state bounds for (3.2) are given by the solutions of (3.31) with

the definitions (3.34). Thus, if a suitable mapping Zs can be derived, an enclosure
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of the reachable set of (3.2) which takes advantage of an arbitrary a priori enclosure

can be computed efficiently using interval computations.

Remark 3.6.2. Solving (3.31) with the definitions (3.34) should be distinguished
from the naive approach of solving (3.31) with the definitions (3.33) and subsequently
applying Zg (or simply intersecting with G). In the former, G is used to prevent
conservatism in the interval enclosure from propagating forward in time, resulting
in a much tighter enclosure. Interested readers should also note that, in contrast to
Harrison’s method, the validity of the method presented here does not follow readily
from the standard results of viability theory, since it was not required that G be an
invariance domain and hence no assumption was made concerning the values of f on
J([v(t),w(t)]NG). These observations hold equally for all methods in the remainder
of §3.6.

If Z¢; is defined on all of IR"*, then another valid bounding method results from
inverting the order of the operations B> Y and g in (3.34). To verify this, we need

only show that Hypotheses 3.5.3 holds with

Dq = I x R™ x R™, (3.35)
Qz'L(t> v, W) = IG(BZ'L(D(V’ W)))>
QV(t,v,w) = Ze(BY (O(v,w))).

The mapping Zg (B / Y(.)) is defined on IR™ and maps into IR™ in a locally Lipschitz
manner by Condition 3 of Definition 3.6.1. Further, for any (¢, v,w) € I x R" x R™*
if there exists (u,x¢) € U x Xy satisfying x(t,u,x¢) € [v,w] and z;(t,u,xq) = v; for
some 4, then x(¢, u, xo) is in BX((v, w)) and hence in Zg(BF(O(v, w))) by Condition
2 of Definition 3.6.1. Thus, Hypotheses 3.5.3 holds and Corollary 3.5.8 shows that
the solutions of (3.31) with the definitions (3.35) are state bounds for (3.2).
Evaluating QiL/ Yin (3.35) requires 2n, evaluations of Zg, as opposed to only one
for the definitions in (3.34). However, the former is much more effective because Z¢

operates on each face of [v(t), w(t)] independently.
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3.6.2 An Interval Approach for Convex Polyhedra

Suppose that G = {z : Az < b}, with A € R"™*" and b € R™. One possible mapping
T is constructed as follows. Denote the k"' row of A by A, and the elements by
ar;. 1t is desirable to tighten a given interval [v, w] by excluding only points which
violate Az — br < 0 for at least one k. Supposing that ay,; > 0, rearranging this
inequality for z; and applying interval arithmetic to bound the right-hand side from

above gives

1
2 < <Z max (—ay jv;, —ak jW;) + bk> : (3.36)
ki \ "
’ J#i
If (3.36) is satisfied with w; on the left-hand side, then w; cannot be tightened without
excluding points which satisfy Az — b, < 0. On the other hand, if (3.36) is false
with v; on the left-hand side, then no element of [v, w| satisfies Ayz — b, < 0 and the
assignment w; := v; only eliminates points violating Az — b, < 0 from the resulting
interval. Finally, if (3.36) is false with w; on the left-hand side, then no vector

z € [v,w] with z; = w; can possibly satisfy Ayz — by < 0, and the assignment w; :=

1
Ak,i

(Z#i max (—ay jv;, —ay jW;) + bk> only eliminates points violating Az — b, < 0
from the resulting interval. Applying the same logic to the case where a;; < 0, it can

be seen that Definition 3.6.1 is satisfied by the following mapping.
Definition 3.6.3. Define Z for any [v,w]| € Dy = IR"™ by the procedure:
1. Assign [v, W] :=[v,w], set k =1 and set i = 1.

2. If ar; =0, go to 3. Let v be the middle value of ¥;, w; and
i,z‘ (Zj#i maX(_akvj@ﬁ _ak,ﬂz]j) + bk)

If ar; > 0, set w; :== . If ap; <0, set 0; :== .
3. If k <m,set k:=k+ 1 and go to 2.
4. If i <ng,set k:=1and¢:=174 1 and go to 2.
5. Set Zg([v, w]) := [V, W].
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X X

2 2

Figure 3-2: Schematic representation of the bounds tightening procedure described in
Definition 3.6.3. Shaded regions depict G; boxes depict hypothetical intervals [v, w].
Left: [v,w] is not entirely contained within the shaded region, yet no bound can be
refined without excluding points in [v,w] N G. Right: w; may be reduced to the
dashed line without excluding any point in [v, w] N G.

The bounds tightening procedure described in Definition 3.6.3 is represented
schematically in Figure 3-2. In each panel, the shaded region depicts GG, while the
boxes depict hypothetical intervals [v, w]. On the left, [v, w] is not entirely contained
within the shaded region, yet no bound can be refined without excluding points in
[v,w] N G. Alternatively, the right-hand schematic shows a situation where w; may

be reduced to the dashed line without excluding any point in [v, w] N G.

With Definition 3.6.3, Conditions 1 and 2 of Definition 3.6.1 are satisfied by con-
struction. Noting that the function mid(a, b, c), which returns the middle value of
its arguments, is Lipschitz on R? with constant 1, Condition 3 can be verified by
observing that Zs is computed by executing a finite number of operations on v and
w, each of which is clearly Lipschitz (addition, constant multiplication, mid, etc.).
Thus, two bounding methods result from Definition 3.6.3; one through the definitions
(3.34), and the other through the definitions (3.35). In practice, we find that the
additional cost associated with (3.35) is far outweighed by the quality of the resulting

enclosures. This method is demonstrated in Chapter 4.
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3.6.3 An Optimization Approach for Convex Polyhedra

Consider again the case where G is a convex polyhedral set, G = {z : Az < b}.

Another useful instance of Theorem 3.5.4 follows from the definitions

Do ={(t,v,w) e I xR™ x R"™ : [v,w]NG # 0}, (3.37)

Pelv,wiNG

QF(t,v,w) = {z €lv,wjNG:z = min wi},

QV(t,v,w) = {z €v,wNG:z = max wz} :
Pelv,wiNG

Let (t,v,w) € I xR™ xR™ and define v} (t, v, W) = minycfv wjne ¥ Condition 1 of
Hypothesis 3.5.3 holds because, if x(t,u,x) € [v, w| for some (u,x) € U x Xy, then
x(t,u,x0) € [v,w]| NG by the definition of G, so (¢,v,w) € Dg. Further, combining
x(t,u,xg) € [v,w] NG with x;(t,u,x0) = v; implies that v} (t,v,w) < x;(t,u,xg) =
v; < vi(t,v,w), so that x(t,u,xo) € QF(¢, v, w).

Since each QF(¢,v,w) and QV(¢,v,w) is a nonempty, bounded polyhedral set,
Condition 2 of Hypothesis 3.5.3 also holds. To show Condition 3, the following

Theorem is required.

Theorem 3.6.4. Fiz any A € R"™*" and c € R™ and, for eachb € R™, define S(b) =
{z: Az < b} and S*(b) = arg min,csp)c’z. IL € Ry such that dy(S(b), S(b')) <
L|b —b'||o and dg(S*(b),S*(b")) < L||b — b'||, Vb, b’ € R™, provided that these

sets are nonempty.
Proof. See Theorems 2.2 and 2.4 in [115]. O

Theorem 3.6.4 shows that v} (¢, v, w) is a Lipschitz mapping on Dg because v and
w only effect the right-hand side data of the linear program minyepv wjng ¢s. Then,
noting that QF(t,v,w) = {z € [v,w] NG : z; = v}(t,v,w)}, a second application of

Theorem 3.6.4 gives

d (7 (t, v, w), Q7 (6, v, W) < Ly ([v = V[l + W = W'l + 07 (, v, w) — 0] (£, v/, W)])

< LiLy ([[v = V]loo + W — W'l ,
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for all (t,v,w), (t,v',w’) € Dq.

Now by Theorem 3.5.4 and Corollary 3.5.5, if the functions f and £, are chosen

appropriately, state bounds are given by the solutions, if any, of the system of ODEs:

‘7: t - i . t7 P 9 1 t - 1 79 338
bi(t) {g}zr)l_l( P, z) vito) = min 2 (3.38)

st. zev(t),w(t)|NnG, peU

Zi = min i
Pev(t),w(t)|NG ¢

w; (t :max_i t,p,z , w;(ty) = max z;,
( ) (p,z) f ( P ) ( 0) z€ X0

st. ze[v(t),w(lt)NG, peU
2z = max ;
Ye[v(t),wt)NG v

for a.e. t € I and each 7. In the case where U and X, are convex polyhedral sets
and f. and £, are chosen as affine relaxations of f; for each i, evaluating the right-
hand sides of (3.38) requires solving 2n, bilevel linear programs. Thus, solving (3.38)
computationally might seem impractical. On the other hand, the right-hand sides of
(3.38) could in principle be reformulated as linear complementarity systems, for which
efficient numerical solution seems possible. At present, there is no such numerical
solver available, and the details of numerically implementing (3.38) are left for future

consideration.

3.6.4 Comparison with Existing Results

As discussed in §3.4, the idea of including physical information in differential inequal-
ities bounding methods is due to [162]. In that article, a method was developed for
using interval a priori enclosures. To compare with the present developments, we let
G = [gh, gV] € IR™, which is indeed a convex polyhedral set, and apply the methods
of §3.6.2. With Z defined as in Definition 3.6.3, it is easily verified that both (3.34)
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and (3.35) specify

QF(t,v,w) = BF ([v,w]) NG, (3.39)
QV(t,v,w) =BV ([v,w]) NG,

provided that v < w and the above intersections are nonempty. These definitions also
describe the method in [162]. However, while both (3.34) and (3.35) are well defined
in the case of empty intersections, the proof in [162] is not clear on the appropriate
action in this case. The text in [162] states that the choice of v; (or w;(t)) is arbitrary
in such cases. Though this is not justified in [162], it is proven in §3.7 below. Finally,
note that the results in [162] were proven for parametric ODEs, while the present

results provide the extension to control systems.

3.7 Differential Inequalities with Switching Con-
ditions

Recall Hypothesis (RHSa) discussed in §3.4. In that section, it was shown that the
standard comparison theorem, Theorem 3.3.2, does not hold with (RHSa) in place
of (RHS), at least for some sets G. One of the primary complications leading to
this situation is that the sets over which the differential inequalities in (RHSa) must
hold can be empty. Theoretically, this causes problems because it trivializes the
hypothesis; no meaningful condition is imposed on the corresponding v; or w; in such
situations. However, it turns out that it is not necessary for all 2n, of the conditions
making up a (RHS) type hypothesis to hold for all ¢ € I.

In this section, we reproduce the derivation of the general comparison theorem of
§3.5, only this time with an additional feature. It will be permissible that some or all
of the 2n, conditions in the (RHS) hypothesis, for at least some t, are inactive; i.e.
simply do not hold. Given this possibility, we derive general requirements governing
which of these conditions must hold, and when, so that a correct comparison theorem

is nonetheless achieved.
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3.7.1 Preliminaries

The following lemma and corollary are generalizations of Lemma 3.3.5 and Corollary

3.3.6.

Lemma 3.7.1. Let § : I — R"™ be a continuous function with d(tg) < 0. Suppose
3t € I such that 6;(t) > 0 for at least one i € {1,...,n}, and define t; = inf{t € I :
d(t) £ 0}. Then

1. tp <t; < tf and 6(t) <0, Vte [to,tl].
2. The set V ={i: ¥y >0, 3t € (t1,t1 + ] s.t. 6;(t) > 0} is nonempty.

Let t4 € (t1,t5], € >0, 8 € L*([t1,t4]), and let A be a subset of {1,...,n} containing
at least one element of V. Then there exists an index j € A, a non-decreasing function
p € AC([t1,t4], R) satisfying (3.7) on [t1,ts], and numbers ta, t5 € [t1,t4] with to < t3

such that the following inequalities hold:

5i(t) < p(t), Vte [ta,ts), Vie A, (3.40)
0 <d;(t), Vte (ta,ts),
d;(ts) = p(ts),
d;(t2) = 0.

Proof. Conclusions 1 and 2 follow from Lemma 3.3.5. Choose any t, € (t1,%y], € > 0,
B € L'([t1,t4]) and A as in the statement of the lemma. Choose m so that 3t € [t;, 4]
with 6;(t) > m > 0, for some i € A. This must be possible since A contains an element
of V. By Lemma 3.3.4, there exists a non-decreasing function p € AC([t1, 4], R)
satisfying

0 < p(t) <min(m/2,€), Vte [t1,ts], and p(t) > |6(t)|p(t), ae. t € [t1,ts).

Let t3 = inf{t € [t1,t4] : 5;(t) > p(t) for at least one i € A}. Since p < m, this set
is nonempty. Because t3 is a lower bound, 6;(t) < p(t), Vi € A, for all t € [t1,t4] with
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t < t3. Since t3 is the greatest lower bound, 0;(¢3) = p(t3) for at least one j € A.
Since 6(t1) < 0, it follows that t3 € (¢, t4].

Fix any j such that 0;(t3) = p(t3) and let to = sup{t € [t1,t3] : 0,(t) < 0}. Since
d;(t1) < 0, this set is nonempty. Because t, is an upper bound, §;(t) > 0 for all
t € [t1,t3] with t > t5. Because it is the least upper bound, §;(t2) = 0. It follows that
ty € [t1,t3). O

Corollary 3.7.2. Let ¢,v,w : [ — R" be continuous and satisfy v(ty) < ¢(tg) <
w(to). Suppose It € I such that either ¢;(t) < vi(t) or ¢;(t) > w;(t), for at least one
i€{l,...,n}, and define

t1 =1inf{t € I : ¢;(t) < vi(t) or ¢;(t) > w;(t), for at least one i}. (3.41)
Then
1oty <ty <ty and v(t) < () < w(t), Vt € [to, t1].
2. At least one of the sets

VE=1{i:Vy >0, 3t € (t,t +7] st ¢i(t) <vi(t)},

VW={i:Vy>0, 3tE (t,t;+7] s.t. di(t) >w(t)},
18 nonempty.

Let ty € (t1,t4], € > 0, B € L*([t1,t4]), and let A* and AY be subsets of {1,...,n}
such that, either AXNVE £ or AYNVY #£ (). Then there exists j € A" (orj € AY),
a non-decreasing function p € AC([t1,t4],R) satisfying (3.7) on [t1,t4], and numbers
to,ts € [t1,t4] with ty < t3 such that

oi(t) > vi(t) — p(t), Vt € [ta, t3), Vi € A", (3.42)
oi(t) < wi(t) + p(t), Vt € [ta,t3), Vi € AY, (3.43)
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and

Bi(t2) = vy(ta),  Bylts) = vylts) — plts), and G0 <ui(t),  (3.44)
((ordilta) = wjlta). 65(ts) =wy(ts) + plts), and 6;(6) > wi(t), ) (3.49)

fOT allt € (tQ, tg)

Proof. Define § : I — R?" by §(t) = (v(t) — ¢(t), ¢(t) — w(t)), Vt € I. By hypothe-
sis, 0(tp) < 0, and 3t € I such that §;(t) > 0 for at least one i. The conclusion now

follows from Lemma 3.7.1. O

3.7.2 A General Comparison Theorem with Switching Con-
ditions

Let Dy C I x R" x R™ and, for every i € {1,...,n}, let IT*,IIY : Dy — P(R) and

(3

sk sV . Dy — R. Here, the mappings I and IIY will play exactly the same role as
they did in §3.5. The new feature is the switching conditions, s and sV, the sign of
which determines whether or not the corresponding differential inequality is required

to hold. For any (t,z,v,w) € [ x R” x R" x R", define the index sets

Y={i:z <}y

)={i: 2z > wil,
t,v,w) = {i:sh(t,v,w) >0},

)=A{

i:sY(t,v,w) >0}

The sets VX and VY are the sets of violating indices, respectively. The sets A* and
AV are the sets of active indices.

Let ¢ € AC(I,R™). As in §3.5, the problem of bounding ¢ by two functions
v,w € AC(I,R") is considered first. State bounds for the ODEs (3.2) are considered
explicitly in §3.7.3. The following hypothesis gives a minimal set of conditions relating

¢ to the functions s¥, sV, I and T1Y in such a way that Theorem 3.7.4 below holds.
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Hypothesis 3.7.1. Suppose that (£, v, W) € I x R" x R" satisfies v < ¢() < W and
either ¢;(f) = 0; or ¢;(t) = b; for at least one i € {1,...,n}. Then there exists n > 0
and « € L*(I) such that the following conditions hold for every (v, w) € B,((v,w))
and a.e. t € [t,f +n) such that (t,v,w) € Dr:

L I VE(o(t), v,w) UVY(e(t), v,w) # ), then at least one of the sets
Q (t, v, w) = AX(t, v, w) N VH((t), v, W),
QV(t,v,w) = A (t, v, w) NV ((t), v, W),
is nonempty.

2. If i € QF(t,v,w), then Jo € TTF(¢, v, w) such that

lo — ¢i(t)| < a(t) max ( max (v; — ¢;(t)), max )((;Si(t) — wl)) . (3.46)

icQL(t,v,w) i€eQU (t,v,w

3. If i € QU(t,v,w), then Jo € IIY (¢, v, w) such that (3.46) holds.

Theorem 3.7.4 requires one further technical assumption concerning transition

times.

Definition 3.7.3. Let v,w € AC(I,R") satisfy (¢,v(t),w(t)) € Dn, Vt € I. Call
t € I a transition time for (v,w) if, for every § > 0, 3t',t" € Bs(t) N I such that

either

AL v, w(t)) # AX( v(t"), w(t"), or
AV, v(t), w(t)) # AV (" v(t"), w(t")).

A general comparison theorem can now be stated in terms of the mappings ITF
and I1Y.
Theorem 3.7.4. Let ¢,v,w € AC(I,R") satisfy
(EX):  (t,v(t),w(t)) € Dy, Vt € I.
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(IC):  v(to) < @(to) < w(to).
(RHS): For a.e. t € I and each index i,

1. If sE(t,v(t),w(t)) > 0, then 0;(t) < o for all o € TIX(t, v(t), w(t)),

2. If sY(t,v(t),w(t)) > 0, then w;(t) > o for all o € TIY (t,v(t), w(t)).

If Hypotheses 3.7.1 holds and (v,w) has finitely many transition times in I, then
v(t) < B(t) < wlt), Vi € 1.

Proof. Suppose that 3t € I such that ¢;(t) < v;(t) or ¢;(t) > w;(t), for at least one
i€ {l,...,n}. We prove a contradiction.

Noting that the hypotheses of Corollary 3.7.2 are satisfied, define ¢; as in (3.41).
By Conclusion 1 of Corollary 3.7.2, v(t;) < ¢(t1) < w(t1). By continuity and
Conclusion 2 of the same, there must exist at least one i such that either ¢;(t;) =

vi(t1) or ¢;(t;) = w;(t;). Let n > 0 and o € L'(I) satisfy Hypothesis 3.7.1 with
(t,%,W) = (t1,v(t1),w(t1)). Choose t5 € (t,ts] small enough that

t e [tl, t1 + 77) and (V(t),W(t)) € Bn((V(tl),W(tl))), Vt € [tl,tg,]. (347)

Noting that (¢,v(t),w(t)) € Dy for all t € [t;,t5] by Hypothesis (EX), we are now
guaranteed the conditions of Hypothesis 3.7.1 with (¢,v,w) = (¢, v(t), w(t)), for a.e.
t € [ty ts].

By hypothesis, there are at most a finite number of transition times in [t, ¢5].
Then, there must exist ¢, € (¢1,t5] such that there are no transition times in (¢, t4].
Let A" and AY denote the constant sets A*(t,v(t),w(t)) and AY(¢,v(t),w(t)) on
(t1,t4], respectively. Further, let V¥ and VY be as in Conclusion 2 of Corollary 3.7.2.
In order to apply that corollary, it will now be shown that one of the sets A* N V¥ or
AY N VY is nonempty.

If i ¢ VE, then t, may be chosen small enough that i & VE((t),v(t),w(t)),

Vt € (t1,t4). Using a similar argument for VY, choose 4 small enough that

VE(o(t),v(t),w(t) c Vi and VY (o(t),v(t),w(t)) C VY, Vte (t1,ty]. (3.48)
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Now, Conclusion 2 of Corollary 3.7.2 implies that 3t € (1,t4] with at least one
of VE((t),v(t), w(t)) or VW(p(t),v(t),w(t)) nonempty. Then, using Condition 1 of
Hypothesis 3.7.1 and (3.48), it follows that at least one of the sets A*NVE or AYNVY

is nonempty.

We now apply Corollary 3.7.2 with ¢,, arbitrary € > 0, # = a and A" and AY. This
furnishes an index j € A% (or j € AY), a non-decreasing function p € AC([t1,t4], R)
satisfying (3.7) on [t1,t4], and numbers to,t3 € [t1,t4] with to < t3 such that (3.42)-
(3.43) and (3.44) (or (3.45)) hold. Assume that j € A so that (3.44) holds. The

proof is analogous if j € AY instead.

For a.e. t € [ty,t3], (3.44) implies that j € VE(¢(t), v(t),w(t)). Furthermore,
j € Al by construction. Then, let o € TIF(¢,v(t),w(t)) satisfy Condition 2 of
Hypothesis 3.7.1. Using Hypotheses (RHS).1,

0;(t) = () < o0 — (1), (3.49)
<o —d;(1),
< aft) max (iGQL(g{gag;wm<vi<t> = 0it), g max - (6i(t) - wi<t>>) ,

for a.e. t € [tg,t3]. For any i € QL (¢, v(t),w(t)), (3.42) ensures that (v;(t) — ¢;(t)) <

p(t). Using an analogous argument for i € QU (¢, v(t), w(t)), (3.49) implies
0i(t) — ¢;(t) < a(t)p(t), a.e. t € [t t3]. (3.50)

Finally, using (3.7) and recalling that we have used # = «, this implies that

0;(t) = &5(t) = p(t) < alt)p(t) — p(), (3.51)
<0, ae te [tQ, tg] (352)

By Theorem 3.3.3, this implies that (v; — ¢; — p) is non-increasing on [ts, 3], so
that Uj(fg) — ¢](t3> — p(tg) < Uj(tg) - ¢](t2> — p(tg) But by (344), this 1mphes that
0 < —p(t3), which contradicts (3.7). O
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The following hypothesis eliminates the need to assume a finite number of tran-
sition times in Theorem 3.7.4 by putting much more stringent requirements on the

switching conditions.

Hypothesis 3.7.2. Suppose that (£, v, W) € I x R" x R" satisfies v < ¢() < W and
either ¢;(f) = 0; or ¢;(t) = b; for at least one i € {1,...,n}. Then there exists n > 0
such that, for every (v, w) € B,((V,W)) and a.e. t € [f,t+n) such that (¢,v,w) € Dy,
VE(o(t),v,w) C AX(t,v,w) and VY (p(t),v,w) C AV (t,v,w).

Theorem 3.7.5. Let ¢, v,w € AC(I,R") satisfy

(EX):  (t,v(t),w(t)) € Dy, Vt € I.
(IC):  v(to) < @(to) < w(to).
(RHS): For a.e. t € I and each index i,
1. If sE(t,v(t),w(t)) > 0, then 0;(t) < o for all o € TIF(t, v(t), w(t)),
2. If sV(t,v(t),w(t)) > 0, then w;(t) > o for all o € 1Y (t, v(t), w(t)).
If Hypothesis 3.7.1 and Hypothesis 3.7.2 hold, then v(t) < ¢(t) < w(t), Vt € I.

Proof. The proof is exactly the same as that of Theorem 3.5.1. It is only necessary
to verify that the use of the (RHS) condition on v;(t) is valid for a.e. t € [t2,t3]. But
by construction, ¢;(t) < v;(t). Then, j € VE(¢(t), v, w), and hence in AX(t, v, w) by
Hypothesis 3.7.2. O

3.7.3 Specialization to State Bounds for ODEs

Let Do C I x R™ x R"™ and, for every i € {1,...,n.}, let s¥*,s¥ : Dg — R,

AR

QL QY . Dg — P(R™). To specialize Theorem 3.7.4 to the task of characterizing
state bounds for (3.2), let ¢ = x(+,u, xg), for some (u,x%g) € U x Xy, and let II¥ and
1Y take the form

Mt v, w) = {fi(t,p,2) : D € U, 7€ QL(t, v, w)), (3.53)

I (t,v,w) = {fi(t,p,2) : p € U, z € O (t, v, W)), (3.54)
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for all (¢t,v,w) in the set
Dn ={(t,v,w) € Dq : QZ-L/U(t,V,W) CD,i=1...,n.}. (3.55)

It will be shown that Hypothesis 3.7.1 is ensured by imposing the following conditions

on QF and QV:

Hypothesis 3.7.3. Let (£, v, W) € I x R™ x R™ and suppose that 3(u,xq) € U x X,
such that x = x(-, u, xg) satisfies v < x(f) < W and either z;(f) = 0; or z;(t) =
for at least one i € {1,...,n,}. Then there exist n, L > 0 such that the following
conditions hold for every (v, w) € B,((¥,W)) and a.e. t € [f,1+n) such that (t,v,w) €
Daq:

L If VE(x(t), v, w) UVY(x(t),v,w) # 0, then at least one of the sets

QL(t, V,W) = AL(t, v, w) N VL(x(t), vV, W),

QV(t,v,w) = AY(t,v,w) N VW (x(t),v,w),

is nonempty.

2. If i € QF(t,v,w), then 3z € QF(t, v, w) such that

|x(t) — z]|oo < Lmax ( max (v; —x;(t)), max (x;(t) — wl)) . (3.56)

i€QL(t,v,w) i€ QU (t,v,w)

3. If i € QU(t,v,w), then 3z € QV (¢, v, w) such that (3.56) holds.

Lemma 3.7.6. Suppose that Hypothesis 3.7.3 holds. Then, for any (u,xq) € U x X,
Hypothesis 3.7.1 holds with ¢ = x(-,u,xq) and the definitions (3.53), (3.54) and
(3.55).

Proof. Choose any (u,xg) € U x X, and define ¢ = x(-,u,xg). Let ({,Vv,W) €
I x R™ x R™ and suppose that v < ¢(f) < W and either ¢;(#) = 9; or ¢;(t) = 1 for
at least one i € {1,...,n,}. Noting that (£, vV, W) satisfies the required properties, let

Lg,nq > 0 be constants satisfying Hypothesis 3.7.3.
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Let 7; > 0 and a;y € L*(I) be given by Assumption 3.2.2 with z = ¢(f). Define

a = Lgay and choose n € (0, min(ny, no)] small enough that

lp(t) — d(D) e < 17/2, (3.57)
Lo max (|| max(0,v — ¢(t))|[oc, [| max(0, ¢(t) — w)llo) <1y/2, (3.58)

for all t € [, + n) and every (v,w) € B,((¥,W)). It will be shown that Hypothesis
3.7.1 holds with these definitions.

Choose any (v,w) € B,((v,W)). For a.e. t € [t,f+n) such that (t,v,w) € D,
the conditions of Hypothesis 3.7.3 hold because n < ng and Dy C Dg. Condition 1
of Hypothesis 3.7.1 follows directly from Condition 1 of Hypothesis 3.7.3. Suppose
that i € QL(t,v,w). By Condition 2 of Hypothesis 3.7.3, 3z € QF(t,v,w) C D
such that (3.56) holds with L = Lo and x = ¢. Combining this with (3.58) implies
that ||¢(t) — z|l« < 717/2. By (3.57) and the triangle inequality, it follows that
z € By, (¢(f)). This implies that the inequality of Assumption 3.2.2 can be applied
to the points z and ¢(t).

Let o0 = f;(t,u(t),z). By definition, o € IT1¥(¢, v, w). Moreover,

o — i(t)] = |fi(t, u(t), z) — filt,ult), (1)), (3.59)
< ay(t)[|e(t) — 2], (3.60)
< af(t) Lo max (ieglp(%’w)(w - &i0)), Qrg}giw)(@(t) - wi)) . (3.61)

This proves Condition 2 of Hypothesis 3.7.1, and Condition 3 follows by an analogous

argument. ]

It will also be convenient to have an analogue of Hypothesis 3.7.2 in terms of QF

and QY.

Hypothesis 3.7.4. Let (£, v, W) € I x R™ x R™ and suppose that 3(u,xq) € U x X,
such that x = x(-, u, xo) satisfies v < x(f) < W and either z;(f) = 0; or z;(t) =

for at least one i € {1,...,n,}. Then there exist n > 0 such that, for every (v,w) €
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B,((¥,W)) and a.e. t € [t,t+n) such that (t,v,w) € Dg, VE(x(t),v,w) C AL(t,v,w)
and VY (x(t),v,w) C AY(t,v,w).

Lemma 3.7.7. Suppose that Hypothesis 3.7.4 holds. Then, for any (u,xq) € U x Xy,
Hypothesis 3.7.2 holds with ¢ = x(-,u,Xq) and the definitions (3.53), (3.54) and
(3.55).

Proof. Choose any (u,xg) € U x X, and define ¢ = x(-,u,xg). Let ({,Vv,W) €
I x R™ x R™ and suppose that v < ¢(f) < W and either ¢;(#) = ©; or ¢;(t) = 1; for
at least one i € {1,...,n,}. Noting that (£, vV, W) satisfies the required properties, let
1 > 0 be the constant satisfying Hypothesis 3.7.4.

Choose any (v,w) € B,((V,W)). For a.e. t € [t,+n) such that (t,v,w) € D,
the condition of Hypothesis 3.7.4 holds because Dy C Dq. Then VE(¢(t),v,w) C
AL(t, v, w) and VY (o (t),v,w) C AY(t,v,w), which is the desired result. O

In light of Theorem 3.7.4 and the previous two lemmas, the following result is now

apparent.
Theorem 3.7.8. Let v,w € AC(I,R"*) satisfy
(EX):  For every t € I and every index 1,
1. (t,v(t),w(t)) € Dq,
2. QFt,v(t),w(t)) C D and QY (t,v(t),w(t)) C D.
(IC):  v(ts) < x¢ < Ww(ty), Vxo € Xp.
(RHS): For a.e. t € I and each indez i,

1. If sk(t,v(t),w(t)) > 0, then 0;(t) < fi(t,p,z) for all p € U and
z € QL(t,v(t), w(t)).
2. If sY(t,v(t),w(t)) > 0, then w;(t) > fi(t,p,z) for all p € U and

z € QU (t,v(t),w(t)).
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If Hypothesis 3.7.3 holds and (v, w) has a finite number of transition times in I, then
v(t) < x(t,u,xo) < w(t), Y(t,u,x0) € I xU x Xy. If Hypotheses 3.7.4 holds, then
the assumption of finitely many transition times can be relaxed and the conclusion

remains true.

3.7.4 Application to Convex Polyhedral a Priori Enclosures

Let G C R™ satisfy x(t,u,x0) € G, V(t,u,xq) € I x U x Xy. It was shown in §3.4
that the Hypothesis (RHSa) is not generally permissible in Theorem 3.3.2. One of the
many problems caused by such a hypothesis is that the set over which the differential
inequalities in (RHSa) must hold can potentially be empty. In this section, it is
shown that this is not problematic for the important class of convex polyhedral a

priori enclosures.

Assume that G = {z : Az < b}, with A € R™*" and b € R™, and consider the

definitions

Do ={(t,v,w) e I xR™ xR™ : GN[v,w]| # 0}, (3.62)
QF(t,v,w) = G N BE([v,w)),
QV(t,v,w) =GN BY([v,w]).

To check the validity of these definitions via Hypothesis 3.7.3, define

1 if QFt,v,w) £ 0
St vow) = v 20 (3.6
-1 otherwise

1 if QU(t,v,w)#0
sV (t, v, w) = ot )7 , (3.64)
—1 otherwise

for all i € {1,...,n,}. Hypothesis 3.7.3 is established through the following three

lemmas.

Lemma 3.7.9. Let (t,v,w) € Do and z € G. If V¥(z,v,w)U VY (z,v,w) # 0, then
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one of the sets
VEi(z,v,w)N A (t,v,w) or VY(z,v,w)NAY(t,v,w)

18 monempty.

Proof. Choose any z € G N [v,w] and consider the line segment
IN)=z+Xz—-2), Xel0,1]

First note that 1(\) € G for all A € [0, 1] by convexity. Now, by definition of the sets

VEi(z,v,w) and VY (z,v,w),

1€ VL(Z, V,W) — El)\Z . ll()\) 2 (IR VA€ [O, )\Z] and ZZ()\Z) = V;,
1€ VU(Z,V,W) — El)\Z . l,()\) S Wws, VA e [0, )\Z] and l,()\l) = w;,
i ¢ VE(z,v,w)UV (z,v,w) = L()\) € [v;,w;], VAe[0,1].

Suppose V¥ (z,v, w)UVY(z,v,w) # 0 and let \* = min;e yr (5 v w)uv? (zv,w)) A~ Then
1) € Gn[v,w] and [;(\*) = v; (or [;(\*) = w;) for some i € VE(z,v,w) (or
i € VW(z,v,w)). For any such i, QF(¢t,v,w) # 0 and hence i € AX(t,v,w) (or
QY(t,v,w) # () and hence i € AY(t,v,w)). O

Lemma 3.7.10. Let (t,v,w) € Dq and define

V,wia={z € R™ : 2, > v;,Vi € A“(t,v,w), 2 < w;, Vi € AY(t,v,w)}. (3.65)

Then GN[v,w| =GN [v, W] .

Proof. 1t is clear that (G N[v,w]) C (G N[v,w|4). Suppose that the conclusion is
false and choose any z € G N [v,w]|4 such that z ¢ G N [v,w]. By this choice of z,
one of the sets V¥(z,v,w) or VY(z,v,w) is nonempty, in which case Lemma 3.7.9
shows that either VX (z, v, w) N AL(t, v, w) or VW (z,v,w) N AY(t, v, w) is nonempty.

This, however, implies that z ¢ [v, w| 4, which is a contradiction. O
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Lemma 3.7.11. Choose any (u,xq) € U x Xy and define x = x(-,u,xq). There

exists L > 0 such that the following conditions hold for every (t,v,w) € Dgq:

1. Ifi € QL (t,v,w), then 3z € QF(t,v,w) such that

|x(t) — z||oo < Lmax ( max (v; —x;(t)), max (z;(t) — wz)) , (3.66)

i€eQL(t,v,w) i€eQU (t,v,w)

where QF and QU are defined as in Hypothesis 3.7.3.
2. Ifi € QU(t,v,w), then 3z € QY (t,v,w) such that (3.66) holds.

Proof. Let (t,v,w) € Dq and suppose that i € QL (¢, v, w). Define the sets

M1 = {Z eG L Zj > Vj, VJ S AL(t,V,W), Zj < wy, VJ c AU(t,V,W), 2 = UZ'},
M, ={z € G :z; > min(z;(t),v;), Vj € AL (t,v,w),

z; < max(wz;(t),w;), Vj € AY(t,v,w), 2z = min(z;(t),v;)}.

Note that min(x(t),v) < x(¢) < max(x(t),w). Further, i € QF(¢t,v,w) implies
that z;(t) < v; and hence z;(t) = min(x;(t),v;). It follows that x(t) € M,. Be-
cause (t,v,w) € Dq, G N[v,w] # 0. Furthermore, i € QL(¢t,v,w) implies that
GNBE([v,w]) # 0, so that M; # (). Then, M, and M, are systems of linear inequal-
ities which differ only in their right-hand side data, and both are nonempty. Using
Theorem 3.6.4, this implies that there exists L > 0 satisfying

dy (M, Ms) < Lmax max |v; — min(x;(t),v;)|, max max(x;(t), w;) —w;| |,
(01, M5) < Domo (e o= mina(0) v, [max(e ) ) ~ ] )

< Lmax max max(v; — x;(£),0)|, max max(x;(t) — w;,0)| |,
- (ieAL(t,v,w)| ( (®).0) iEAU(t,v,w)| (:(2) )|)

= L max max (v; —x;(t)), max (z;(t) —w;) ).
(iEQLW; (). g (it >)

Since x(t) € M, the definition of the Hausdorff metric implies that there exists
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z € M, such that

|x(t) — z||oo < Lmax < max (v; —x;(t)), max (z;(t) — wl)) . (3.67)

i€QL(t,v,w) i€QU (t,v,w)

But, by Lemma 3.7.10, M; = {z € GN|v,Wl4 : 2z = v} = {z € GN[v,w]:
2z = v} = QF(t,v,w), and hence z € QF(t,v,w). This proves Conclusion 1, and

Conclusion 2 follows from an analogous argument. O

The previous lemmas imply the following comparison theorem for convex polyhe-

dral a priori enclosures.
Theorem 3.7.12. Let v,w € AC(I,R™) satisfy

(EX):  For everyt € I and every index i,

1. GNv(t),w(t)] #0,
2. GNBL(v(t),w(t)) C D and GNBY (v(t),w(t)) C D.

(IC) V(to) <xp < W(to), VX(] S Xo.
(RHS): For a.e. t € I and each index i,

1. 9(t) < fi(t,p,2z) forallp € U and z € GNBE(v(t), w(t)).

2. ;(t) > fi(t,p,z) for allp € U and z € GNBY (v(t), w(t)).

If (v,w) has finitely many transition times in I, then v(t) < x(t,u,x0) < w(t),
V(t,u,Xo) el xUx XQ.

Proof. By Theorem 3.7.8, it suffices to show that Hypothesis 3.7.3 holds. Let (,v, W) €
I x R™ x R™ and suppose that 3(u,x¢) € U x Xy such that x = x(-, u, x) satisfies
v < x(t) < W and either z;(t) = 0; or z;(t) = w; for at least one i € {1,...,n,}.
Choose an arbitrary 7 > 0 and let L > 0 be the constant of Lemma 3.7.11. It will be
shown that Hypothesis 3.7.3 holds with these definitions.

Choose any (v,w) € B,((¥,W)) and any t € [f,f+ ) such that (t,v,w) € Dq.
Condition 1 of Hypothesis 3.7.3 follows by applying Lemma 3.7.9 with z = x(¢).
Condition 2 follows by applying Lemma 3.7.11. 0
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3.7.5 Application to Interval a priori Enclosures

As a second application of the theory in this section, we prove a comparison theorem

involving a time-varying interval a prior: enclosure.

Theorem 3.7.13. Let X : I — IR™ satisfy x(t,u,x0) € X(t) = [x"(t),xY(¢)],
V(t,u,x¢) € I x U x Xy, and assume that D is open. Let v,w € AC(I,R™) satisfy

(EX): X(t)Nn[v(t),w(t)] #0, Vt e I.
(IC) V(to) <xp < W(to), VX(] S Xo.
(RHS): For a.e. t € I and each index i,
1. If vi(t) > zE(t), then 0;(t) < fi(t,p,z) for allp € U and z € DN
X () nBE([v(t), w(t)]).
2. If wi(t) < z¥(t), then w;(t) > fi(t,p,z) for allp € U and z € D N
X(t) N B ([v(t), w(t)]).
Then v(t) < x(t,u,x0) < w(t), V(t,u,x9) € I x U x X.

Proof. By Theorem 3.7.8, it suffices to show that Hypotheses 3.7.4 and 3.7.3 hold
with the definitions

Do ={(t,v,w) € I x R"™ x R™ : X(¢) N [v, w] # 0}, (3.68)
QX(t, v, w) = DN X(1) N BE (v, w)),

QU (t,v,w) = DN X(t) N BY (v, w)),

sp(t,v, w) = v — ap(t),

sV (t,v,w) = 2V (t) — w;.

Consider Hypothesis 3.7.4 first. Let (£,v,W) € I x R™ x R" and suppose that
there exists (u,xg) € U x X, such that x = x(-,u,x,) satisfies v < x(f) < W
and either z;(f) = 9; or x;(f) = ; for at least one i € {1,...,n,}. Choose any

n > 0, any (v,w) € B,((V,W)) and any t € [{, + ) such that (t,v,w) € Dq.
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If i € VE(x(t),v,w), then z;(t) < v; by definition. But then s*(t,v,w) > 0, so
that i € AL(t,v,w). Applying and analogous argument for i € VW (x(t),v,w), this
establishes Hypothesis 3.7.2.

To show Hypothesis 3.7.3, consider (f,v,W) as above. Making the definition
z(t,v,w) = mid(v, w, x(t)), choose n > 0 so small that z(¢,v,w) € B,(x(f)) C D,
for all (v,w) € B,((¥v,W)) and t € [t, + ). Choose any (v,w) € B,((V,W)),
any t € [t, 4+ n) such that (t,v,w) € Dq. Condition 1 of Hypothesis 3.7.3 follows
immediately from Hypothesis 3.7.2. To show Condition 2, choose any i € QX (t, v, w).
Since z;(t) < v; < wy, z(t,v,w) € BF([v,w]). By the choice of n, z(t,v,w) € D.
To show that z(t,v,w) € X(¢) as well, choose any j. If z;(t,v,w) = z;(¢) then
zi(t, v, w) € X;(t) by definition. If z;(t,v,w) = wj, then v; < w; < x;(t) < 2¥(t)
and it follows from the fact that [v;, w;] N X;(t) # 0 that z;(¢,v,w) € X;(t). Using
an analogous argument for the case z;(t,v,w) = v;, it follows that z(t,v,w) €

QL (t,v,w). Now, by the definition of z, it follows that
[x(t) — 2z[|oc < max(|| max(0,v —x(t))|oc, || max(0,x(t) — W|lo). (3.69)
Applying Hypothesis 3.7.2; this is exactly

|x(t) — z||0o < max ( max (v; —x;(t)), max (z;(t) — wz)) : (3.70)

i€eQL(t,v,w) i€eQU (t,v,w)

Thus, Condition 2 of Hypothesis 3.7.3 holds, and Condition 3 is proven analogously.
O

3.8 Conclusions and Future Work

In this chapter, the problem of efficiently computing interval bounds on the solutions
of parametric ODEs and control systems was considered. In particular, the use of
known a priori enclosures, derived from physical information, was investigated as a
means to enhance the performance of interval methods based on differential inequali-

ties, while maintaining the ability to use efficient interval computations. Toward this
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end, a general comparison theorem was established in which the use of the a prior:
enclosure is abstracted in terms of set-valued mappings which are required to satisfy
several key conditions. From these conditions, the basic requirements that an interval
refinement operation Z¢ (based on an arbitrary a priori enclosure G) must satisfy in
order to result in a valid bounding method were derived. An appropriate definition
of this operation was given for the case when G is a convex polyhedron, resulting in
a novel computational method. This method is demonstrated for several numerical
examples in the next chapter.

When G is not a convex polyhedron, the framework of Section 3.6.1 still applies,
but no valid definition of Z is currently available. The use of interval Newton meth-
ods and constraint propagation techniques are promising in this regard and warrant
future investigation. In addition to interval-based methods, the general comparison
theorem derived here also suggests other approaches, such as the method of §3.6.3
using linear programming relaxations. This method can potentially describe sharper
bounds than an interval-based method and also warrants further investigation into
an efficient computational implementation.

In §3.7, some of the key restrictions imposed on the general comparison theorem of
§3.5 were further relaxed. This analysis leads to some interesting results suggesting
that sharper bounds could be obtained, at least in the case of convex polyhedral
a priori enclosures. However, this theory is also lacking an efficient computational
implementation. As opposed to the developments in §3.6, where state bounds could
be described as the solutions of a system of ODEs, it seems that the state bounds
derived in §3.7 would be more naturally described as the solutions of a hybrid system.
At present, it is not clear whether this additional complexity would be justified by

the resulting improvement in the bounds.
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Chapter 4

Bounding the Solutions of
Chemical Kinetics Models

4.1 Introduction

The previous chapter introduced several new methods for computing interval bounds
on the solutions of parametric ODEs and control systems. In particular, these meth-
ods are able to use efficiently known physical information about the solutions of such
systems as a means to reduce conservatism in the computed bounds. In this chap-
ter, these methods are applied to ODE models of chemical reaction kinetics. Such
models are very important in chemical engineering applications and are commonly
cited as a primary motivation for state bounding methods [164, 135, 105] and re-
lated algorithms [163, 103, 106, 85, 164, 104, 37, 36, 123]. It will be shown that very
rich physical information about the solutions of chemical kinetics models is available
through a relatively simple analysis of the stoichiometry matrix. In particular, the
solutions often obey affine reaction invariants, which are closely related to the notion
of exact model reduction [63, 66, 181]. Through numerous examples, it is shown that
using this information in conjunction with the bounding methods of the previous
chapter results in state bounds that are substantially tighter than those computed by
a similar methods that cannot make use of this physical information (i.e., Harrison’s

method). Moreover, this improvement is achieved at a small additional cost, making
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these methods appropriate for the class of problems that we set out to address in

§3.1.

4.2 Physical Information in Reaction Models

Chemical reaction kinetics are most commonly modeled by a coupled system of ODEs

9] of the form
x(t,u,x0) = Sr(t,u(t),x(t,u,xp)), x(to,u,xg) = Xp. (4.1)

The state variables x represent the concentrations of chemical species, the rate func-
tions r : I x U x D — R™ describe the rates of all possible reactions between species,
and the stoichiometry matriz S € R"**"™" encodes the proportionalities by which the
concentration of each species is effected by the occurence of each reaction. A simple
model of this type has already been studied in Example 3.3.1. Throughout this chap-
ter, it is assumed that Assumptions 3.2.1 and 3.2.2 hold with f = r. In this case, it
is simple to show that (4.1) satisfies the requirements of §3.2, so that the bounding
methods of Chapter 3 can be applied.

Information about the solutions of a chemical kinetics models is available in the
form of affine reaction invariants and natural bounds. Both are obtained by a simple
analysis of the stoichiometry matrix. To be clear, this information is available prior
to the application of a differential inequalities bounding method of the type described
in the previous chapter. The combination of natural bounds and reaction invariants
often constitutes a massive restriction on the region of state space in which solutions
potentially lie. This is demonstrated for the model of Example 3.3.1 below. Thus,
the impact of leveraging such information in a state bounding method is potentially
very significant. Of course, models of the form (4.1) are not restricted to chemical
kinetics, so the ideas here likely apply in other important application areas as well

(e.g., electrical circuit models [174]).
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4.2.1 Affine Reaction Invariants

An affine reaction invariant is a linear combination of the state variables x which does
not change as x evolves in time [181]. That is, a vector m € R™ is an affine reaction

invariant if
m'x(t,u,x0) = m'xy, V(t,u,x0) €I xU x X. (4.2)

It is easily seen from (4.1) that the reaction invariants of a kinetic model include every
vector m which lies in the left null space of the stoichiometry matrix, N'(ST), since
mTx(t,u,x0) = mTSr(¢,u(t),x(t,u,x0)) = 0. Additional affine reaction invariants
can exist if the range of the rate function r has dimension less than n, [60]. However,
this is a kinetic phenomena, not a stoichiometric one, and it is difficult in practice to

identify and make use of such invariants, so these are not considered here.

Since every vector in A(ST) must be an affine reaction invariant, it is clear that
every kinetic model for which S is not full row rank must have at least one affine reac-
tion invariant. In fact, the number of linearly independent affine reaction invariants
is equal to the dimension of A(ST). Kinetic models very often have stoichiometry
matrices which are not full row rank because of conservation laws which are implicit in
the model, such as overall mass and atomic balances [63, 66, 181]. This is particularly

true of models of biological reaction networks [58].

A basis for N'(ST) provides a complete set of linearly independent reaction invari-
ants. Such a basis is easily obtained from the singular value decomposition of ST, or
directly using the MATLAB routine null. Throughout, we denote by M € R™*"= a

matrix whose rows form a basis of N'(ST), so that
Mx(t,u,x0) = Mxg, V(t,u,xq) €I xU x Xj. (4.3)
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4.2.2 Natural Bounds

In addition to reaction invariants, physical considerations very often suggest a crude

interval X% = [x™ xMV] such that
xVE < x(tu,xo) < xMV) 0 V(tu,x0) € T x U x Xo. (4.4)

These bounds are referred to as natural bounds [162], and arise from a number of
considerations. Though it is not clear from (4.1), the solutions of chemical kinetics
models are always nonnegative, provided that the initial conditions are nonnegative.
Physically, this is because they represent concentrations of chemical species. Mathe-
matically, it is because rate functions (i.e., components of r) that act to decrease the
concentration of some chemical species, x;, are always zero if x; is zero. Combined

with nonnegative initial conditions, this implies that x is nonnegative [13].

Other natural bounds may be implied by the directionality of reactions. If some
of the reactions in a given reaction network are not reversible, the flow of mass or
atomic elements throughout the network is hindered. For example, if a particular
reactant is consumed but never generated, then a natural upper bound is given by

its initial concentration.

Finally, additional natural bounds may be implied by conservation laws. If, for
example, the volume and number of molecules in a reacting system is conserved, then
the maximum concentration of any given species is bounded by the total concentra-
tion at the initial time. Bounds of this type are actually nothing more than the effects
of nonnegativity constraints on other species, acting through an affine reaction in-

variant. In particular, the bounds X*V, which may at first contain only nonnegativity
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constraints, may always be refined by solving the programs

eVt = inf 2 (4.5)
Z,X0

st. M(z—x0)=0

ze XV, x,€X,

Y = supz (4.6)
Z,X0
st. M(z—x0)=0
zZ € XN, Xo € X
for each i = 1,... n,. If Xj is a convex polyhedral set, then these are simple linear

programs. Thus, natural bounds arising from complex stoichiometric relationships
between species can be easily computed using the matrix M. However, it should be
noted that information based on the directionality of reactions is not contained in S
(and hence in M) and therefore cannot be ascertained by solving the linear programs
above. Such observations should be included in the initial set of natural bounds, prior

to refinement through (4.5) and (4.6).

Example 4.2.1. Consider again the reversible chemical reaction
A+B=C (4.7)

first considered in Example 3.3.1. Recall that the time evolution of the species con-
centrations x4, g and r¢ in an isothermal batch reactor is described by a kinetic

model of the form (4.1) with x = [z4 25 zc|T, u=[k; kT, and

kizaz
S=| -1 1 |, r(tuz)= JrAsB

kr zC

The stoichiometry matrix has dimension 3 x 2, yet is only rank 1, so the model must

have two linearly independent reaction invariants. Computing the null space of ST
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using the MATLAB routine null gives the basis vectors

—0.8165 0.40825 —0.40825
0.0 —0.7071  —-0.7071

Though it is not necessary for further computations, one can obtain more physically
meaningful reaction invariants through elementary row operations. Here, we find the

vectors m] = [1 12 and mj =[1 —1 0], so that

Ta+ a2+ 200 =204+ 20 + 2200, (4.8)

TA— B = To,A — X0o,B-

Physically, the first invariant represents the overall mass balance for the system,
while the second represents the proportionality between the species A and B, which
is maintained because they react with 1-to-1 stoichiometry.

The intersection of the subspaces of R™ with normals m; and my, translated by
the initial condition vector, contain all points in R™* which satisfy the two invariants
above, respectively. These planes, restricted to the positive orthant, are shown in
Figure 4-1. From this it is determined that the only possible solutions of the kinetic
model must lie in the intersection of these two planes, regardless of (t,u) € I x U.
The direction y depicted in the figure is a linear combination of x4, x5 and z¢ along
which the solution vector x evolves in time as the reaction proceeds. We will have
more to say about this coordinate in §4.4.

The meaning of the programs (4.5) and (4.6) is easily seen from Figure 4-1. Clearly,
the combination of nonnegativity constraints and the plotted reaction invariants im-

plies the natural bounds X = [1,1.5] x [0,0.5] x [0,0.5].

4.2.3 A Polyhedral a Priori Enclosure

Consider computing state bounds for (4.1) with given sets of admissible initial condi-
tions and controls, Xy and U, respectively (see §3.2). If X is an interval, then affine

reaction invariants and natural bounds can be combined to give an a priori enclosure
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Figure 4-1: Planes in R™* containing all points in the positive orthant which satisfy
the affine reaction invariants (4.8). All solutions lie on the intersection of these
two planes, for all (¢,p) € I x P. The point at (1.5,0.5,0) represents the initial
condition. The direction y is orthogonal to the normals of both planes, m; and msy,
and demonstrates an axis along which the time evolution of the reaction can be fully
described (see Section 4.4).
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for the solutions of (4.1) of the form
G={zcR™:z¢c X", Mz € MX,}. (4.9)

Expanding the interval multiplication M X, G' can be written as a convex polyhedral
set in standard form, G = {z € R" : Az < b}. Thus, the bounding methods of
§3.6 are applicable. From Figure 4-1, it is evident that G can potentially put a large
restriction on the regions of state space that must be considered when computing state
bounds. In the following section, the method of §3.6.2 is applied to three examples

and shown to make very effective use of this restriction.

4.3 Numerical Examples

All numerical experiments in this section were performed on a Dell Precision T3400
workstation with a 2.83 GHz Intel Core2 Quad CPU. One core and 512 MB of memory
were dedicated to each job. Numerical integration was carried out using the software
CVODE [44] with absolute and relative tolerances of 107°. Interval extensions were com-
puted automatically using the library MC++ (http://www3.imperial.ac.uk/people/
b.chachuat/research). MC++ is the successor of 1ibMC, which is described in detail
in [122].

For ease of comparison, recall that Harrison’s method refers to the state bounding
method given by solving (3.31) with the definitions (3.33). The method given by
solving (3.31) with (3.35), Zg as in Definition 3.6.3 and G a convex polyhedral set
will be called the full-space invariant (FSI) method. Later, this will be contrasted
with the so-called reduced-space methods developed in §4.4. In the special case where
G = X%, the FSI method will be called Singer’s method, after the author of [162].
Note, however, that this may not be identically the implementation used in [162], as

discussed in §3.6.4.

Example 4.3.1. Consider again the model of Example 3.3.1. There, state bounds

were computed using Harrison’s method with I = [0,0.05] min, the set of admissible
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controls
U={(kysk)e (L*(1))?: (k¢(t), k.(t)) € [100,500] x [0.001,0.01] for a.e. t € I},

and the singleton set of admissible initial conditions Xy = {x¢} with xq = (1.5,0.5,0)
(M). Here, state bounds are computed by Singer’s method and the FSI method and
compared. For ease of reference, the results of Harrison’s method are reproduced
as the dashed curves in Figure 4-2 below. In all figures in this section, solid curves

represent true model solutions computed for sampled points (u, x¢) € U x Xj.

In Example 4.2.1, it was shown that this model has two reaction invariants,

—0.8165 0.40825 —0.40825
0.0 —0.7071 —0.7071

and natural bounds XV = [1,1.5] x [0,0.5] x [0,0.5]. Given this information, the
results of Singer’s method are shown by the crosses in Figure 4-2. The blue circles

are the results of the FSI method applied with

G={zcR® Mz=Mx, z<c X"} (4.10)

From Figure 4-2, it is clear that both methods provide much more reasonable
bounds than Harrison’s method, which does not make use of any physical information.
However, while Singer’s method prevents divergence of the upper bound, it still fails
to provide an accurate enclosure of the model solutions throughout time. On the other
hand, the state bounds computed using the FSI method are exact for this problem.

That is, it is possible to realize the bounding trajectories with true model solutions.

Recall from Example 3.3.1 that Harrison’s method produces bounds in 1.8 x 10~%s,
while integration of a single trajectory requires 1.1 x 10~%s. Singer’s method requires
3.1 x 10~%s, while the FSI method requires 1.72 x 10~3s. Thus, using natural bounds
nearly doubles the cost of Harrison’s method and produces bounds that are reasonable

but weak, while obtaining exact bounds using natural bounds and reaction invariants

187



=

o
©

o
)

o
3

o
o

Concentration of C (M)
o
(%2}

0.4f
0.3
0.2
0 0.61 0.62 0.63 0.64 0.05
time (min)

Figure 4-2: State bounds on x¢ from Example 3.3.1 computed by Harrison’s method
(dashed), Singer’s method (crosses), and the FSI method (circles). Solid curves are
true model solutions.

increases the cost by a factor of about 10. Though this latter increase is substantial,
the absolute cost remains small. For slightly less than the cost of sampling trajectories

on a 4 x 4 grid over U, we obtain a sharp, guaranteed enclosure.
Example 4.3.2. Consider the chemical reaction network
A—B— C.

Assuming elementary reactions and Arrhenius rate constants, the concentrations of
the chemical species, denoted x5, xg and z¢, in a closed system with temperature

control are given by a kinetic model of the form (4.1), where x = (x4, zp,2¢), u =T,

and
—1 0
A Br/(Bp) 5
S = 1 =11, r(tpz)=
A2€—E2/(Rp) 2B
0 1

Above, R = 8.314 —Z— is the universal gas constant, A; = 2400 s~!, A5 = 8800 s,
E; =6.9x10% (J/mol) and Ey = 1.69 x 10* (J/mol). Note that this system is neither
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linear nor control-linear because the right-hand side functions contain products of the

states and nonlinear functions of the control.

Consider bounding the reachable set on I = [0,0.08] (s) with the fixed initial
condition xo = (1.5,0.5,0.0) (M) and the temperature bounded between 300 and 600
K. That is, the set of admissible initial conditions is the singleton X, = {x¢} and

the set of admissible controls is
U={TecLI):T(t) € [300,600] (K) for a.e. t € I}.

With no further information, state bounds can be computed by Harrison’s method.
The resulting bounds on xp are shown in Figure 4-3, along with several model solu-
tions for temperature profiles in U. These solutions correspond to piecewise constant
temperature profiles with 8 epochs of length 0.01s, taking one of 8 possible temper-
ature values in the first epoch, spaced evenly in the interval [300,600] K, and one
of two possible values in each remaining epoch, 300K or 600K . Clearly, the method
provides valid bounds on all model solutions shown. Moreover, the choice of piecewise
constant controls was simply for computational convenience; by Corollary 3.5.8 and
the discussion in §3.5.3, the solutions of (3.31) are guaranteed to bound the model

solutions with any T € U.

For this example, the cost of integrating a single trajectory is 1.7 x 10~*s. Harri-
son’s method requires only 4.6 x 10~%s, but again produces very conservative bounds.
However, a valid a priori enclosure can be obtained as follows. First, since xq > 0, it
follows that all model solutions are nonnegative for all (¢,7) € I x U. Furthermore,
xa cannot be generated, so it is bounded above by 1.5 (this is an example of a bound
based on the directionality of reactions that cannot be inferred from S, as discussed in
§4.2). The stoichiometry matrix has rank 2, so there is one linearly independent reac-
tion invariant, which is easily seen to be mT = 1T. Combining these observations, the

programs (4.5) and (4.6) give the refined natural bounds X» = [1.5, 2] x [0, 2] x [0, 2].
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Figure 4-3: State bounds on zp in Example 4.3.2 computed by Harrison’s method
(dashed) and the FSI method (circles), along with true model solutions for several

piecewise constant temperature profiles (solid).

Then, a second set of state bounds can be computed using the FSI method with

G={zecR*:(0,0,0)<z<(1.572,2), 17z = 1"x.}.

The resulting bound, shown by the circles in Figure 4-3, are very tight. Moreover,

this computation took only 2.7 x 1073s; less than 6 times longer than the standard

method with no physical information.

Example 4.3.3. Consider the enzymatic reaction network with 6 states [2]

A+F=F:A—-F+A
A+R=R:A—-R+A.

., kg) representing

With x = (x4, TF, Tp.a, Tar, TR, Tr.a’) and the controls u = (kq,
the rate constants for all six reactions, the dynamics in a closed system are described
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by a kinetic model of the form (4.1) with

-1 1 0 0 0 1 DP12A%F

-1 1 1 0 0 0 D22F:A

g = 1 -1 -1 0 0 O  rtpa) = D3ZF:A

o 0 1 -1 1 0 PaZa’ZR

o 0 o0 -1 1 1 D52R:A/
00 0 1 -1 —1] | PeZria’ |

Consider computing state bounds for this model with I = [0,0.04] (s), the fixed
initial condition xo = (20,34,0,0,16,0) (M) and uncertain rate parameters k; €
[k:, 10k;], where

~

k = (0.1,0.033,16,5,0.5,0.3).
That is, Xo = {xo} and the set of admissible controls is
U={ue (L) u(t) e [k, 10K] for a.e. t € I}.

The results of Harrison’s method are shown in Figures 4-4 and 4-5, along with true
model solutions corresponding to constant u taking values on a uniform grid with
three points in each of the six dimensions. As discussed in Remark 3.2.4, the com-
puted bounds are also valid for time-varying u € Y. Due to the large number of
parameters considered, sampling true model solutions becomes unmanageable for
piece-wise constant u, even with only 3 epochs. Some such trajectories were explored

manually and none were found to lie outside of the set reachable with constant u.

For this example, integration of a single model solution required 1.7 x 10~%s,
while Harrison’s method required 2.37 x 10~3s. The resulting bounds diverge rapidly,
providing no useful information about the reachable set. In fact, the divergence is
so rapid in this case that numerical integration is slower than one might expect. In

previous examples, the CPU time for Harrison’s method compared more favorably
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with that of integrating a single model solution.

An a priori enclosure is derived as follows. Since xy > 0, it follows that all model
solutions must be nonnegative for all (f,u) € I x Y. The stoichiometry matrix has
rank 3, indicating that there are 3 linearly independent affine reaction invariants.
Applying the MATLAB routine null to ST, a basis for the left null space of S, and
hence a complete set of linearly independent reaction invariants, is given by the rows

of

—0.5743 0.2150 —0.3593 —0.5743 0.2872 —0.2872
M= | —0.0589 0.7329 0.6740 —0.0589 0.0295 —0.0295
0 0.0000  0.0000  0.0000 0.7071 0.7071

Through elementary row operations, it is not difficult to show that the basis

0o -1 -1 0 0 O
M = 1 -1 0 1 -1 0
-1 1 0 -1 0 -1

defines the same subspace. Physically, the rows of M describe stoichiometric relation-
ships between species which result from the cyclic structure of the reaction network.
Such cycles are very common in biological networks, where they are referred to as
metabolic pools [58]. Combining this with nonnegativity through (4.5) and (4.6) gives
the natural bounds X = [0,20] x [0, 24] x [0, 20] x [0, 24] x [0, 16] x [0, 16].

A second set of state bounds can now be computed using the FSI method with
G={zcR:zc X" Mz=Mxy}.

The resulting bounds are shown in Figures 4-4 and 4-5. Clearly, the bounds produced
by this approach do not diverge, and in fact track the true solution set very accurately.
Moreover, this computation takes only 9.11 x 1073s; about 4 times longer than the

standard approach without using physical information.
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Figure 4-4: State bounds on z, in Example 4.3.3 computed by Harrison’s method
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4.4 Reduced Kinetic Models

In the previous section, it was shown that using natural bounds and affine reaction
invariants in conjunction with the state bounding methods developed in Chapter 3
results in dramatic improvements over existing bounding methods. In the remainder
of this chapter, we investigate an alternative method that uses reaction invariants in
a very different way. It is well known that the solution of (4.1) can be fully described
by a reduced system of ODEs of dimension n, —m, where m is the number of linearly
independent affine reaction invariants [181]. Then, the alternative approach is to
construct such a reduced system, bound its solutions, and then recover state bounds

for the original system through an affine transformation.

To illustrate this idea, recall Figure 4-1 from Example 4.2.1. The Figure shows
that, though the kinetic model in question has three state variables, the affine reaction
invariants render the evolution of the system essentially one dimensional. That is, the
time evolution of the system may be described completely by its progression along
the direction y shown in the Figure. Accordingly, we consider computing bounds
on the linear combination y, rather than on each of the species concentrations x4,
xp and x¢. This is illustrated in Figure 4-6. The image on the upper left shows
a box in (x4, xp,rc)-space which represents hypothetical state bounds computed
for some t' € I. The bounds are represented by a box, or 3-dimensional interval,
simply because the bounding procedures discussed so far compute an upper and
lower bound for each of the three state variables. However, it has been shown that all
model solutions must lie on the y-axis, so every point inside of the depicted box that
does not lie on the y-axis, and hence violates at least one of the reaction invariants,
cannot possibly be a solution. Therefore, there is significant overestimation in this
enclosure, simply on account of using a 3-dimensional interval. Moreover, integrating
the bounding differential equations (3.31) forward from ', using Harrison’s method
for example, requires taking the necessary natural interval extensions of the model
right-hand side functions over the entire box, even though only points on the y-axis

can be true model solutions. In this manner, the overestimation inherent in these

194



state bounds propagates forward in time and weakens the computed bounds for every
t' <t <ts. Of course, the purpose of the FSI method is to refine this box using the
reaction invariants, so that overestimation is prevented from propagating forward in
time insofar as possible. Nonetheless, the end result is still a 3-dimensional interval
that is geometrically forced to overestimate the true solution set significantly.

On the other hand, if a variable transformation is carried out which defines y as
a linear combination of x4, xp and z¢, as depicted, and bounds are constructed for
y, then the problem is alleviated. The brackets along the y-axis in the lower right
of Figure 4-6 depict hypothetical bounds of this type. Though the bounds along the
y-axis may overestimate the set of true model solutions, they may not include any
points which violate the reaction invariants. Because the time evolution of the entire
model can be recovered only from knowledge of the time evolution along the y-axis,
valid bounds on x4, xp and x¢ can be recovered from valid bounds on y. Of course,
the resulting bounds will suffer from overestimation because, for any t € I, the true
set of model solutions is not a 3-dimensional interval. However, the major advantage
of this approach is that this overestimation is prevented from propagating forward
during integration of the bounding differential equations since only bounds on the
linear combination y are propagated forward in time.

Despite this geometric advantage, this approach is not generally superior to the
FSI method demonstrated in the previous section. It requires much of the same
theory, has similar cost, and typically produces bounds that are comparable but worse.
However, often enough to encourage curiosity, the resulting bounds are sharper. Thus,
there is an open opportunity to better understand and exploit the advantages of this

approach in the future.

4.4.1 Constructing Reduced Models

As mentioned above, the solution of (4.1) can be fully described by a reduced system
of ODEs of dimension n, — m, where m is the number of linearly independent affine
reaction invariants. Such a reduced system can always be constructed by choosing

an appropriate subset of the original state variables [11, 181], or using the Moore-
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Figure 4-6: Geometric representation of state bounds in the full state space (upper
left) and in the lower dimensional space (lower right) defined by the affine reaction
invariants.

Penrose inverse of S [63, 181]. Theorem 4.4.6 below describes a more general family

of reduced models based on {1,2}-inverses [21].

Definition 4.4.1. For any matrix D € R™*"™ A € R™*" is called a {1, 2}-inverse of
D if DAD =D and ADA = A.

Lemma 4.4.2. For any D € R™™, a {1,2}-inverse exists.
Proof. See Theorem 1, Ch.1 Sec.2 and Lemma 3, Ch.1 Sec.4 in [21]. O

Definition 4.4.3. Let L and M be complementary subspaces of R™. Denote by

Pr. : R® — R” the unique linear operator such that

z=Pruz+(1-Pru)z=u+v, (4.11)

where u € L and v € M. Pr ) is referred to as the projector onto L along M.
Lemma 4.4.4. P yz =z if and only if z € L.
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Proof. See Theorem 8 and Lemma 1(e), Sec. 4 Ch. 2 in [21]. O

Lemma 4.4.5. If A € R™™ and D € R™" are {1,2}-inverses of each other, then

DA = Prioyna) and AD = Pra) nD)-
Proof. See Corollary 7, Sec. 4 Ch. 2 in [21]. O

The following theorem defines a reduced system in terms of a pair of {1,2}-
inverses and demonstrates that the solution of this system can be mapped uniquely

to the solution of (4.1).

Theorem 4.4.6. Consider the kinetic model (4.1) and suppose that the rank of S
is ny < ng. Let A € R™*™ and D € R"*™ be {1,2}-inverses, and suppose that
the range of D is equal the range of S, i.e., R(D) = R(S). If (4.1) has a unique

solution, then there exists a unique solution of the reduced system
y(t,u,xq) = ASr(t,u(t),Dy(t,u,xq) + X¢), y(to,u,xq) =0. (4.12)

Moreover, y satisfies
1. y(t,u,x¢) = A(x(t,u,%xq) — Xg),
2. x(t,u,x9) = Dy(t,u,x¢) + Xo,
for all (t,u,xq) € I x U x Xj.

Proof. Consider the solution of (4.1), x, and note that

(x(t,u,x9) —xq) = / Sr(s,u(s),x(s,u,xgp))ds, (4.13)

to

s / (s, u(s), x(s, w,x0))ds,

to

€ R(S) = R(D),

for all (t,u,x9) € I xU x Xy. Define y(t,u,x9) = A(x(t,u,x9) — X0). Then
Dy (t,u,x9) = DA(x(t,u,x0) — Xg), and combining this with (4.13), Lemmas 4.4.4
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and 4.4.5 imply that Dy (¢, u,xq) = (x(t,u,xg) — Xg). Differentiating y now gives

y(t,u,xq) = Ax(t,u, %), (4.14)
= ASr(t,u(t),x(t,u,xp))
= ASr(t,u(t), Dy(t,u,%q)) + Xo).

Thus, (4.12) has at least one solution satisfying 1 and 2.
Now consider a second solution of (4.12), z, and define ¢ (¢, u,xq) = Dz(t,u, xq) +

Xo. By differentiation,

o(t,u,xq) = Dz(t, u,xq), (4.15)
= DASr(¢,u(t), Dz(t,u, %) + Xo),

= Sr(t,u(t), d(t,u, %)),

for all (t,u,xq) € I xU x Xy. Therefore, uniqueness implies that ¢ = x on I xU x X,

and hence x(t,u,xg) = Dz(t,u,Xq) + xo. In particular,

ADz(t,u,x0) = A(x(t,u,x9) — Xg), V(t,u,xq) € I xU x Xp. (4.16)

From the form of (4.12) and the fact that z(tp,u,xq) = 0 € R(A), it follows that
z(t,u,x0) € R(A) for all (t,u,x0) € I xU x Xy. Combining this with (4.16), Lemmas
4.4.4 and 4.4.5 imply that z(t,u,x) = A(x(¢,u,X) — Xg). Then it has been shown
that z(t,u,x0) = y(¢,u,xo) for all (t,u,x0) € I xU x Xy, so the solution of (4.12) is

unique. ]

Given a stoichiometry matrix S which is not full row rank, the hypotheses of
Theorem 4.4.6 are easily satisfied. The matrix D may be formed simply by choosing
any maximal set of linearly independent columns of S. Algorithms for computing a
{1, 2}-inverse of D can be found in [21], so a suitable matrix A is readily available.
For example, the well-known Moore-Penrose inverse is a {1,2}-inverse and can be

computed using the MATLAB routine pinv. It is interesting to note that if A is the
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Moore-Penrose inverse of D, then AD = I always holds. Thus, if S is full column

rank, then D = S is an appropriate choice and the reduced system (4.12) reduces to

Y(t7 u, XO) = ADI‘(t, u(t)> DY(t7 u, XO) + XO)?

=r(t,u(t), Dy(t,u,xq) + xq),

with y(f,u,x) = 0. In this case y corresponds to the well-known extents of reaction

representation of a kinetic model [63].

The connection between the reduced model (4.12) and the underlying reaction

invariants follows from Conclusions 1 and 2 in Theorem 4.4.6. Combining these gives

(x(t,u,%0) — %o) = Dy(t, u,xo), (4.17)

= DA (x(t,u,x0) — Xo),

which implies that (I — DA)x(t,u,x¢) = (I — DA)xo. Thus, the rows of the matrix
(I — DA) are affine reaction invariants of the original kinetic model and, of these,

ng — n, must be linearly independent.

Example 4.4.1. Consider again the kinetic model given in Example 4.2.1. Since S
has rank 1, any one column spans its entire range. Choosing D = [-1 —1 1]T,
the Moore-Penrose inverse of D is computed by the MATLAB routine pinv as A =
[—1/3 —1/3 1/3]. Since the hypotheses of Theorem 4.4.6 are satisfied, a reduced

kinetic model is given by

y(t,u,x9) = ASr(t,u(t), Dy(t,u,xq) + Xo) (4.18)
= kf(_y(t7 u, XO) + xO,A)(_y(tv u, XO) + ':UO,B)

- kr(y(ta u, XO) + xO,C’)-

A complete set of linearly independent reaction invariants for the original model is
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given by the rows of (I — DA), which evaluates to

2/3 —1/3 1/3
I-DA)=| -1/3 2/3 1/3
/3 1/3 2/3

This matrix is rank 2, as expected, and it is easy to check that any 2 rows form a
basis for N(ST). Moreover, the basis of Example 4.2.1 is easily obtained through

elementary row operations.

4.4.2 Reduced Space State Bounding

Given an arbitrary kinetic model of the form (4.1), where S is not full row rank, The-
orem 4.4.6 provides a means for constructing a reduced model which can describe the
time evolution of the original model fully through Conclusion 2 of that theorem. Of
course, any of the bounding methods described in Chapter 3 can be applied directly
to this reduced model. To avoid confusion, denote state bounds for the original and
reduced models by x*,xV : I — R™ and y*,yY : I — R™, respectively. Further-
more, assume that X, is an interval. Then, having computed y* and yV by any of
the available methods, Conclusion 2 of Theorem 4.4.6 implies that state bounds for

(4.1) are given by
x“(t),xY(t)] = D[y*(t),y"(t)] + Xo, Vtel. (4.19)

In what follows, any method for computing state bounds for (4.1) through (4.19) is
referred to as a reduced-space method, in contrast to the full-space methods that have
been considered thus far.

The simplest reduced-space method results from applying Harrison’s method to
(4.12). Indeed, the affine reaction invariants of the original model have essentially
been used to define the reduced model. Provided that the smallest possible reduction
in dimension was made, the reduced model does not itself satisfy any affine reaction

invariants. Therefore, there is seemingly no need to resort to the methods of §3.6 to
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compute state bounds for (4.12). However, it turns out that such a reduced-space
Harrison’s method does not produce sharp bounds. One reason for this is that the

natural bounds X%, in particular the nonnegativity constraints, are not exploited.

Ironically, the affine variable transformation from x to y that eliminates the need
to deal directly with reaction invariants also convolutes the natural bounds. That is,
the simple interval constraint x(t,u,x¢) € X for all I x U x X, can be written in

terms of the reduced variables y only as the more complicated polyhedral constraint
xV < Dy (t,u,x0) +xo <XV V(t,u,x0) € T x U x Xp. (4.20)

Thus, to obtain sharp bounds from a reduced-space method, one is again forced to
deal directly with a priori enclosures.

N,L N,U]

Define the reduced-space natural bounds YV = [y as the solutions of the

Y

following linear programs:

gt = inf ¢ (4.21)
¢,Z,X0
st. ¢ =A(z—x)
Z € XN, X € Xo
yMU = sup ¢ (4.22)
,2,%0

st. ¢ =A(z— %)

ZEXN, X € Xo,

for all i = 1,...,n,. Combining Y with (4.20) gives the a priori enclosure for the

solutions of (4.12),
G={zcR™:zcY" Dzec X" - Xy}, (4.23)

Expanding the interval operations, it is easily seen that G is a convex polyhedral set.

To compute state bounds on the solutions of (4.12), we will essentially apply the

FSI method using the set G above. To do this, it is necessary to ensure that the
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right-hand sides of (4.12) satisfy Assumptions and 3.2.1 and 3.2.2, and to derive an
inclusion monotonic interval extension of these functions in order to use the efficient
interval implementation (3.31). Actually, this will be done for a modified reduced
system defined below, which has the advantage that X* can be further exploited in

the interval extension of its right-hand side functions.

Definition 4.4.7. Let D, CR"™ and h: I x U x Xy x D, — R"™ be defined by

D, = {y € R™ : mid(x*,x"Y Dy + %) € D, Vxy € Xo},

h(ta P, Xo, Y) = ASI‘(t, p, mid(XN’L7 XN’Uv Dy + XO))

Assumption 4.4.8. Let y be the unique solution of (4.12). Then y(¢,u,x0) € D,,
V(t,u,xo) el xUx X(].
Corollary 4.4.9. Let the hypotheses of Theorem 4.4.6 hold. If Assumption 4.4.8

holds, then the solution of (4.12) is also a solution of

y(t,u,x0) = h(t,u(t),y(t,u,x)), y(to,u,x9) =0, (4.24)

on I xU x Xj.

Proof. Let y be the unique solution of (4.12). By Conclusion 2 of Theorem 4.4.6,

Dy(t,u,x0) + x¢o = x(t,u,X), and hence
mid(x™F, x"Y Dy (t,u, %) + x¢) = Dy(t, u, x¢) + Xo, (4.25)

for all (t,u,x¢) € I x U x Xy. Then, y is also a solution of (4.24). O

Next it is shown that the ODEs (4.24) satisfy the assumption of §3.2. This justifies
applying the bounding methods developed in Chapter 3 to (4.24). It also implies
that the solution of (4.24) is unique. For the following lemma, note that the initial
condition of the reduced system (4.24) is always 0, and the initial condition vector

for the full model xq plays the role of a parameter in the right-hand side function.
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Lemma 4.4.10. If Assumptions 3.2.1 and 3.2.2 hold with £ = r, then they hold with
f = h, under the interpretation U = U x Xy and D = D,,.

Proof. Fix any (p,xo,2,) € U x Xy x D,. Then mid(x™* x™V Dz, + x;) € D and
Condition 1 of Assumption 3.2.1 implies that r(-, p, mid(x™*, x™V Dz, +x,)) is mea-
surable on I. If follows that ASr(-, p, mid(x™", x"¥ Dz, + x¢)) is also measurable
on I, which establishes Condition 1 of Assumption 3.2.1 with f = h.

For a.e. t € I, Condition 2 of Assumption 3.2.1 states that r(t, -, ) is continuous
on P x D. It follows that h(t, -, -, ) is continuous on U x Xy x D,. This establishes
Condition 2 of Assumption 3.2.1 with f = h.

Choose any compact K, C D,. The set K = {mid(x'*,x"V Dz, + x¢) : z, €
K,, xo € Xo} is compact, and K C D by the definition of D,. By Condition 3 of
Assumption 3.2.1, 3o € L*(I) such that |[r(¢, p,z.)|1 < a(t) for a.e. t € I and every
(p,z.) € U x K. But this implies that ||ASr(¢, p, mid(x™*, x™V Dz, + xq))||; <
|AS|[1c(t) for a.e. t € I and every (p,Xo,2,) € U x Xy x K,. This proves Condition
3 of Assumption 3.2.1 with f = h.

Choose any z, € D, and any X, € X,. By the definition of D,, the point
z, = mid(x™", xVV Dz, + X¢) is in D. Then, Assumption 3.2.2 furnishes > 0 and

a € LY(I) such that, for a.e. t € I and every p € U,
[e(t, P, 22) — (L, P, Zo) |00 < A(1)]|Z0 — Zo|oo,

for every z,z € B,(z) N D. Choose € > 0 small enough that mid(x™*,x¥V Dz, +
X0) € B,(z,) if 2, € Be(z,) and x¢ € Bz(X¢). Then, for a.e. t € I and any (p,X) €
U x Bg(io),

|ASr(t, p, mid(XN’L, xMY. Dz, + x())—ASr(¢, p, mid(XN’L, xMU. Dz, + %))/ >

< [[AS[la(®)[[Dl[[|zy — 2yl

for any z,, 2, € B:(z,) N D,, where the matrix norms are induced infinity-norms.

The previous construction provides a cover of Xy by open balls. Since Xj is
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compact, we may choose a finite subcover, B, (x}), ..., Be, (x&). Let € = miny, ¢, and
define 8 € L'(I) by B(t) = |AS||||D|| maxy ay(t). Then, for any (p,xo) € U x Xj,

there is a k such that x¢ € B, (x£), and hence

|ASr(t, p, mid(XN’L, xMU. Dz, + x())—ASr(t, p, mid(xN’L, xMU, Dz, + %0))|l e
< |AS|lax(t)[|D|l[|Zy — 2y l|co,

< B2y — 2y,

for any z,,2, € B.(z,) N D,. Thus, Assumption 3.2.2 holds with f = h. O

Next, an inclusion monotonic interval extension for h is derived. Suppose that
Assumption 3.5.6 holds with f = r, so that an inclusion monotonic interval extension
[r] : ®©, C II x IU x ID — R™ is available. Then, an inclusion monotonic interval

extension of h can be defined as follows.

Definition 4.4.11. Define [h] : ® 5 — IR™ by

Dy ={(I' U, X}, Y') €Ul x IU x IXo x ID, : (I, U, XA (DY’ + X})) € ®,},
h)(I', U, X}, Y") = (AS)[r](I', U, XA (DY’ + X))).

Lemma 4.4.12. ([h], D4, IR™) is an inclusion monotonic interval extension of (h, I x

U x Xy x Dy, R™).
Proof. The lemma follows from Theorem 2.3.7, Lemma 2.5.24, and Lemma 2.3.5. [

The advantage of bounding the reduced system (4.24) as opposed to (4.12) is
apparent from the previous definition and lemma. The intersection with X in the
definition of [h] would not be permitted otherwise. This particular usage of X has
a very profound impact on the resulting state bounds because it prevents the interval
extension of the rate function r from being taken over intervals which contain non-
physical points, such as negative species concentrations.

Another important point to note about the definition of [h] is the order of the
multiplications (AS)[r|. If this product is evaluated instead as A (S]r|), a much weaker
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interval extension can result. For example suppose that A;Sr evaluates to something
like 71 + 79 + r3 — 9. Then (A;S)[r] = [r1] + [r3], whereas A(S[r]) gives the weaker
enclosure [r{] + [ro] + [r3] — [r2].

Now consider the bounding system

gi () = [h]" ([t 1], U. Q5 (.77 (1), y" (1)), (4.26)
g (8) = [ha]" ([t 1, U, Q7 (£, y" (). 5" (1)),

for a.e. t € I and every ¢ € {1,...,n,}, where

Do =1xR"™ xR"™, (4.27)
QF(t,y",y") = BHZe(O", yY))),
QY (t,y", y") = BY (Za(Dy*, y"))).

Above, Z is defined as in Definition 3.6.3 and G is defined by (4.23).

Corollary 4.4.13. Suppose that yt,y¥ € AC(I,R") satisfy (4.26) a.e. on I. If
Assumption 4.4.8 holds, then y“(t) < y(t,u,x¢) < yY(t), V(t,u,x0) € I x U x Xj.

Moreover, let
[x" (), x"()] = X" N (DZa([y" (1), y" (1)]) + Xo) , Vtel.

Then xX(t) < x(t,u,x¢) < xY(t), V(t,u,x¢) € I x U x Xy.

Proof. In light of Lemma 4.4.10, y“(¢) < y(t,u,xq) < yY(t), V(¢t,u,x0) € I xU x X,
provided that the hypotheses of Corollary 3.5.8 hold. Assumption 3.5.6 holds with
f = h by Lemma 4.4.12. Assumption 3.5.7 follows directly from the definitions (4.27).
Finally, Hypothesis 3.5.3 was proven in §3.6.1.

Since y(t,u,%g) € [y (t), yY(t)], V(¢,u, x0) € I xU x X, it follows from Condition
2 of Definition 3.6.1 that y(¢,u,xo) € Za([y*(t),yY(t)]), V(t,u,x0) € I xU x Xy. By
Conclusion 2 of Theorem 4.4.6, x(t, u,x¢) = Dy (¢, u, Xq)+Xo, V(t,u,x0) € I xU x Xy,
and hence x(t,u,x0) € (DZ([y"(t),yY (¢)]) + Xo), V(t,u,x0) € I x U x X,. By the
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definition of X*, the corollary follows. O

4.5 Numerical Examples

State bounds for the case studies below were computed using a custom C++ code which
takes as instance specific input D, A, XV, YV S, X, U and routines for evaluating
the function r. MATLAB was used to compute A, X and YV from D as described
in Sections 4.4.1, 4.2.2 and 4.4.2. The MATLAB routine pinv was used to compute
A, and linprog was used to compute X and YV. From this input, it is trivial
to evaluate the right-hand side function of the reduced model (4.24). All interval
extensions were computed using the C++ library MC++ (http://www3.imperial.ac.
uk/people/b.chachuat/research), and numerical integration was carried out using
the package CVODE [44]. Hardware details can be found in §4.3.

Again, for ease of comparison, the method names introduced in §4.3 will be used
here as well. In addition, let the reduced-space invariant (RSI) method refer to the
method given by first solving (4.26) with the definitions (4.27), G a polyhedral set
and Z¢ as in Definition 3.6.3, and then computing state bounds for (4.1) exactly as

in Corollary 4.4.13.

Example 4.5.1. Consider again the model of Example 4.3.1. There, state bounds
were computed using Singer’s method and the FSI method with I = [0,0.05] min,

the set of admissible controls
U= {(ks, k.)€ (L'(I1))*: (ks(t), k.(t)) € [100,500] x [0.001,0.01] for a.e. t € I},

and the singleton set of admissible initial conditions X, = {x¢} with x¢ = (1.5,0.5,0)
(M). Here, state bounds are computed by the RSI method and compared. For ease
of reference, the results of Singer’s method are reproduced as the dashed curves in
Figure 4-7 below. In all figures in this section, solid curves are true model solutions
computed for sampled points (u,xq) € U x Xj.

From Example 4.4.1, a reduced model is given by (4.24) with D = [-1 —1 1]t

206



and A = [—1/3 —1/3 1/3]. Furthermore, natural bounds were derived in Example
4.2.1 as XN =[1,1.5] x [0,0.5] x [0,0.5]. Reduced space natural bounds YV can be
computed by solving the linear programs

yVE = glf o) (4.28)

1 1 1
s.t. qf) = —g(ZA - 15) - g(ZB - 05) + gZC

1 ZA 1.5
0| < |z |=<]05
0 zZo 0.5
y™U = sup ¢ (4.29)
bz
St 6= —%(ZA _15)— %(ZB —0.5)+ %z(;
1 ZA 1.5
0| <[z |=<]05
0 Zc 0.5

which yield Y = [0,0.5].

Defining the set G as in (4.23), the condition z € G is characterized by the

following inequality constraints

y < 2 <y
(—:cg,A +2V < -2 < (—xOLA + 2,
(—:cé{B +ay < -2 < (—xéB + 25",
(—%U,c tagt) <z < (—afo+adh),

where the bottom three lines result from the constraint Dz € X» — X,. Therefore,
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G ={z € R:Jz < b}, where

[ 1] [ yNU 1 [os]
-1 —yNk 0
~1 (—ab s+ oY) 0
o b —(—af,+ 2}t _|os | (430)
-1 (—zf 5+ 3 0
1 —(—a¥ 5 +ap") 0.5
1 (—zfe+ ¥ 0.5
| -1 I —(—2f¢ + 3" | 0]

Now, QF and QY as in (4.27) can be evaluated by directly applying Zs as per Definition
3.6.3.

The results of the RSI state bounding method are show for z¢ by the circles in
Figure 4-7. Clearly, the bounds generated through the RSI method are much tighter
than those computed by Singer’s method. The results of the FSI method presented in
Example 4.2.1 are identical to those of the RSI method here. In fact, both methods

produce the the best possible bounds for this problem.

Example 4.5.2 (An initial condition problem). Consider the reaction network

A+B—C (4.31)
A+C—D

with mass-action kinetics. Letting x = (z4,xp,xc,rp) and u = ki, the dynamics of
this system in an isothermal batch reactor are described by a kinetic model of the

from (4.1) with

-1 0 ZAZ
S— Dotz = | TP (4.32)
1 -1 20za2¢
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State Bounds for xc Computed w/ and w/o Invariants

O Bounds w/ Invariants

- - -Bounds w/o Invariants

—Sample Trajectories

1 . . . .
0 0.01 0.02 0.03 0.04 0.05
time (min)

Figure 4-7: State bounds for the species concentration z¢ from Example 4.5.1 com-
puted by Singer’s method (dashed) and the RSI method (circles). Solid curves are
true model solutions.

Let I = [0,0.1] s and suppose that k; is only known to within an order of magnitude,

so that the single control u = k; is restricted to
U= {k € L'(I): ki(t) € [50,500] M~'s™" for a.e. t € I}.
In addition, suppose that z( g is measured as 1M with a 5% error, so that the set

of admissible initial conditions is X, = [1, 1] x [0.95,1.05] x [0, 0].

State bounds for this model were computed using Singer’s method and the RSI
method. Since S has rank 2, D = S was chosen for the latter, and A was computed

as the Moore-Penrose inverse of D by the MATLAB routine pinv. The result is

~1/3 -1/3 1/3 0
~1/3 0 -1/3 1/3

A_:

From the reaction network, it can be seen that A and B are only consumed and C
and D are limited by the amounts of A and B. Using these observations, the initial

natural bounds were given as X~ = [0, 1] x [0,1.05] x [0,1] x [0, 1], and refined via
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the programs (4.5) and (4.6) to give X~ = [0,1] x [0,1.05] x [0, 1] x [0,0.5]. YV was
computed by solving the programs (4.21) and (4.22), resulting in Y~ = [0, 1] x [0, 0.5].
Defining the set G as in (4.23), the condition z € G is characterized by the

following inequality constraints

yMrt < 2 <y™,

N < o < 4™V,
(@) —ah) < —m—zm < (@) —af),
(" — xOU,B) < —21 < (zpt - 375,13%
(gt - xoU,c) < sm-—zmn < (el - Iéc%
(xg’L - x([)],D) < Z2 < (ng - %L,D)

Therefore, G can easily be put in the form {z € R? : Jz < b}, and QF and QY as in

(4.27) can be evaluated by applying Zs as per Definition 3.6.3.

State bounds computed for xp are shown in Figure 4-8. The dashed lines are
the bounds computed by Singer’s method, while the circles show the results of the
RSI method. Clearly, the RSI method produces much sharper bounds than Singer’s
method.

Example 4.5.3 (A PFR control problem). Consider the reaction network

R1+R2—11
R1+11— A
I1—C
C+I1=12

Pt — Pt*,

with rate coefficients ky, ..., k¢ (k5 denotes the reverse rate coefficient for the fourth

reaction). All rate coefficients are temperature dependent through the standard Ar-
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State Bounds for xg Computed w/ and w/o Invariants

O Bounds w/ Invariants

- - -Bounds w/o Invariants

068 —Sample Trajectories

Xg (M)

0.4 F X R KRR AR RRRRR

0.2

time (s)

Figure 4-8: State bounds for the species concentration xg from Example 4.5.2 com-
puted by Singer’s method (dashed) and the RSI method (circles). Solid curves are
true model solutions.

rhenius expression

k‘Z(T) = k’oyie_Ei/RT,

where IR is the universal gas constant and values for kg ; and E; are listed in Table 4.1.
Except for the first reaction, all reactions are considered to be elementary and obey
mass-action kinetics. The first reaction takes place over a platinum catalyst with the
rate expression given in (4.35), and deactivation of the catalyst is described by the
final reaction. These reactions are considered in a plug flow reactor at steady state,
and the response to various temperature profiles is bounded using Singer’s method

and the RSI method.

With x = (zg1, Tre, T11, T12, T, To, Tpy, Tpe) and u = T, this system is described

by a kinetic model of the form (4.1) with

j—’g@, T, x0) = St(C, T(t), x(C, T x0)), x(0,T) %o) = %o, (4.33)

211



where ( is the dimensionless reactor axial coordinate, S and r are given by

-1 -1 0 0 O
-1 0 0 0 O

(4.34)

o o o o O —
(e (@) o] — (@)
(@) (@) — (@) (@)

o | —

—_
(@) (@) — (@) |
—_
| =) o (@] =) =) (@]
—_

and
Tk1(p)zr12R22Pt/ (0.7 + 2p¢)
Tko (p)ZRlzfl
Tk z
r(t,p,z) = (p)n . (4.35)
Tka(p)2znxc

Tks(p) 212

i Tke(p) 2Pt ]
7 denotes the residence time, which is taken to be 1000 s. In contrast to the previous
three examples, this system is not closed and does not obey mass action kinetics

strictly. Nonetheless, the resulting kinetic model is of the form (4.1), so all of the

methods presented are applicable.

We consider the solutions of this model for ¢ € I = [0, 1] and temperatures in the

range U = [350,450] K, so that the set of admissible controls is
U={T¢eLI):T() € [350,450] K for a.e. ¢ € I}.

The set of admissible initial conditions is Xy = {x¢} with xy = (516, 258,0,0,0,0,1.1,0)

(mol/m?).

To derive a reduced model, D was chosen as a maximal set of linearly independent
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columns of S,

1 -1 0 0 o0
10 0 0 0
1 -1 -1 -1 0
p-| " 0 oy (4.36)
0 1 0 0 0
0 0 1 -1 0
0 0 0 0 -1
(0 0 0 0 1|

and A chosen as the Moore-Penrose inverse of D, computed by the MATLAB pinv

routine as
[ —0.3333 —0.5417 0.1250 0.2500 —-0.2083 0.125 0 0 1
—0.3333 0.2083 —0.125 —-0.25 0.5417 —-0.125 O 0
A= 0 —-0.375 —-0.375 0.25 —0.375 0.625 0 0
0 —-0.25 —0.25 0.5 —-0.25 —0.25 0 0
I 0 0 0 0 0 0 —0.5 0.5 |

The natural bounds before refinement through (4.5) and (4.6) were

XN =0,516] x [0,258] x [0,258] x [0, 258]

x [0,258] x [0, 258] x [0,1.1] x [0, 1.1] (mol/m?),

and (4.6) refined the fourth upper bound to 129 (mol/m?).

State bounds computed for the species g, and x¢ are shown in Figures 4-9 and
4-10, respectively, along with many solutions for several constant 7" € [350,450]. The
dashed lines are the bounds computed by Singer’s method, while the circles show
the results of the RSI method. Clearly, the RSI method produces much sharper
bounds than Singer’s method. Among all species in the reaction network, the bounds
on xgy in Figure 4-9 are typical, whereas the bounds on x¢ shown in Figure 4-10

are comparatively tight. There are other species in the model for which the bounds
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Table 4.1: Values for the rate coefficients and activation energies, ko, and £;, for the
kinetic model in Example 4.5.3.

i | ko; (m3/mol-s) or (1/s) | E; (J/mol)
1 7.5 x 10* 78240

2 1.01 45605

3 1.22 x 104 103345
4 3.58 x 1072 32217

) 7.33 x 107 91211

6 1.39 x 10~* 0

XR1
(mol/m3) 250f
200}t

O Bounds w/ Invariants

- --Bounds w/o Invariants

1501 —Sample Trajectories

100
50F

0 0.2 0.4 0.6 0.8 1
scaled reactor length (unitless)

Figure 4-9: State bounds for the species concentration xg; from Example 4.5.3 com-
puted by Singer’s method (dashed) and the RSI method (circles). Solid curves are
true model solutions.

computed by both methods are tight, and still others for which both methods give
weak bounds (data not shown). In all cases, the bounds generated by the RSI method
are superior to those generated using Singer’s method. Finally, note that the bounds
computed by Singer’s method are often only reasonable because they are intersected
with the natural bounds in the figures. For example, the upper bounding trajectory
from Singer’s method in Figure 4-10 carries almost no information that is not already
known from the natural upper bound. In contrast, the upper bound computed from
the RSI method tracks the upper limit of x accurately along the entire length of the

reactor.

214



State Bounds for xc Computed w/ and w/o Invariants

250 !
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' - - -Bounds w/o Invariants
[

—Sample Trajectories
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-

Figure 4-10: State bounds for the species concentration x¢ from Example 4.5.3 com-
puted by Singer’s method (dashed) and the RSI method (circles). Solid curves are
true model solutions.

Example 4.5.4 (A parameter estimation problem). In [163], global parameter esti-

mation and model verification is carried out for the proposed kinetic mechanism

(CH3)3CO + 1,4-C¢Hg — -CgH; + (CH3)3COH
c-CgHy + 02 = p-C¢H,00
c-CgH7 4+ Oy = 0-C4H,00
0-C¢H700 — CgHg + HO,

2¢-CgH7 — Products.

Global parameter estimation requires the solution of a global dynamic optimization
problem (least-squares minimization), which in turn requires the computation of state
bounds for this model. In [163], this was done using Singer’s method. Here, the RSI
method is applied and the results are compared.

The unknown parameters are the forward rate constants for the second and third
reactions, which are only known to lie in the interval [100, 600] (M~'us™!), and the for-
ward rate constant for the fourth reaction, which is restricted to the interval [0.001, 50]

(us~Y). That is u = (ky, ks, ks) and U = [100,600] x [100, 600] x [0.001,50] (wider
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parameter ranges are considered in [162], but the global optimization algorithm em-
ployed there also involves computing state bounds over subintervals of U, so this is a
closely related problem, and the state bounds are more clearly illustrated over these

ranges). Ordering the variables as

X = (I(CHg);gCOv x1,4—06H87 Le-CeHrs x(CH3)3COH

TOqgs Tp-CsH700 Lo-Cs H7 OO0 s LCsHgs THOg Iproducts),

The full kinetic model for this system in an isothermal batch reactor is now described

by

[ 10 0 0 0
-1 0 0 0 0
1 -1 -1 0 =2
1 O 0 0 0
S 0O -1 -1 0 O |
0 1 0 0 0
0 0 1 -1 0
0O 0 0 1 0
0 0 0 1 0
i 0 0 0 0 1 |
and
[ k12129 |

pa(2325 — (1/K32)26)
r(t,p,z) = p3(2325 — (1/K3)27) |

DPaz7

2

where the values of the constants k;, ks, Ky and K3 are given in Table 2 of [163] for
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298 K. The set of admissible initial conditions is the singleton containing
xo = (1.53 x 107%,0.4,0,0,0.0019,0,0,0, 0, 0).

To construct a reduced model, D = S was chosen since S is full column rank. A
was again chosen as the Moore-Penrose inverse of D, computed by the MATLAB pinv

routine as

—0.3150 —0.3150 0.0551 0.3150 —0.0394
—0.0157 —0.0157 —0.0472 0.0157 —0.2520
A =] -0.0236 —0.0236 —0.0709 0.0236 —0.3780
—0.0079 -0.0079 -0.0236 0.0079 —0.1260
—0.1102 -0.1102 -0.3307 0.1102 0.2362

0.0157  0.0157  0.0079  0.0079  0.1102
0.7008 —0.2992 —-0.1496 —-0.1496 —0.0945
—0.4488 0.5512  0.2756  0.2756 —0.1417
—0.1496 —0.1496 0.4252  0.4252 —0.0472
—0.0945 —0.0945 —0.0472 —0.0472 0.3386

The natural bounds before refinement by (4.5) and (4.6) were

XN =10,1.53 x 107%] x [0, 0.4] x [0,0.4025] x [0, 0.4025]
x [0,0.4025] x [0,0.4025] x [0,0.4025] x [0, 0.4025]
x [0,0.4025] x [0,0.4025] (M).

The first two upper bounds result from the initial conditions and the fact that neither
(CH3)3CO or 1,4-CgHg are generated in the network. The remaining upper bounds
are set according to the total number of moles in the system initially, since it is
clear from the stoichiometry that the total number of moles will never exceed the
initial number. In [163], parameter estimation is done by fitting the kinetic model

to measured absorbance data. In Figures 4-11 and 4-12, state bounds are shown for
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two of the principle contributors to the measured absorbance, z,.cs#,00 and Te.cq ;-
State bounds computed using the RSI method are shown by circles, while those from
Singer’s method are shown by dashed lines. For z, ¢, m,00 (Figure 4-11), the bounds
computed using the RSI method are tighter. However, for x.c,m, Singer’s method
produces tighter bounds than the RSI method. Theoretically, this is possible for two
reasons. First, though the affine reaction invariants are enforced by the construction
of the reduced model, it was shown in Section 4.4.2 that the natural bounds X* can
only be enforced approximately. Secondly, the right-hand side functions of the reduced
system (4.24) are potentially more involved than those of the original system due to
the additional matrix multiplications. Accordingly, the natural interval extensions of
the reduced system right-hand side functions may be weaker than those of the original
model right-hand sides. As seen in Figure 4-12, these factors may overwhelm the
geometric benefit of bounding the reduced system, and weak bounds result. When
this occurs, it is very likely that a different reduced system may produce better
bounds. That is, one can choose different matrices A and D and apply the RSI

method again to obtain a different set of state bounds.

Consider the matrices

1 0 0 o0 0]
10 0 0 0
0 1 0 0 0
10 0 0 0

| 0 0 0 o]
0 0 0 1 0
0 0 0 0 1
0 0 -1 —1 —1
0 0 -1 —1 —1

| 05 —05 05 0 0 |
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and

-O 1 OOOOOOOO-
0010O0O0O0O0OO0O®O
A=10000100000
0000O0O1O0O0OO0OO
_OOOOOO 1 OOO_

It is not difficult to verify that A is a {1,2}-inverse of D (not the Moore-Penrose
inverse in this case) and that R(S) = R(D). The state bounds computed by the
RSI method using these matrices are shown by the crosses in Figures 4-11 and 4-12.
In both figures, these state bounds agree exactly with those computed using Singer’s
method. Of course, this is an improvement for z.c,n,, but not for x, ¢ ,m,00. This
should not be surprising from the form of A. Here, A was chosen so that the reduced
variables are a subset of the original state variables, rather than linear combinations.
These are often referred to as reference components in the literature [66]. If the chosen
reference components are capable of describing the full system dynamics, then D can
be computed as D = R(AR)™!, where R is a maximal set of linearly independent
columns of S. It is worth noting that the state bounds computed using these matrices

are at least as good as those computed by Singer’s method for every species except

LProducts-

4.6 The Role of Redundancy

In this chapter, we have not provided a direct comparison between the FSI and RSI
methods; that is, between the efficacy of using affine reaction invariants in the form of
a bounds tightening procedure in the full space, and using them to derive a reduced
model for bounding. However, one general principle can be gleaned from Example
4.3.2, where Singer’s method and the FSI method were compared, but not the RSI
method. By inspection, one reduced model is obvious. If the relation 1% (x(¢, T, xq) —

Xg) = 0 is used to eliminate z¢ from the model, then resulting reduced system is

219



State Bounds for x,,.c,00 Computed w/ and w/o Invariants

-4
16219 . . .
HHHH
+
+:
141 &
r
f
12} :
+
j
r +
Xe-CHr00 7
(M) osf #
+
# O Bounds w/Invariants T 5
061 I + Bounds w/ Invariants 2 [
- - -Bounds w/o Invariants E
04r —Sample Trajectories ]
0.2
0 . . . .
0 1 2 3 4 5

time (us)

Figure 4-11: State bounds for the species concentration x,.cyu,00 from Example 4.5.4.
Dashed lines are state bounds computed by Singer’s method. Two independent sets
of state bounds were computed by applying the RSI method with two different pairs
of A and D matrices as input. These bounds are shown by circles and crosses,
respectively. Solid curves are true model solutions.

State Bounds for x..c,1, Computed w/ and w/o Invariants
-4

x 10

1.5

O Bounds w/ Invariants 1
+ Bounds w/ Invariants 2
Xe-CeH - - -Bounds w/o Invariants
(M)

— Sample Trajectories

0.5

time (us)

Figure 4-12: State bounds for the species concentration . c,n, from Example 4.5.4.
Dashed lines are state bounds computed by Singer’s method. Two independent sets
of state bounds were computed by applying the RSI method with two different pairs
of A and D matrices as input. These bounds are shown by circles and crosses,
respectively. Solid curves are true model solutions.
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given simply by the ODEs for za and xp, unmodified. However, since elimination
of x¢ leaves the ODEs for xa and xp unchanged, bounding this reduced model will
again produce the weak bounds shown by the dashed lines in Figure 4-3. Thus, for
this example, FSI is clearly a better method.

One way to understand the efficacy of the FSI method for this example is to
note that the reaction invariant is redundant with the three original ODEs. The FSI
method makes use of all four redundant equations, whereas the RSI method eliminates
one. In interval computations, it is generally known that multiple expressions for
the same quantity may result in different enclosures, and that sharper enclosures
result from using all available information. In line with this observation, the previous
discussion shows that it is better to exploit redundancy in a kinetic model than to
eliminate it by reformulation. This is a strong argument for FSI. On the other hand,
it is worth exploring whether or not the reduced-space methods improve if some
additional redundant equations from the original model are appended to the reduced
system for the purposes of bounding. In essence, this leads to a bigger open question:
is there any inherent advantage to using a variable transformation in state bounding
methods? For Taylor methods, the answer is emphatically in the affirmative [128].

The question has apparently never been explored for differential inequalities methods.

4.7 Conclusions and Future Work

In this chapter, the state bounding methods developed in Chapter 3 were applied to
ODE models of chemical reaction kinetics. It was shown that the special structure
of such models affords a wealth of information constraining possible model solutions.
This information takes the form of affine reaction invariants and natural bounds,
both of which can be derived through a simple analysis of the stoichiometry matrix.
Through several case studies, it was shown that the state bounding method developed
for polyhedral a priori enclosures in §3.6.2, dubbed the FSI method, makes very
effective use of this information. In particular, the FSI method produces bounds that

are significantly tighter than those available through Harrison’s method or Singer’s
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method. More importantly, these bounds display only mild overestimation when
compared to a large sample of true model solutions. Finally, the cost of this method
remains small, increasing the cost of Harrison’s method by no more than a factor of
10 for any problem considered.

The presence of affine reaction invariants in a chemical kinetics model also im-
plies that the system can be described by a reduced model in a lower dimensional
space. Accordingly, a further state bounding method was developed to investigate
the advantages of computing bounds on such a reduced model. It was found that this
approach is typically superior to Harrison’s method and Singer’s method, but not to
the FSI method. However, a much more thorough comparison between these com-
peting methods is in order, including CPU times. Another observation that warrants
further investigation is that this reduced-space method is sensitive to the specific vari-
able transformation used, with some reduced models producing substantially sharper

bounds than others.
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Chapter 5

State Bounding Theory for
Semi-Explicit Index-One DAEs

5.1 Introduction

In this chapter and the next, two methods are developed for computing interval
bounds on the solutions of nonlinear, semi-explicit index-one differential-algebraic
equations (DAEs) subject to a given set of initial conditions and model parame-
ters. These parameters may represent uncertain constants in the model, as well as
parametrized control inputs or disturbances. As discussed in detail in Chapter 3,
computing enclosures of the reachable sets of dynamic systems is a classical problem
with a wide variety of applications, including propagating uncertainty through dy-
namic models [75, 162, 140, 141], solving state and parameter estimation problems
[163, 103, 138, 88|, safety verification and fault detection in dynamic systems [85, 106],
global optimization of dynamic systems [164, 36, 104, 135], validated numerical inte-
gration [130], controller design and synthesis [132, 110], and verification of continuous
and hybrid systems [176, 40, 70]. However, nearly all available methods apply only
to systems of explicit ordinary differential equations (ODEs) (see Chapter 3 for a
review of these methods). On the other hand, many dynamic systems encountered in
applications are best modeled by DAEs [27, 117].

The state bouding methods developed in this chapter apply to the class of semi-
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explicit index-one DAEs. The fact that such DAEs are equivalent to an explicit
system of ODEs, the so-called underlying ODEs (see Remark 5.3.3), suggests that
methods for ODEs could be applied directly. Unfortunately, this turns out to be
unworkable because ODE methods require that the right-hand side functions are
factorable. For the underlying ODEs, this necessitates an explicit expression for the
inverse of the Jacobian of the algebraic equations, which would be very difficult to
obtain in general (this requires the construction of the cofactor matrix, which has a
factorial number of terms [168]). Moreover, the theoretical reduction to explicit ODEs
is only valid locally around a given solution trajectory. This proves problematic for
ODE methods because the computed enclosures may come to contain regions of state
space on which this reduction is invalid. For these reasons, it is necessary to develop

a dedicated theory.

This chapter presents the theoretical developments requried to characterize state
bounds for the solutions of DAEs, while Chapter 6 discusses numerical methods. The
first theoretical contribution is an interval inclusion test that verifies the existence
and uniqueness of a DAE solution within a given interval. This test combines a well-
known interval inclusion test for solutions of ODEs (used in standard interval Taylor
series bounding methods [130]) with an interval inclusion test for solutions of systems
of nonlinear algebraic equations from the literature on interval Newton methods [131].
The second theoretical contribution is a pair of results using differential inequalities
to derive bounding trajectories corresponding to the differential state variables; i.e.,
those state variables whose time derivatives are given explicitly by the DAE equations.
Together, these contributions lead to the first bounding method proposed in Chapter
6. The final theoretical contribution is a result combining differential inequalities and
interval Newton methods to compute bounds on both the differential and algebraic
variables simultaneously. This result leads to the second method described in Chapter
6. Owing to the use of standard numerical integration codes in our implementation,
the proposed methods produce enclosures that are mathematically guaranteed but
not validated (i.e., they do not account for the numerical error in their computation).

However, the existence and uniqueness test described above can be implemented in
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a validated manner, thus providing a key step towards validated bounding methods

for DAESs.

A previous method for bounding the solutions of semi-explicit DAEs was pro-
posed in [142]. This method is not based on differential inequalities, but it does
involve an existence and uniqueness test based on an interval Newton method (the
interval Krawczyk method). However, rather than combining the interval Krawczyk
inclusion test with an interval inclusion tests for ODE solutions, as is done this work,
the authors apply the interval Krawczyk inclusion test to the system of nonlinear
integral equations obtained by replacing each instance of the differential variables
in the original DAEs by the integrals of their time derivatives. The validity of this
approach is unclear, since no justification is given for applying an inclusion test for
real-valued solutions of algebraic equations to a system of functional equations defined

on a function space.

The article [83] presents an algorithm for computing interval bounds on the solu-
tions of implicit ODEs using Taylor models, which can be extended to treat DAEs as
well. This method first computes a high-order polynomial approximation of the ODE
solution, and then attempts to find a rigorous error bound by satisfying an inclusion
test. Satisfying this inclusion test, which uses Taylor models rather than intervals,
implies existence and uniqueness of an ODE solution near the polynomial approx-
imation, i.e., within the validated error bound. This algorithm appears capable of
computing very tight bounds, but requires the computation of a potentially very large
number of Taylor coefficients. This method does not make use of differential inequal-
ities. Furthermore, in addition to the use of Taylor models in place of intervals, the
existence and uniqueness test proven in [83] is fundamentally different from the one
presented here (and the one used in [142]) because it is derived through direct rear-
rangement of the implicit ODE equations into fixed-point form, rather than through
application of the mean-value theorem, as is done in all interval Newton methods (see

Remark 5.4.6).

Finally, in [45], a method for approximating the reachable sets of semi-explicit

index-one DAESs is proposed, based on level set methods for ODEs [176]. Methods
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of this type are designed to provide an accurate approximation of the reachable set,
rather than a rigorous enclosure of it. Accordingly, these methods are not appropriate
for many applications of interest [163, 138, 85, 106, 164, 36].

The remainder this chapter is organized as follows. Notation and relevant back-
ground material is presented in §5.2. Section 5.3 formally describes the DAEs consid-
ered and presents basic results. In §5.4, an interval test for existence and uniqueness
of solutions is described. Section 5.5 proves three results using differential inequalities
to characterize bounding trajectories. Computational implementation of these results

and case studies are presented in Chapter 6.

5.2 Preliminaries

For any open D C R", C*(D,R™) denotes the set of k-times continuously differen-
tiable mappings from D into R™. For a general D C R", ¢ € C*(D,R™) if there
exists an open set D D D and a function ¢ € C*(D,R™) such that ¢|p = ¢.

The following result is standard ([127], p. 160).

Lemma 5.2.1. Let D C R" and ¢ € C*(D,R™). Then, for any compact K C D,
dLk € Ry such that ||p(z) — d(2)||1 < Lk||z — 2|1, V(z,2) € K x K.

Let D, € R*™, D, ¢ R"™, and £ € C*(D, x D,,R™) with ¥ > 1. For any
(8,%) € Dyx D,, the Jacobian matrix of the mapping £(8, -) at ¥ is denoted by 2£(8, ).

The implicit function theorem is required below and stated here for reference.

Theorem 5.2.2 (Implicit Function Theorem). Let Dy C R™ and D, C R™ be open
and let £ € C*(D, x D,,R™). Suppose that (so,r¢) € Ds x D, satisfies £(sg,ry) = 0
and det%(so,ro) % 0. Then there exists an open ball around sy, Vo C Dg, an open

ball around ro, Qo C D,., and h € C*(Vy, Q) satisfying
1. h(SQ) =Ty,

2. For any s € Vp, the vector r = h(s) is the unique element of Qo satisfying
L(s,r) =0,
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3. det%(s,r) #0,V(s,r) €V X Qp.

Proof. See Theorem 9.2 in [127] and Theorem 9.28 in [145]. O

5.3 Problem Statement

In this section, the system of DAEs under consideration is defined and the problem of
computing interval bounds is stated formally. Because we are interested in computing
interval enclosures of the possible solutions of this system, it is necessary to have
clear statements of the existence and uniqueness properties of these solutions. The
basic local existence result is well-known [96] and is not proven here. On the other
hand, certain arguments in this work require very particular properties related to
uniqueness, so the relevant analysis is provided. Detailed proofs are relegated to

§5.3.4.

5.3.1 Semi-explicit DAEs

Let D, C R, D, C R", D, C R"™ and D, C R™ be open sets, and let f : D, x
D, x D, x D, - R™ g: D, xD,x D, xD, — R™and xq : D, — D, be C!
functions. Given some ty € D,, consider the initial value problem in semi-explicit

differential-algebraic equations

x(t,p) = f(t p,x(tp),y(t p))
0 = g(tp,x(t,p)ytp)

X(to,p) = Xo(P), (5.1b)

: (5.1a)

where t is the independent variable, p is a vector of problem parameters, x(¢,p)
denotes the derivative of x(-, p) at ¢, and x specifies the parametric initial conditions.

A solution of (5.1) is defined below.
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Definition 5.3.1. Define the sets

G ={(t,p,2s,2,) € Dy x D, x D, x D, : g(t,p, 2,,2,) = 0},

gO = {(t7pazwvzy) € g : XO(p) = ZIE}7

Og

Gr={(t, P, 2:,2y) € Dy x Dy x Dy x Dy : det 52

(t, P, 2z, 2y) # 0}.

Definition 5.3.2. Let I C D, be connected, and let P C D,. A function (x,y) €
CY(I x P,D,) x C*(I x P, D,) is called a solution of (5.1a) on I x P if (5.1a) holds
for all (¢,p) € I x P. If in addition (¢, p,x(t,p),y(t,p)) € Gr, ¥(t,p) € I X P, then
(x,y) is called regular. When ty € I is specified and x also satisfies (5.1b), (x,y) it

is called a (regular) solution of (5.1) on I x P.

Remark 5.3.3. In this thesis, the assumption that (5.1) has differential index 1 is
not stated directly, but rather implied by restricting our results to reqular solutions,
as defined above. Indeed, these notions are identical in this case, since, for any regular
solution of (5.1) on I x P, a single differentiation of the algebraic equations g gives

the underlying ODEs

x(t,p) = £(t,p,x(t,p), y(t. P)), (5.2)

)= () <§—§f<t,p,x<t,p>,y<t,p>> + 2—%) 5:3)

for all (¢, p) € Ix P, where all partial derivatives of g are evaluated at (¢, p,x(t,p),y(t, p)).

5.3.2 Existence and Uniqueness

Existence of a solution of (5.1) can of course only be guaranteed locally. The main

result is stated in terms of local solutions, defined as follows.

Definition 5.3.4. For any (o, P, X0, Y0) € Go, a mapping (x,y) € CY(I' x P', D,) x
CY(I' x P', D,) is called a solution of (5.1) local to (to, P, X0, o) if I’ and P’ are open

balls containing ¢, and p, respectively, x and y satisfy (5.1) on I’ x P’, and y(to,p) =
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yo. If in addition x and y satisfy (¢,p,x(¢,p),y(t,p)) € Gr, V(t,p) € I' X P', then

(x,y) is called regular.

Theorem 5.3.5. Let (to, P, Xo,¥0) € GoNGr. There exists a regular solution of (5.1)
local to (to, P, X0, Y0)-

Proof. See Theorems 4.13 and 4.18 in [96]. O

For any (x,y) € C'(I'x P', D) x C*(I' x P', D,) satisfying (5.1), the initial value
of y must obviously satisfy g(to, p, x(to, P),y(to, p)) = O for each p € P’. Therefore,
these values cannot be specified arbitrarily. On the other hand, this equation may
have multiple solutions in D, so that in general more information (in addition to
(5.1)) is required to specify a solution uniquely. As will be shown below, uniqueness of
regular local solutions follows from the additional condition y(¢y, p) = yo in Definition
5.3.4. The following example demonstrates that uniqueness is not guaranteed in the

absence of this condition.

Example 5.3.1. Let I = [0,0] ¢ D; = R, D, = 0, D, = D, = R, and define
g(t, 24, 2y) = zg — 2. With fixed initial condition xq = 1 at ty = 0, there are two
possible values for y(to) satisfying g(to, z(t0), y(to)) = 0; y(to) = 1 and y(ty) = —1.
Letting f(t,2,,2,) = 1, clearly z(t) = 1+ t satisfies #(t) = 1 = f(¢,z(¢),y(t))
for any y : I — R. However, both y(t) = 1+t and y(t) = —/1+¢ result in
g(t,x(t),y(t)) = (y(t))*> — z(t) = 0. In particular, y(t) = /1 + ¢ is a solution of (5.1)
local to (tg,Z0,%0) = (0,1,1), while y(t) = —/1 +1 is a solution of (5.1) local to
(o, Lo, o) = (0,1, —1).

A detailed analysis of the uniqueness properties of solutions of (5.1) is given in

§5.3.4. The most relevant conclusion is the following.

Corollary 5.3.6. Let (x,y) € C'(I x P,D,) x C'(I x P,D,) and (x*,y*) € C*(I x
P.D,) x CY(I x P, D,) be solutions of (5.1) on I x P and I x P, respectively, with
some ty € I N1, and suppose that (x,y) is reqular. If P C PN P is connected and
3p € P such that y(to,p) = y*(to, p), then x(t,p) = x*(t,p) and y(t,p) = y*(t,p),
V(t,p) € (INI) x P.
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Proof. See §5.3.4. O

5.3.3 State Bounds

The primary aim of this chapter and the next is to compute interval bounds for the
solutions of (5.1). Let I = [ty,tf] C D, and P C D, be intervals and suppose that
(x,y) € CY(I x P,D,) x C*(I x P, D,) is a regular solution of (5.1) on I x P. Then,
our objective is to compute functions x,xV : I — R™ and y*,y¥ : I — R™ such
that

xH(t) <x(t,p) <x"(t) and y*(t) <y(t,p) <y"(t), V(t,p)elxP

These functions are referred to as state bounds for the solution (x,y).

Recall that (5.1) may have multiple regular solutions on I x P corresponding
to different solution branches of the algebraic equations (see Example 5.3.1). In
the methods of this chapter, a single solution is specified for bounding through an
interval, either provided as input or computed, which, for each p € P, contains
exactly one initial condition for y which is consistent with x¢(p) (see Theorem 5.4.8).
This interval specifies which solution branch defines y at ¢y, and hence the solution is
uniquely determined on I x P (Corollary 5.3.6). In principle, Theorem 5.5.2 provides
bounds valid for all regular solutions of (5.1), but we do not pursue a method for
computing such bounds.

In order to compute state bounds, we will make use of inclusion monotonic interval
extensions of the functions f, g and g—g. It will be assumed throughout that such
functions are available and, for convenience, that they are defined on all of 1D, x
ID, xID, x1D,. Of course, if f, g and g—;‘, are L-factorable, then the natural interval

extensions of §2.3.2 may be used.

5.3.4 Uniqueness Proofs

Lemma 5.3.7. Let E C R" be connected and let ¢ : E — R be continuous. If the set
{€ € E:¢(&) =0} is nonempty and open with respect to E, then ¥(€) =0, V€ € E.
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Proof. Let By ={£ € E: (&) =0} and Ey = {€ € E : ¢¥(&) # 0}, and note that
EiNEy,=0and EF; UFE, = E. Since E is connected, it cannot be written as the
disjoint union of two nonempty open (w.r.t. E) sets. But F; is nonempty and open
w.r.t. F by hypothesis, and Fs is open w.r.t. E because it is the inverse image of an

open set under a continuous mapping on E. Hence, F, = () and E; = E. ]

Lemma 5.3.8. Let (x,y) € C'(I x P,D,) x CY(I x P,D,) and (x*,y*) € C'(I x
P,D,) x CY(I x P, D,) be solutions of (5.1a) on I x P and I x P, respectively, and
suppose that (x,y) is reqular. Then

1. For any (t',p’) € I x P, there exists an open ball around (t',p’), U' C Dy x D,,
an open ball around (t',p',x(t',p")), V' C Dy x D, x D,, an open ball around
y(t',p'), Q C D,, and a function h € C*(V', Q") satisfying (t, p,x(t,p)) € V'
and y(t,p) = h(t,p,x(t,p)) € Q', V(t,p) e U'N(I x P).

2. If P € PNP is connected and (', p) € (INI)x P such that x(', p) = x*(, p),
Vp e P, and y(t',p) = y*(t', ), then y(t',p) = y*(t,p), Vp € P.

Proof. Choose any (¢, p’) € I x P. Since (x,y) is a regular solution of (5.1a) on I x P,
', p,x(t,p),y(t',p’)) € GNGr. Then, by Theorem 5.2.2, there exists an open ball
around (¢, p',x(t,p’)), V' C D; x D, x D,, an open ball around y(¢,p’), @ C D,,
and a function h € CY(V’ Q') such that h(¢,p/,x(t,p’)) = y(¥,p’) and, for each
(t,p,z.) € V', h(t,p, z,) is the unique element of @)’ satisfying g(t, p, z,, h(t,p, z.)) =
0. Now, by continuity, there exists an open ball U’ around the point (¢',p’) small
enough that (¢, p,x(t,p)) € V' for every (t,p) € U' N (I x P), and it follows that

g(t,p,x(t,p), h(t,p,x(t,p))) =0, V(t,p)e U N(Ix P). (5.4)

Again by continuity, it is possible to choose U’ small enough that y(¢,p) € @’ for all
(t,p) € U' N (I x P), which implies, by the uniqueness property of h in @)’, that

y(t,p) = h(t,p,x(t,p)), V(t,p) e U N(I x P). (5.5)
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This establishes the first conclusion of the lemma.

To prove the second conclusion, choose any P, p and t' as in the hypothesis of

the lemma and define

R={peP:|y{,p)—y'({ p) =0} (5.6)

By hypothesis, p € R so that R is nonempty. It will be shown than R is open
with respect to P. Choose any p/ € R and, corresponding to the point (t',p'),
let U', V', @ and h be as in the first conclusion of the lemma. By hypothesis,
', p,x*(t,p") = (t,p,x(t',p’)) € V', and by the definition of R, y*(¢,p’) =
y(t',p’) € @', so continuity implies that we may choose an open all around p’, Jy,
small enough that Jy x {t'} C U’, and (¢, p,x*(¢',p)) € V' and y*(¥,p) € @', for all
peEJyn P. Then the first conclusion of the theorem gives

y(t',p) =h(t',p,x(t,p)), Vp€E JyNP, (5.7)
and an identical argument shows that
y'(,p) =h(t,p,x"(t',p)), VpeJpynP (5.8)

But x*(t',p) = x(t,p), Vp € P by hypothesis, so this implies that vy (t',p) =y p),
Vp € Jy N P. Thus R is open with respect to P. Now, since P is connected by
hypothesis and R is nonempty and open with respect to ]5, Lemma 5.3.7 shows that
R=P;ie y*(t',p) =y, p), Vp € P. O]

Lemma 5.3.9. Let (x,y) € C'(I x P,D,) x C'(I x P,D,) and (x*,y*) € C'(I x
P,D,) x C'(I x P,D,) be solutions of (5.1a) on I x P and I x P, respectively,
and suppose that (x,y) is reqular. If P c PN P is connected and compact and
3, p) € (INI) x P such that x({,p) = x*(£,p), Vp € P, and y(i,p) = y*(£.p),
then x(t,p) = x*(t,p) and y(t,p) = y*(t,p), ¥Y(t,p) € I N1I) x P.
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Proof. Choose any P, p and  as in the hypothesis of the lemma and define

R={teInl:max(|x(t,p) = x*(tp)|) + lyEt,p) -y (D) =0}.  (5.9)

pEP

R is nonempty since it contains . It will be shown that R is open with respect
to I N 1I. Choose any ¢ € R. Applying the second conclusion of Lemma 5.3.8, we
have y*(¢,p) = y(t',p), Vp € P. Choose any p' € P and, corresponding to the
point (¢',p’), let U’, V', ' and h be as in the first conclusion of Lemma 5.3.8. By
the definition of R, (¢, p’,x*(¢,p')) = (¢, p',x(t',p’)) € V' and, by the argument
above, y*(t',p') = y(t,p’) € '. Then continuity implies that there exists an open
ball around #, Jy, and an open ball around p’, Jy, such that Jy x Jy C U’, and
(t,p,x*(t,p)) € V" and y*(t,p) € @', for all (t,p) € (Jy x Jy) N (I x P). From

Lemma 5.3.8, we have

~

y(t,p) =h(t,p,x(t,p)), V(t,p) € (Ju x Jy)N (I xP), (5.10)

and an identical argument using the uniqueness property of h in @ shows that

y*(t,p) = h(t, p,x"(t,p)), V(t,p) € (Ju X Jp) N (I x P). (5.11)
Then, by definition,

X(t,p) = f(t,p,x(t,p), h(t,p,x(t,p))), Y(t.p)€ (Jy x Jy)N(I x P), (512)

x*(t,p) = f(t,p,x*(¢t,p),h(t,p,x*(t,p))), V(t,p) € (Jy X Jp) N (f X 15) (5.13)

But f and h are continuously differentiable and hence the mapping (¢,p,z;) —
f(t,p,h(t,p,z;)) is Lipschitz on V' by Lemma 5.2.1. The definition of R gives
x(t',p) = x*(t',p), Vp € P, so a standard application of Gronwall’s inequality
shows that x(t,p) = x*(t,p), Y(t,p) € (Ju x Jy) N ((I N 1) x P). Furthermore,
this implies that y(¢,p) = h(t,p,x(t,p)) = h(t,p,x*(t,p)) = y*(t,p), V(t,p) €
(Ju x Jo) N ((INT) x P).
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Now, since p’ € P was chosen arbitrarily, the preceding construction applies
to every p € P. Thus, to every q € P, there corresponds an open ball around
t', Jv(q), and an open ball around q, Jg, such that (x,y)(t,p) = (x*,y*)(¢,p),
Y(t,p) € (Ju(q) x Jq) N ((I N 1) x P). Noting that the .J; constructed in this
way form an open cover of P, compactness of P implies that there exist finitely
many elements of P, qu,...,qn, such that P is covered by Jgy U ... U Jg,. Let
Jy = Ju(q) N...N Jy(qy). Then, for every p € P, there exists i € {1,...,n}
such that p € Jg,, which implies that (x,y)(¢t,p) = (x*,y")(t,p), Vt € J; N (I N I).
Therefore, Ji N (I N I) is contained in R, so that ¢’ is an interior point of R when
viewed as a subset of I NI, and since t' € R was chosen arbitrarily, R is open with
respect to I N 1. Since I N1 is connected and R is nonempty and open with respect
to I N I, Lemma 5.3.7 shows that R = I N I. But by definition, this implies that
x(t,p) = x*(¢t,p) and y(¢,p) = y*(¢,p), V(t,p) € (I N f) x P. Finally, the second
conclusion of Lemma 5.3.8 implies that y(t,p) = y*(t,p), ¥(t,p) € (I N 1) x P. O

Theorem 5.3.10. Let (x,y) € CY(I x P,D,) x C'(I x P, D,) and (x*,y*) € C'(I x
P,D,) x CY(I x P, D,) be solutions of (5.1a) on I x P and I x P, respectively, and
suppose that (x,y) is regular. If P C PN P is connected and 3(t,p) € (I NI) x P
such that x(t,p) = x*({,p), Vp € P, and y(t,p) = y*(t,p), then x(t,p) = x*(t,p)
and y(t,p) = y*(t,p), V(t,p) € INI) x P.

Proof. Choose any p € P. Clearly, {p} C PN P is compact and connected, and
Lemma 5.3.8 guarantees that y(f,p) = y*({,p). Then Lemma 5.3.9 shows that
x(t,p) = x"(t,p) and y(t,p) = y*(t,p), Vt € I N L. O

Corollary 5.3.6 is a simple consequence of these developments. By the definition
of a solution of (5.1), we have x(to, p) = x*(to, p), VP € P, and y(to,p) = y*(to, D)
by hypothesis. Since P is connected, the result follows from Theorem 5.3.10.
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5.4 An Interval Inclusion Test for DAE Solutions

This section presents an interval inclusion test which can computationally guarantee
the existence and uniqueness of a solution of (5.1) over intervals I’ and P’ satisfying
the test. When successful, the test provides intervals which are guaranteed to enclose
the solutions x and y on I’ x P’. This test is very similar to the Phase 1 step of
standard interval Taylor series bounding methods for ODEs [130]. The complicating
factor here is of course the presence of the algebraic variables y and the fact that they
are defined implicitly. To overcome this obstacle, a well-known interval inclusion test
for existence and uniqueness of solutions of systems of nonlinear algebraic equations
is used. This inclusion test is based on the interval Hansen-Sengupta method [131].

This method is described below, and its application to DAEs is discussed in §5.4.2.

5.4.1 The Interval Hansen-Sengupta Method

Let D, C R™ and D, C R™ be open, and let £ € C*(D, x D,,R"). Furthermore,
assume that inclusion monotonic interval extensions of r and % are available, [r] and

[%], and are defined on all of 1Dy x ID,. Given intervals S C Dy and R C D,, we
are concerned with (i) determining if there exist points r € R such that £(s,r) = 0
for some s € S, and (ii) computing a refined interval R" C R which contains all such
r. Conceptually, this is done by using the mean value theorem to characterize the
zeros of £. For any (s,r) € S x R such that £(s,r) =0, any I € R, T # r, and any
index i, the mean value theorem states that 3¢ € R such that ¢ = ¢+ Ar —r1) for

some A € (0,1), and
%(s, g (r — 1) = —4;(s, F). (5.14)

Noting that €7 € R because € = ¢ + AMr — 1) and r,T € R, consider the interval

linear equations

{0&-

ar} (S,R) (r —1) = —[(;] (S,T), (5.15)
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which can be written in matrix form, preconditioned by any C € R™*" as

CE%M&RMr—ﬂ:—CMH&ﬂ. (5.16)

The solution set of (5.16) is the set of all p € R™ such that Ap = b for some
A € C[%](S,R) and b € —C[£] (S,T). Clearly, any r € R satisfying £(s,r) = 0 for
some s € S must correspond to an element (r —T) = p of this solution set. Thus, we
are interested in computing an interval enclosure of the solution set of (5.16).

For @ C R, let hull(Q) denote the interval hull of Q; i.e, the smallest interval
containing (). To state the Hansen-Sengupta method formally, the following definition

is useful.

Definition 5.4.1. For all A, B, Z € IR, let
I'A,B,Z)=hull({z € Z : az = b for some (a,b) € A x B}).

The following lemma provides a way to evaluate I' computationally.

Lemma 5.4.2. For all A, B, Z € IR,

( B/ANZ itogA
hull (Z\int([b* /a®, 0" /a])) if 0 € A and b" > 0
PA,B,Z) = (Z\int(p"/a",b"/a"])) o . (5.7)
hull (Z\int([pY/a",b" /a*])) if 0 € A and bY <0
Z if0e Aand 0 € B

\

where B/A denotes interval division,
B/A = [min(b" /a”, bY /o, b" Ja¥ 0 /aY), max(b" /a®, bV Ja", b" Ja¥ Y JaY)].

Proof. See Proposition 4.3.1 in [131]. O

For any A, B, Z € IR, either I'(A, B, Z) € IR or T'(A, B, Z) = {). For convenience,
the definition of ' is extended so that I'(A, B, Z) = () when any of A, B, or Z is

empty. Furthermore, we adopt the convention that any arithmetic operation between
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an element of IR and () returns (), and any Cartesian product involving ) is equivalent
to (). The following definition generalizes I" for application to n dimensional linear

systems.

Definition 5.4.3. For A € IR"*", B, Z € IR", let
W,=T <Aii>Bz’ - ZAijo - ZAz'ij> Zi) )
j<i j>i
foralli=1,...,n. DefineI'(A, B, Z) = W; x ... x W,.

Applying T to (5.16) gives the following variant of the well-known result Theorem
5.1.8 in [131].

Theorem 5.4.4. Let S €1D;, RelD,, vt € R, C & R" " and let

H(S,R,¥,C)=F+T <c [%} (S,R),—C €] (S, %), (R — f)) .

With R' = H(S, R, T, C), the following conclusions hold:
1. If (s,r) € S X R satisfies £(s,r) =0, thenr € R'.
2. If R" =0, then #(s,r) € S x R such that £(s,r) = 0.

3. Ift € int(R) and ) # R’ C int(R), then FH € C*(S, R') such that, for every
s € S, r = H(s) is the unique element of R satisfying £(s,r) = 0. Moreover,
the interval matriz C [%] (S, R) does not contain a singular matriz and does

not contain zero in any of its diagonal elements.

Proof. Suppose first that S is a singleton, S = [s, s], for some s € D,. Then, noting
that [£]([s,s],T) = £(s,T) by the definition of an interval extension, applying Corol-
lary 5.1.5 and Theorem 5.1.8 in [131] to the function £(s, -) proves the theorem (the
properties of C [2] (S, R) in Conclusion 3 result from Theorem 4.4.5 (ii) in [131]).
Next, suppose that S is not a singleton. Fix any s € S and suppose that r € R

satisfies £(s,r) = 0. Since the theorem holds for [s,s] as shown above, we must
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have r € H([s,s], R, T, C). But, by the inclusion monotonicity of natural interval ex-
tensions, C [2] ([s,s], R) C C [2%] (S, R) and —C[€]([s,s],T) C —C[¢] (S,T). Then
Proposition 4.3.4 in [131] gives

H(s,s], R,£,C) = + T (c {%] ([s,8], R), —C [¢] ([s, 8], ), (R — f)) . (5.18)
CF+T (c %} (S, R),—C €] (S, %), (R — f)) , (5.19)
— H(S, R, C). (5.20)

Therefore, r € R’, which proves 1, and 2 is an immediate consequence.

To prove Conclusion 3, suppose that ¥ € int(R), and ) # R’ C int(R). Theorem
4.4.5 (ii) in [131] again establishes the properties of C [2¢] (S, R). By Theorem 5.5.1
in [131] (see also Corollary 5.1.5), there exists a continuous function H : S — R such
that, for every s € S, r = H(s) is the unique element of R satisfying £(s,r) = O.
By Conclusion 1 of the present theorem, H : S — R’. It only remains to show that
H e C*S, R).

Choosing any § € S, Theorem 5.2.2 can be applied at the point (s, H(S)) to
conclude that there exists an open ball around §, Vz C Dy, an open ball around H(S),
Qs, and hg € C*(V;, Qs) such that hg(8) = H(S) and, for every s € Vi, r = hg(s) is
the unique element of Qg satisfying £(s,r) = 0. By continuity of H, it is possible to
choose an open ball U; around § small enough that H maps UsN.S into ()s. Then, by
the uniqueness property of hg in Qgs, H = hg on U; N S. The fact that H € C*(S, R)

now follows from Lemma 23.1 in [127]. O

Remark 5.4.5. When applying Theorem 5.4.4, one should always choose a nonsin-
gular preconditioner C. In fact, the inclusion test (} # R’ C int(R) in Conclusion 3
will never be satisfied if C is singular. However, the theorem holds in any case, so

nonsingularity is not assumed.

Remark 5.4.6. The interval inclusion test given in part 3 of Theorem 5.4.4 is based
on a characterization of the zeros of € derived from the mean-value theorem. Al-

ternatively, an inclusion test can be derived from Brouwer’s fixed point theorem
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without using the mean value theorem. This requires deriving a fixed point equation,
r = ¢(s,r), with the same solutions as the original equations. For example, assuming

that (%) is nonsingular on S x R, let

oe

d(s,r) =1 — (a) B (s, 1)€(s, 1). (5.21)

Brouwer’s fixed point theorem can be used to show that the inclusion [¢|(S,R) C R
guarantees the existence of H : S — R satisfying H(s) = ¢(s,H(s)), and hence
£(s,H(s)) = 0, forall s € S. However, it is easily demonstrated that this inclusion will
almost never be satisfied when the natural interval extension of ¢ is used. Denoting
the natural interval extension of the second term on the right-hand side of (5.21) over
S x R by M, the natural interval extension of ¢ is computed as [¢](S, R) := R— M.
If d(s,r) € S x R satistying £(s,r) = 0, then we must have 0 € M, and hence
[¢](S,R) D R. Therefore, the desired inclusion will only hold when [¢](S, R) = R.

This requires M = [0, 0], which can only occur in trivial cases.

5.4.2 An Interval Existence and Uniqueness Test for DAEs

Applying Theorem 5.4.4 to the algebraic equations in (5.1) gives the following corol-
lary.

Corollary 5.4.7. Let (I, P, Z,, Z,) € 1D, x 1D, x 1D, x 1D, z, € Z,, C € R™*"
and define

H(I,P, Z,, Z,,2,,C)

N 0 . N
=7, +T (C [a—ﬂ (I,P, 2y, 2,),—Clg| (I, P, Zy, 7)), (Z, — zy)) .
With Z, = H(I, P, Z,, Z,, %, C), the following conclusions hold:
L If (t, P, 22, 2y) € I X P X Z, X Z, satisfies g(t, P, Z.,2y) = 0, then z, € Z .

2. If Z;, =0, then B(t,p, 2s,2,) €I x P x Z, x Z, such that g(t,p, z,,z,) = 0.
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3. Ifz, € int(Z,) and O # Z, C int(Z,), then 3H € C'(I x P x Z,, Z) such that,
for every (t,p,z,) € I x P x Z,, z, = H(t,p, z,) is the unique element of Z,
satisfying g(t, p, ., 2,) = 0. Moreover, the interval matriz C [g_}g,} (I,P Z;, Z,)
does not contain a singular matriz and does not contain zero in any of its

diagonal elements.

Proof. The result follows immediately from Theorem 5.4.4. O

The following theorem is the main result of this section.

Theorem 5.4.8. Let (I, P, Z,, Z,) € 1D, x ID, x 1D, x 1D, , %, € Z,, C € R*™,
and define H(I, P, Z,, Z,., z,,, C) as in Corollary 5.4.7. Furthermore, let X, € IR"™
satisfy xo(P) C Xo and denote I = [ty,ts]. If the inclusions

7, € int(Z,), (5.22)
0+ Z, = H(I, P, Zy, Zy,2,,C) C int(Z,), (5.23)
Xo+[0,t; —to] [f] (I, P, Zy, Z0) C Zs, (5.24)

hold, then there exists a reqular solution of (5.1) on I x P satisfying (x(t,p),y(t,p)) €
Zyx Z, for all (t,p) € [ xP. Furthermore, for any connected I C I containing ty, any
connected P C P, and any solution (x*,y*) of (5.1) on I x P, either (x*,y*) = (x,y)
on I x P, ory*(ty,p) ¢ Zy,, Vp € P.

Proof. By Conclusion 3 of Corollary 5.4.7, C [g_}g,} (I,P, Z,, Z,) contains no singular
matrix and IH € C'(I x P x Z,, Z}) such that, for every (t,p,2z,) € I X P x Z,,
z, = H(t, p, z,) is the unique element of Z, satistying g(¢, p, 2., z,) = 0.

Choose any x° € CY(I x P, Z,) and define the sequence {x*} by

x"*(t,p) =Xo(p)+/ f(s, p,x"(s,p), H(s, p,x"(s,p)))ds, V(t,p) €I x P.

to

(5.25)

240



If x* € CY(I x P, Z,), which is true for k = 0, then x**1 is well-defined and
x"(t,p) € Xo+[0,ty — to] [f] (I, P, Zy, Z)) C Zy, ¥(t,p) €1 x P. (5.26)

Then, by induction, x* € CY(I x P, Z,), Yk € N.

Noting that both f and H are continuously differentiable, the mapping (¢, p, z,) —
f(t,p,z., H(t, p,z;)) is Lipschitz on I x P x Z, by Lemma 5.2.1. Then, a standard
inductive argument (see [78], Ch. II, Thm. 1.1) shows that {x*} converges uniformly

on I x P to a continuous limit function, denoted x, and x satisfies

X(t,p) = f(t,p,X(t,p),H(t,p,X(t,p))), X(t07p) = XO(p)7 V(t,p) S I'xP.
(5.27)

Since x is continuous on I x P, x € C'(I x P, Z,)). Then, we may definey : IxP — D,
by y(t,p) = H(t, p, x(t,p)). With this definition, y € C'(I x P, Z;) and

gt p,x(t,p),y(t p)) =gt p,x(t p),H(t p,x(t,p)) =0, V(,p)elxP
(5.28)

Therefore, (x,y) is a solution of (5.1) on I x P. Since C [g—s} (I,P, Z,, Z,), and hence
[g_}g,} (I,P, Z,, Z,), contains no singular matrix, (x,y) must be regular.

Now consider any connected I C I containing t,, any connected P C P, and
any solution (x*,y*) of (5.1) on I x P. If y*(to,p) € Z, for some p € P, then the
fact that H(to, p,xo(p)) satisfies g(to, p, Xo(p), H(to, P, Xo(p))) = 0 uniquely among
elements of Z, implies that y*(¢o, p) = H(to, p,%xo(P)) = ¥(to, p). Then the fact that
(x,y) = (x*,y*) on I x P follows from Corollary 5.3.6. O

By checking some relatively simple inclusions, Theorem 5.4.8 provides a compu-
tational means to verify existence and uniqueness of a solution of (5.1) on given
intervals I x P, and provides a valid interval enclosure of this solution. In Chapter 6,
an efficient numerical procedure for satisfying these inclusions is presented. In the fol-

lowing section, this result is used to develop computationally useful characterizations
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of bounding trajectories for the solutions of (5.1).

5.5 Bounding DAE Solutions using Differential In-
equalities

This section presents three comparison theorems which provide sufficient conditions,

in terms of differential inequalities, for mappings v, w : [ — R™ to satisfy
v(t) <x(t,p) <wl(t), VY(t,p)elxP, (5.29)

for some solution of (5.1) on I x P. The first such theorem (Theorem 5.5.2) is
very general, but does not suggest a complete computational bounding procedure
for reasons discussed below. The remaining two results are modifications of Theorem
5.5.2 that address these issues. The following lemma is required to minimize repeated

arguments.

Lemma 5.5.1. Let I = [to,tf] C D, and P C D, be intervals and let (x,y) be a
reqular solution of (5.1) on I x P. Choose any continuous v,w : I — R™ and any

p € P and define

x(t,p) = mid(v(t), w(t),x(t,p)). (5.30)

For any ty € [to,ty) such that X(t1,p) = x(t1, P), there exists t, € (t1,tf], L >0, and

a continuous function y : [t1,t4) X P — R™ such that

(x(t,p), ¥(t, P)) € Dy x Dy,
g(t,p,x(t,p),y(t,p)) =0,
ly(t,8) = ¥(t. P)lls < LlIx(t, D) — X(t, P)|;
1%, p) — £, b, X(t, D), ¥ (£, D))o < LIx(t, D) = X(t, D)oo,

ot
o
)

ot
o
%)

for all t € [t1,t4].
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Proof. Since (x,y) is regular, Theorem 5.2.2 may be applied to conclude that their
exists an open ball around (¢1,p,x(t1,p)), Vi C D; x D, x D,, and a function
h € C'(V4, D,) such that y(t1,p) = h(t1, p, x(t1,p)) and

g(t,p,z.,h(t,p,z.)) =0, V(t,p,z,) € V1. (5.35)

Moreover, Lemma 5.3.8 shows that there exists an open ball around (¢1, p), Uy C Dy X
D,, such that (¢,p,x(t,p)) € Vi and y(¢,p) = h(¢t, p,x(t,p)), ¥(t,p) € U1 N (I x P).
Since X(+,p) is continuous and (t1,p,X(t1,p)) = (t1,p,x(t1,p)) € Vi, Uy may be
chosen small enough that in addition (¢,p,x(¢,p)) € Vi, V(t,p) € Uy N (I x P).
Choosing t4 > t; such that [t1,t4] x{p} C UiN(I x P), define y(¢, p) = h(¢, p,x(¢,p)),
Vt € [t1,t4]. Equation (5.31) now follows since h maps into D,, and (5.32) follows
from (5.35).

Since both f and h are continuously differentiable, the mappings

(t,p,2;) — h(t,p,z,),

(t7 p7 Z.T) = f(t7 p7 ZZB’ h(t7 p7 Z.T))?

are Lipschitz on any compact K C V; by Lemma 5.2.1. Let K = {(¢,p,z,) € V; :
t € [t1,t4], Pp=D, 2, = x(t,p) or z, = X(t,p)}. Letting L be the maximum of the
corresponding Lipschitz constants, we arrive at (5.33) and (5.34). O

Theorem 5.5.2. Let [ = [ty,tf] C Dy and P C D, be intervals and let v,w €
AC(I,R™) satisfy

(EX): v(t) <w(t), Vtel.
(IC):  v(to) <xo(p) < w(ty), Vp € P.
(RHS): For a.e. t € I and each index i,

1. 0;(t) < fi(t, p, 22, 2y) for all (p,z,,2,) € P x D, x D, such that
z, € Bl ([v(t), w(t)]) and g(t,p,2s,2,) = 0,
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2. wi(t) > fi(t,p, 24, 2y) for all (p,2,,2,) € P x D, x D, such that
z, € BY ([v(t),w(t)]) and g(t, p, z,,2,) = 0.

Then every reqular solution of (5.1) on I x P satisfies x(t,p) € [v(t), w(t)], V(¢,p) €
I xP.

Proof. Let (x,y) be any regular solution of (5.1) on I x P. Choose any p € P and
suppose that there exists ¢t € I such that x(¢,p) ¢ [v(t), w(¢)]. It will be shown that
this results in a contradiction.

Define ¢, as in (3.9) with ¢ = x(-,p) and define X as in (5.30). Noting that the
hypotheses of Corollary 3.3.6 are satisfied, Conclusion 1 of Corollary 3.3.6 implies that
X(t1,p) = x(t1,p). Then, the hypotheses of Lemma 5.5.1 are verified, so that there
exists t; € (t1,t7], L > 0 and y satistying (5.31)-(5.34). Applying Corollary 3.3.6
with ¢4, # = L and arbitrary € > 0 yields an index j € {1,...,n,}, a non-decreasing
function p € AC([t1,t4], R) satisfying (3.7) on [t1, t4], and numbers to, t5 € [t1, t4] with
ty < t3 such that (3.10) and (3.11) hold with ¢ = x(-,p) (the proof is analogous if
instead (3.12) holds).

It will now be shown that 0;(t) — p/(t) < @;(t,p) for a.e. t € [ts,t3]. Choose any
t € (t2,t3). By (3.11) and Hypothesis (EX), we have z;(t,p) < v;(t) < w;(t). By
definition, this implies that X(¢,p) € BF([v(t), w(t)]). Then, by (5.31) and (5.32),
the point (p,X(¢,p),¥(t,p)) satisfies all of the of conditions of Hypothesis (RHS).1.
Combining this with (5.34) gives

Uj(t) < fj(tv p, i(tv IA)), (t7 IA))) < L‘L’j(fﬂ IA)) + LHX(t? IA)) - i(tv p)||007 (536>

<

for a.e. t € [tg,t3]. By (3.10), ||x(t,p) —X(t, )| is bounded by p(t) for all ¢ € [ta, t3).
Then, since p/(t) > Lp(t) for a.e. t € [t1,14],

B(t) = #(1) < (8, D) + Lolt) — p/(8) < (¢, D). (5.37)

for a.e. t € [tg, tg].

Applying Theorem 3.3.3, the function v; — p—z,(+, p) is non-increasing on (s, ¢3),
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so that in particular,

v;(ts) — p(ts) — z;(ts, P) < vj(t2) — p(t2) — z;(t2, D). (5.38)

Using (3.11), this implies that 0 < —p(t5), which is a contradiction because p(t) > 0
for all t € [ty,t3]. Thus, we must have x(¢,p) € [v(t),w(t)], Vt € I. In fact, since
p € P was chosen arbitrarily, we have x(t,p) € [v(t), w(t)], V(t,p) € I x P. 0O

Theorem 5.5.2 is very similar to the results for bounding the solutions of explicit
ODEs presented in Chapter 3. There, it was shown that interval arithmetic can be
used to derive an auxiliary system of ODEs whose solutions satisfy conditions analo-
gous to (IC) and (RHS) in Theorem 5.5.2, and these ODEs can be solved efficiently
using a state-of-the-art numerical integrator to provide bounds. We present similar
approaches for DAEs in Chapter 6. However, there is a problem with using Theorem
5.5.2 directly. Using interval methods to satisfy (RHS) would require some procedure
for computing bounds on the zeros of g(¢, p, z., -) with (¢, p, z,) restricted to a given
interval. Using the interval Hansen-Sengupta method, it is only possible to refine
such an enclosure when provided with a guaranteed a priori enclosure.

A further complication is that Theorem 5.5.2 produces bounds that enclose all
regular solutions of (5.1) on I x P. However, in applications it is very likely that
there will be a particular solution of interest, specified by a consistent initial condition
y(to, p) for some p € P (see Corollary 5.3.6). Theorem 5.5.2 provides no mechanism
for restricting v and w based on this information because (RHS) requires that v; and
w; bound f;(t, p, 24, z,) for all z, satistying g(t, p, 25, 2,) = 0. The following theorem
shows that both of these problems can be avoided by modifying (RHS) in the case

where intervals satisfying the conditions of Theorem 5.4.8 are available.

Theorem 5.5.3. Let (I, P, Zy, Z,, Z) € 1D, x 1D, x ID, x ID, x ID,, I = [to, ;]
and Z), C Z,, and let (x,y) € C'(I x P,Z,) x C'(I x P, Z}) be a regular solution
of (5.1) on I x P. Suppose further that IH € C'(I x P x Z,, Z,) such that, for
every (t,p,z,) € I X P x Z,, z, = H(t, p, z,) is the unique element of Z, satisfying
g(t,p,2s,2,) =0. Let v,w € AC(I,R"*) satisfy
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(EX): v(t) <wl(t) and Z, N [v(t),w(t)] #0, Vt € I.
(IC):  v(ty) < xo(p) < w(ty), Vp € P.
(RHS): For a.e. t € I and each indez i,

1. 9(t) < fi(t, P, 22, 2y) for all (p,2.,2,) € P X Z, X Z, such that
2, € BH(Z, N [v(t),w(t)]) and g(t,p, zs,2,) = 0,
2. wi(t) > fi(t, P, 2o, 2) for all (p,2.,2,) € P x Z, x Z,, such that
Zy S BZU(ZIE N [V(t)7 W(t)]) O/ﬂd g(tv | SPRA°D Zy) = 0.
Then x(t,p) € [v(t),w(t)] for all (t,p) € I x P.

Proof. Choose any p € P and suppose that there exists ¢ € [ such that x(¢,p) ¢

[v(t),w(t)]. It will be shown that this results in a contradiction.

Define x(t, p) as in (5.30). Clearly, x(¢,p) € [v(t), w(t)],Vt € I. Let [zL, 20| = Z,.
Since x;(t,p) € [2L;,2Y;] by definition, it follows that z;(t,p) € [2L,, 2J;] for any

index j such that z;(¢,p) = z,(¢,p). Alternatively, for any j such that z;(t,p) #
z;(t,p), we have z;(t,p) < v;(t) (or z;(t,p) > w;(t)), which, combined with the fact
that Z, N [v(t), w(t)] is nonempty by hypothesis, gives

2k < it p) < v;(t) = mid(v;(t),w;(t), z;(t, ) = Z; (£, p) < 21 (5.39)

(or 20> a(tB) > wi(t) = mid(vy(£), wy (1), 2;(t, ) = Z5(t, ) > z;j). (5.40)

Therefore X(t,p) € Z,.

Define ¢; as in (3.9) with ¢ = x(-,p), define t; = ty, and define y(¢t,p) =
H(t,p,x(t,p)), V¢t € I. By the definition of H, it follows that y(¢,p) € Z, for
all t € [t1,t4] and (5.32) holds. Moreover, it can be shown that (5.34) holds by noting
that the function

(t7 p7 Z-’E) = f(t7 p7 ZfE’ H(t7 p7 Z.T))’

is Lipschitz on compact subsets of I x P x Z,, exactly as in Lemma 5.5.1. Applying
Corollary 3.3.6 with t4, 3 = L and arbitrary € > 0 yields an index 7 € {1,...,n.},
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a non-decreasing function p € AC([t1,t4], R) satisfying (3.7) on [t1, ], and numbers
to,t3 € [t1,t4] with to < t3 such that (3.10) and (3.11) hold with ¢ = x(-,p) (the
proof is analogous if instead (3.12) holds).

It will now be shown that (5.36) holds for a.e. t € [t9,t3]. Choose any t € (t2,t3).
It was argued above that %X(¢,p) € Z, N [v(t),w(t)] and y(t,p) € Z,. By (3.11)
and Hypothesis (EX), we have z}; < z;(t,p) < v;(t) = mid(v;(t), w;(t), z;(t, p)) =
Z;(t,p), and therefore X(t,p) € Bf(Z, N [v(t),w(t)]). Then, by (5.32), the point
(p,X(t,p),y(t,p)) satisfies all of the conditions of Hypothesis (RHS).1. Combining
this with (5.34) proves (5.36), and the remainder of the proof follows exactly as is the
proof of Theorem 5.5.2. O

The final result below shows that the complications with Theorem 5.5.2 can also
be avoided without having to first satisfy the conditions of Theorem 5.4.8, as in
Theorem 5.5.3. Instead, we require satisfaction of (5.23) pointwise along the bounding

trajectories v and w, as in the following Hypothesis.

Hypothesis 5.5.1. Let (/,P) € 1D, x ID,, C : [ — R™*™ and z, : [ — R™.

Suppose that zg , zg I — R™ and v,w : I — R" are continuous and satisfy

(EX):  v(t) <wl(t) and z)(t) < z](t), Vt e I.

(ALG): For all t € I,

([v(t), w(t)], Z,(t)) € ID; x 1D, (5.41)
z,(t) € int(Z,(t)), (5.42)
0 # Z,(t) = H([t,t], P, [v(t), w(t)], Z,(t),2,(t), C(t)) C int(Z,(t)), (5.43)

where Z,(t) = [z} (t), 2] (t)] and H is defined as in Corollary 5.4.7.

Lemma 5.5.4. Suppose Hypothesis 5.5.1 holds and define

V={(t,p2.)€lxPxD,:z, ¢ [v(t),w)]}. (5.44)
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There exists H € C'(V, D,)) such that, for every (t,p,z.) €V, z, = H(t, p,z,) is an

element of Z,(t) and satisfies g(t, P, Zx, 2z,) = 0 uniquely among elements of Z,(t).

Proof. Choose any t € I and define V; = [t,t] x P x [v(t),w(t)]. By Hypothesis
5.5.1 and Conclusion 3 of Corollary 5.4.7, there exists H; € C'(V;, Z;(t)) such that,
for every (t,p,z,) € Vi, z, = Hy(t,p,z,) is the unique element of Z,(t) satisfying
g(t,p, 2,,2,) = 0. Define H: V — D, by H(¢,p, z,) = H:(t,p, z,). By the proper-
ties of each H; above, it only remains to show that H € C*(V, D,).

By Lemma 23.1 in [127], it suffices to show that, for every (¢,P,2.) € V, there
exists an open ball U and a function h € C'(U, D,) that agrees with H on U NV,
Choose any such point and let z, = H(f, p, ,). Applying Theorem 5.2.2 at the point
(t,D, 2., 2,) gives an open ball around (%, P, 2,), V C D, x D, x D,, an open ball
around 2z, Q C D,, and h e Cl(V,Q) such that fl(f, p,z,) = z, and, for every
(t,p,2:) € v, z, = fl(t,p,zx) is the unique element of Q satisfying g(t,p,z,) = 0.
Noting that z, = H(f, p, 2,) is in Z;(f), and hence in int(Z,(f)) by (5.43), choose an
open ball @’ around 2, such that its closure is contained in int(Z,(t)). By continuity
of zL and 2V, 30 > 0 such that Q' C int(Z,(t)), for all t € I with |t — | < 4.
By continuity of h, there exists an open ball around (t, D, 2a), U C V, so small
that any (t,p,z;) € U NV has |t —t] < 0 and fl(t,p,zx) € (. Then, for any
(t,p,z:) € U NV, both fl(t,p,zx) and H(t, p,z,) are zeros of g(t,p, z,, ) in Z,(t),

A~

and hence h(t, p,z,) = H(t,p, z.). O

Lemma 5.5.5. Suppose Hypothesis 5.5.1 holds and let (x,y) be a solution of (5.1)
on I x P. Forany I' =[t',t"] C I and p’ € P, the following implication holds:

x(t,p) €[v(t),w(t)], V(t,p)el xP y(t.p) € Z,(1),
_—

(5.45)
y(t',p') € Z,(t) V(t,p)el'x P
Proof. First, it is shown that the implication
(x(t,p), y(£,p)) € [v(t), w(t)] x Z,(t) = y(t,p) € Z,(t) (5.46)

holds for any (¢,p) € I x P. Let V and H be as in Lemma 5.5.4 and suppose that
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the hypothesis of (5.46) holds. By definition H(¢, p,x(¢,p)) is the unique zero of
g(t,p,x(t,p), ) in Z,(t). But y(¢,p) is a zero of g(¢, p,x(t,p),-) in Z,(t), and hence
y(t,p) = H(t, p,x(t,p)). Noting that H maps into Z,(t), (5.46) is established.
Under the hypotheses of (5.45), (5.46) implies that y(¢',p’) € Z,(¥'). If the
conclusion of (5.45) fails, then there must exist (t2,p2) € (¥,t”] x P such that
y(t2,p2) ¢ Z,(t2). Furthermore, this point must satisfy y(t2,p2) ¢ Z,(t2), since
otherwise (5.46) provides a contradiction. Continuity of y, zg and zg then imply
that 3(t1,p1) € (¥,t"] x P such that y(¢;,p1) is an element of the boundary of
Z,(t1), and hence of Z,(t;), but not an element of Z, (t;) C int(Z,(¢1)). Again, (5.46)

provides a contradiction. O

Theorem 5.5.6. Suppose Hypothesis 5.5.1 holds. Additionally, let v, w be absolutely

continuous and satisfy
(IC):  v(to) < xo(p) < W(to), Vp € P.
(RHS): For a.e. t € I and each indez i,

1. 0(t) < filt, P 2o, 2y) for all (p,2.,2y) € P x D, X Z,(t) such that
z, € By ([v(t), w(t)]) and g(t, p, 2., 2,) =0,

2. wi(t) > filt,p, 2, 2y) for all (p,2.,2,) € P X Dy X Z,(t) such that
z, € B ([v(t), w(t)]) and g(t,p,2,,2,) = 0.

Then every regular solution of (5.1) on I x P with y(to, p) € Z,(to) for at least one
p € P must satisfy (x(t,p),y(t,p)) € [v(t), w(t)] x Z,(t) for all (t,p) € I x P.

Proof. Let (x,y) be a regular solution of (5.1) on I x P satisfying y(to, P) € Z,(to)
for some p € P. Choose any p € P and suppose that there exists ¢ € I such that
x(t,p) ¢ [v(t),w(t)]. It will be shown that this results in a contradiction.

Define ¢; as in (3.9) with ¢ = x(-,p). Noting that the hypotheses of Corollary
3.3.6 are satisfied, Conclusion 1 of that corollary and (5.45) imply that y(¢,p) €
Z,(t), Vt € [to,t1]. Define X as in Lemma 5.5.1. Noting that X(t;,p) = x(t1,p) by
Conclusion 1 of Corollary 3.3.6, Lemma 5.5.1 furnishes ¢4, € (¢1,t¢], L > 0 and y
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satisfying (5.31)-(5.34). By (5.33) and (5.43), y(t1,p) = y(t1,p) € int(Z,(¢1)). By

L

continuity of y, z,,

sz, it is possible to restrict ¢4 so that
y(t,p) € Z,(t), Vte [t t4). (5.47)

We now apply Corollary 3.3.6 with t4, # = L and arbitrary ¢ > 0. This yields an
index j € {1,...,n,}, a non-decreasing function p € AC([t1,t4],R) satisfying (3.7)
on [ty,t4], and numbers ty,t5 € [t1,14] with t2 < t3 such that (3.10) and (3.11) hold
with ¢ = x(-,p) (the proof is analogous if instead (3.12) holds).

It will now be shown that (5.36) holds for a.e. t € [ts,t3]. Choose any t € (ta,t3).
By (3.11) and Hypothesis 5.5.1 (EX), we have z;(t, p) < v;(t) < w;(t). By definition,
this implies that X(t,p) € Bf ([v(t),w(t)]). Since X(t,p) € [v(t),w(t)] and y(t,p) is
a zero of g(t,p,x(¢,p),-) by (5.32), Equation (5.47) and Corollary 5.4.7 show that
y(t,p) € Z,(t). Then, by (5.31) and (5.32), the point (p,%(¢,p),y(t,p)) satisfies all
of the conditions of (RHS).1. Combining this with (5.34) proves (5.36) and, exactly as
is the proof of Theorem 5.5.2, we conclude that x(t,p) € [v(t), w(t)], V(t,p) € I x P.
The theorem now follows from (5.45). O

5.6 Conclusions

We have presented a detailed analysis characterizing interval enclosures of the so-
lutions of semi-explicit, index-one DAEs subject to uncertain initial conditions and
parameters. The primary contributions are (1) a set of conditions guaranteeing ex-
istence and uniqueness of a solution and providing a crude enclosure, and (2) three
theorems giving sufficient conditions for some functions to describe bounds on one
or all solutions pointwise in the independent variable. What remains is to develop
methods for satisfying these conditions computationally, thus leading to efficient,

constructive procedures for computing bounds. We take up this task in Chapter 6.
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Chapter 6

Computing State Bounds for
Semi-Explicit Index-One DAEs

6.1 Introduction

In the previous chapter, several theoretical results were presented that provide compu-
tationally useful characterizations of interval bounds on the solutions of semi-explicit
index-one DAEs. In this chapter, these results are used to derive two efficient numer-
ical methods for computing such bounds. The first method proceeds in two-phases,
as described in §6.3. In Phase 1, the interval inclusion test of §5.4 is applied to ver-
ify existence and uniqueness of a DAE solution, and to provide a crude enclosure of
this solution. Unfortunately, this test is difficult to satisfy computationally because
it involves implicit conditions. This challenge is addressed in §6.4. Using the crude
enclosure from Phase 1, the second phase computes refined, time-varying bounds on
the DAE solution using the results of §5.5. The implementation of Phase 2 involves
numerical integration of an auxiliary system of ODEs whose solutions describe the
desired bounds, and is described in §6.5.

The second proposed bounding method, which is described in §6.6, reduces the
first method to a single phase based on Theorem 5.5.6 in §5.5. The computation of
the resulting bounds is similar to Phase 2 of the first method, only here the auxiliary

system to be solved is described by semi-explicit DAEs.
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The two-phase framework described above is analogous to the two-phase approach
used for validated integration of ODEs [130]. Indeed, Phase 1 of this approach pro-
vides a key step toward the development of validated methods for DAEs. In Phase
2, however, we deviate from this approach by using a standard numerical integra-
tion code to compute refined bounds via the theory of differential inequalities. The
resulting bounds are mathematically guaranteed, but subject to the error of numer-
ical integration. Therefore, this method is not validated, and the same is true of
the single-phase method. On the other hand, the use of state-of-the-art numerical
integration codes leads to a very effective implementation. In §6.7, both methods are

applied to numerical examples and shown to produce accurate bounds very efficiently.

6.2 Preliminaries

6.2.1 Extended Interval Functions

The methods of this chapter will make extensive use of intervals and interval-valued
functions. For computational reasons, it is often convenient to extend such functions
outside their domains in a regular manner. For example, it is desirable to define the
behavior of an interval function taking the argument [v,w]| if, by some numerical
error, we have v; > w; for some 7. There is a large literature on interval implementa-
tions that account for numerical error in a conservative manner in order to avoid these
types of issues altogether. However, as we will see, the proposed methods for DAEs
present unique challenges. As a particular example, we will make use of an algebraic
equation solver to locate v and w such that [v, w] satisfies an implicit interval equa-
tion. Though the solution is guaranteed to satisfy v < w, this may not hold for some
iterate produced by the solver. If no provisions are made for this situation, the solver
will be forced to abort. On the other hand, if the participating interval functions are
extended onto R™ x R”™ in a regular manner, this situation poses no problem for the

solver, which may eventually converge to a solution describing a proper interval.

Some basic extended interval operations have already been defined in previous
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chapters, including the OJ function (Definition 2.5.17) and the extended intersection
N (Definition 2.5.22). Both of these will be used throughout this chapter. Moreover,

we will make use of two modified forms of the interval function I' (Definition 5.4.3).

Definition 6.2.1. Let
D'={(A,B,Z) e IRV" xIR" xIR" : 0 & A;;,Vi=1,...,n}, (6.1)

and define I'* : D* — IR" by I'*(A, B, Z) = W} x ... x W}, where

k<i k>

Definition 6.2.2. Define I'" : D* — IR" by I'*(A, B, Z) = W|" x ... x WS | where

21
W = Z,A— (BZ- =) AW - ZAika), Vie{l,...,n}. (6.3

A
v k<i k>i

The functions I't and I'* differ from I' in that they omit or extend the intersection

with Z in the definition of I'. We have the following properties and relationships.
Lemma 6.2.3. Let (A, B, Z) € IR™" x IR" x IR" and (A,B,Z) € IA x IB x 1Z.

1. If (A, B, Z) € D*, then (A, B, Z) € D*, VB, Z € IR".

2. If (A, B, Z) € D, then T*(A, B, Z) c I*(A, B, Z).

3. If (A,B,Z) € D*, then Tt(A, B, Z) C Z.

4. If (A)B,Z) € D* and T'(A, B, Z) # 0, then T+(A, B, Z) =T'(A, B, 7).

5 If (A,B,Z) € D* and *(A,B,Z) C Z, then T*(A, B, Z) =T'(A, B, Z).

6. If0 £T(A, B, Z) C int(Z), then (A, B, Z) € D* and T*(A, B, Z) = I'(A, B, Z).

Proof. Conclusion 1 is obvious and 2 follows from inclusion monotonicity of interval

arithmetic. Conclusion 3 follows from Conclusion 3 of Lemma 2.5.23. To show 4 and
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5, suppose (A, B, Z) € D* and denote I'(A, B, Z) = W} X ... x Wy,

1 .
WZ-:ZiﬂA—ii<Bi—ZAika—ZAika), Vi=1,...,n. (6.4)

k<i k>i

Define W," as in (6.3), choose any i € {1,...,n} and assume that W; = W;" for all
k < i, which is trivially true if ¢ = 1. Then, comparing (6.4) and (6.3), Conclusion
1 of Lemma 2.5.23 implies that W; = W." if W; # (). Then, Conclusion 4 follows by

7

finite induction.

To show 5, define W as in (6.2) and assume that W; = W for all k& < i, which
is again trivially true if ¢ = 1. Comparing (6.4) and (6.2) yields W; = Z; N W;*. But
the assumption that I'*(A, B, Z) C Z implies that W* C Z;, and hence W; = W},
Therefore, Conclusion 5 also follows by finite induction.

To show 6, suppose ) # I'(A, B, Z) C int(Z). Theorem 4.4.5 (ii) of [131] implies
(A,B,Z) € D*. Now denoting I'(A,B,Z) = W) x ... x W,, (6.4) again holds.
Assuming that W; = W/} for all k < i (trivial for ¢ = 1) and comparing (6.4) and
(6.2) again yields W; = Z; N W;. The assumption that I'(A, B, Z) C int(Z) implies
that W; C int(Z;), which is only possible if W; = W}. Then, Conclusion 6 follows by

finite induction. O

The following definition formalizes the notation H from Corollary 5.4.7, with
a slight modification to reflect the fact that, in the proposed methods, the reference
point z, is a function of Z, and does not need to be specified independently. Notation
is also introduced for iterative application of H, and extended forms based on I'* and

I'* are defined.

Definition 6.2.4. Let z, : 1D, — R™, define My : 1Dy xID, xID, xID,xIR™*" —
IR"™ ™ x TR™ x IR™ by

My(I,P Z,,Z,,C) = <C [g_}g’} (I,P Z,,2,),—Clgl(I,P, Z;,2(Zy)), Z, — Z(Zy)) ,
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and define the set

D;, = {(I, P, Z,, Z,,C) € ID, x ID,, x 1D, x 1D, x TR™*" .
Mr(1, P, Z,, Z,,C) € D*}.

For every K € N, let HX : ID, x ID, x ID, x ID, x IR™*" — TR™ be defined
by HX(1, P, Z,, Z),C) = ZK, where ZF = 2(Z¥) + T (Mr(I, P, Z,, 2}, C)), Vk €
{0,..., K — 1}. Furthermore, define H™¥ : D;, — IR™ exactly as HX with I'" in
place of T, and define H* : D}, — IR"™ exactly as H' with I'* in place of I". Finally,

define the set
Dy, ={U,P Z,,2,,C)€Dj,: H*(I,P, Z,,Z,,C) # 0} .

For simplicity, the superscript K on HX and H™ will be omitted when K =
1. When K > 1, some justification for Definition 6.2.4 is needed. For any k €
{0,..., K — 1} with Zj € ID,, the definition of I implies that Zj“ C Z{j, and hence
Z?’j“ € ID,. Then, a simple inductive argument shows that H¥ is well-defined for
any K € N. In the definition of H*¥ we similarly note that (I, P, Z,, Z;j, C) € D3,
implies Z;“ C Z;j by Conclusion 3 of Lemma 6.2.3. It follows by Conclusion 1 of
Lemma 6.2.5 below that (I, P, Z,, Z;f*l, C) € Dj,, so that again induction shows that
HTE is well-defined.

In Definition 6.2.4, the preconditioner C is allowed to be an interval matrix. This
makes H*, HT% and HE pure interval functions and is only done for consistency with
the results on regularity of interval functions in the next section. In the proposed
methods, C will always be a real matrix. To conform with Definition 6.2.4, C is
simply identified with the corresponding degenerate element of TR"™*"v.

Specific definitions for z will be given when H¥, H™X or H* are used in later

sections. The results in the remainder of this section are independent of this choice.

Lemma 6.2.5. Let K € N, let (I, P, Z,, Z,,C) € ID; x ID, x 1D, x 1D, x TR"*"
and let (I, P, Z,,Z,,C) € 1l x 1P x 17, x 1Z, x IC.
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1. If(I,P,Z,, 7, C) € Dj, then (I, P, Z,, Z,,C) € Dj,.

2. If (I, P, Z,, Z,,C) € D, then H*(I, P, Z,, Z,,C) C H*(I, P, Zy, Z,,C).

3. If (I, P, Zy, Z,,C) € Di, then H** (I, P, Z,, Z,,C) C Z,.

4. If(I,P,Z,, Z,,C) € DE, then HX(I, P, Z,, Z,,C) = H"X(I, P, Z,, Z,,C).

5. If (I, P, Z,, Z,,C) € D}, and H*(I, P, Z,, Z,,C) C Z,, then

H(I,P %, 2,,C)=H",P, 2, Z,,C). (6.5)

6. If 0 # H(I, P, Z,, Z,,C) C int(Z,), then (I, P, Zy, Z,,C) € D, and (6.5) holds.

7. If0 #H(I, P, Z,, Z,,C) C int(Z,), 2,(Z,) € int(Z,), and C is degenerate, then
(I,P,Z,,7,C) e DE.

Proof. Conclusions 1 and 2 follow from inclusion monotonicity of interval arithmetic
and the corresponding conclusions of Lemma 6.2.3 (it is essential in 2 that Z,, and not
Zy, appears on the left, since otherwise z will be modified and inclusion monotonic-
ity does not apply). Conclusion 3 was argued inductively in the discussion above.
Conclusion 4 follows by inductive application of Conclusion 4 in Lemma 6.2.3. Con-
clusions 5 and 6 are direct applications of the corresponding conclusions of Lemma
6.2.3. Assume the hypotheses of 7. By Conclusion 3 of Corollary (5.4.7), to every
(t,p,2,) € I x P x Z, there corresponds some z, € Z, satisfying g(¢, p, z,,2,) = 0.
Choosing any (t,p,z;) € I x P x Z,, Conclusion 1 of the same shows that the corre-
sponding z, must be in HK(f, P, Z,, Z,,C). By Conclusion 1 of the present lemma,

this implies (I, P, Z,, Z,, C) € DE. O]

6.2.2 Regularity of Interval Functions

Recall the interval extensions [f], [g] and [g—?] For certain computations required
by the proposed bounding methods, these mappings, as well as others defined in the

previous section, will be requried to be piecewise C*' as defined in §2.5.3.
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Assumption 6.2.6. Let ¢ : D, x D, x D, x D, — R represent any of f;, g; or

Jg,

g, With indices ¢ € {1,...,n,} and j,k € {1,...,ny}. The interval extension [c] is

piecewise C' on the open set 1D, x ID,, x ID, x ID,.

Remark 6.2.7. When ¢ is L-factorable and [c] is the natural interval extension (as
it is in our implementation), Assumption 6.2.6 holds under minor restrictions on the
factors of ¢. As shown in §2.5.5, if the interval extension of each univariate function

in £ is piecewise C'' on an open domain, then [c] is piecewise C'' by Theorem 2.5.34.

We now establish that several other interval mappings of interest are also piecewise

ct.
Lemma 6.2.8. D* is open and both I'T and I'* are piecewise C* on D*.

Proof. Let U = {(A,b,z) e R"*" x R" x R": A;; #0,Vi =1,...,n}. By definition,
IU = D*. Since U is open, D* is open by Lemma 2.5.32. It follows from (6.2), the
rules of interval addition, subtraction, multiplication and division (see [131]), and
Conclusion 2 of Lemma 2.5.13 that T'* is piecewise C' on D*. For I'", (6.3) leads to

the same conclusion by additionally applying Lemmas 2.5.25 and 2.5.21. O

Theorem 6.2.9. Suppose Assumption 6.2.6 holds and the function z, in Definition
6.2.4 is piecewise C* on 1D,. Then D}, is open and H** and H* are piecewise C*

*
on Dj,.

Proof. Under the stated hypotheses, it follows from the rules of interval addition,
subtraction and multiplication and Conclusion 2 of Lemma 2.5.13 that Mr in Defi-
nition 6.2.4 is piecewise C' on 1D, x 1D, x 1D, x ID, x IR™*™. By Lemma 6.2.8,
I'* and 't are piecewise C' on D*, which is open. Then Lemma 2.5.21 implies that
D3, is open and I'* o M is piecewise C'! there, so that H* is piecewise C' on Dj, by
the hypothesis on z, and Conclusion 2 of Lemma 2.5.13. For H™¥ | we additionally
note that (I, P, Z,, Zj, C) € Dj, for all k € {0,..., K — 1} (see discussion following
Definition 6.2.4). Then, the result follows by K applications of Lemmas 2.5.21 and
Lemma 2.5.13. O
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6.3 A Generic Two-Phase Algorithm

In this section, we introduce the first bounding method of this chapter, which is based
on a time-stepping framework outlined in Algorithm 1 below. In a generic time step
J, the algorithm proceeds in two phases. The purpose of Phase 1 is to establishes
existence and uniqueness of a solution (x,y) of (5.1) on I; x P, for some time interval

Iy = [tj_1,t;], and to determine crude enclosures Z, ; and Z, ; satisfying
(x(t,p),y(t,p)) € Zoj % Z,;, V(t,p) € I; x P. (6.6)
Subsequently, Phase 2 computes refined intervals X; C Z, ; and Y; C Z ; such that
(x(t;,p),y(t;,p)) € X; x Y, VpeP. (6.7)

In contrast to Z,; and Z;

,.;» the refined bounds X; and Y; are valid only at ¢;. The

method for computing these refinements is not specified in Algorithm 1. Our approach
is the subject of §6.5.

As input, Algorithm 1 takes intervals I = [to,tf] C Dy, P C D, and Xy C D,
under the assumption that xo(P) C Xy, Vp € P. The final input is a vector y, € D,
satisfying g(to, P, Xo(P),¥o) = 0 for some p € P. The purpose of this vector is to
specify a particular solution of interest in case the DAE in question permits multiple
regular solutions (see Example 5.3.1). Phases 1 and 2 described above correspond to
Steps 3 and 6, respectively. Finally, the algorithm makes use of the functions H%
and z, from Definition 6.2.4, and is independent of the choice of z,. Choices for z,

and C are discussed in §6.4.1.

Algorithm 1 (Two-phase algorithm)
1. Input: 1= [to,tf], P, X(], 5’0.
2. Initialize j := 1, Yy := [¥0, Yo)-
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3. Find I; = [tj_1.1], Z,;, Z,; and C; satistying

(I;, P, Zy 4, Zy3,C;) € ID, x ID, x ID, x 1D, x R™*™, (6.8)
Y1 C 2y, (6.9)
z,(Zy;) € int(Zy,;), (6.10)
0# Z,;, =MH;, P, Zs;,Z,;,C;) Cint(Z,;), (6.11)
Xj1 4 0,85 —t; 2| (£ (I, P, Zajs Z.)) C Zs. (6.12)

4. Set Xj == Z,;and Y :=Z, ;. If j =1, set Yy := 7 ..
5. If j =1, refine Y (see §6.5).
6. Refine X, and Y; (see §6.5).

7. If t; > t;, terminate. Otherwise, set j := j 4+ 1 and go to 3.

The behavior of Algorithm 1 is formalized in Corollary 6.3.2 below. Of course,
this depends on the refinement procedures in Steps 5 and 6, which have not yet been

specified. Therefore, we assume the following:

Assumption 6.3.1. Consider an iteration J € N of Algorithm 1 and suppose that
Steps 3-4 are complete. Let (x,y) be a regular solution of (5.1) on [ty, t ;] x P satisfying
(6.6) for all j € {1,...,J}. If J =1, the refinement to Y computed in Step 5 satisfies
(6.7) with j = 0. Suppose that Step 5 is complete. If (x,y) additionally satisfies (6.7)
forall j € {0,...,J—1}, then Step 6 produces X ; and Y} satisfying (6.7) with j = J.

Corollary 6.3.2. Let (I, P, Xo,y0) € 1D, x ID, x ID, x D, satisfy xo(p) € Xo,
Vp € P, and g(to, P, Xo(P),¥Yo) = 0 for some p € P. Suppose that Algorithm 1 has

completed J iterations, furnishing the intervals Yy and

Iy, Zvj» Zy4: 2,

Y,J7

X, Y, j=1,....J (6.13)

Then there ezists a regular solution (x,y) of (5.1) on [to,t;] x P with y(to,p) =
Yo, satisfying (6.6) for every j € {1,...,J} and (6.7) for every j € {0,...,J}.
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Furthermore, for any I = [to,t] C [to,ts], any connected P c P, and any solution
(x*,y%) of (5.1) on I x P, either (x*,y*) = (x,y) on I x P, or y*(to,p) ¢ Zyq,
Vp € P.

Proof. Define (x*,y*) as above and suppose that y*(ty,p) € Z,1 for at least one
p € P. Consider the following inductive hypotheses for k € {1,...,J}:

1. There exists a regular solution (x,y) of (5.1) on [ty,tx] X P,

2. (x,y) = (x*,y%) on [ty, min(ty,t)] X P,
3. (6.6) holds for j € {1,...,k},

4. Y(t07 f)) = yOa
5. (6.7) holds for j € {0,...,k}.

It suffices to show that these hypotheses hold with k& = J.

Let k£ = 1. Since (6.8)-(6.12) hold with j = 1, Theorem 5.4.8 establishes Hypothe-
ses 1-3. Because y is a zero of g(to, p,Xo(P), ) and yo € Z,1 by (6.9), Hypothesis 4
follows from Conclusion 3 of Corollary 5.4.7. Applying Assumption 6.3.1 with J =1
proves Hypothesis 5.

Choose any k € {1,...,J — 1} and assume Hypotheses 1-5. Since x(t, P) C X
and (6.8)-(6.12) hold with j = k + 1, Theorem 5.4.8 furnishes a regular solution of
(5.1a) on Iy X P, (X,¥) € C*(Ijy1 X P, Zypi1) X CH(Ix1 X P, Z, k41), satisfying
x(ty, p) = x(tx,p), Vp € P. Noting that both y(tx,p) and y(tx, p) are zeros of
g(ty, P, x(tk, P),-) and y(tx, p) € Yy C Z, 41 by (6.9), it follows from Conclusion 3
of Corollary 5.4.7 that y(t,p) = y(tx, p), Vp € P. If t > t;, Hypothesis 2 implies
that we also have X(ty,p) = x*(tz, p) and y(t,p) = y*(tx,p), Vp € P, so that
(X,¥y) = (x*,y*) on [ty, min(ty41, )] x P by Theorem 5.4.8.

From the arguments above, (X,y) extends (x,y) onto all of [tg, tx.1] X P, and this
extension satisfies Hypothesis 1-4 with k := k + 1. Applying Assumption 6.3.1 with
J = k + 1 establishes Hypotheses 5, and finite induction completes the proof. O

260



From Corollary 6.3.2, it is clear that Algorithm 1 produces bounds on a single,
isolated solution of (5.1) specified by the input y,. This input can be ignored by
omitting (6.9) when 7 = 1. However, the algorithm still produces bounds on a unique
solution dictated by the interval Z, ; found in the first time step. If one is interested in
bounds on all solutions, then Algorithm 1 would need to be applied to each solution
in turn, though it has no provisions for exhaustively enumerating solutions. This
problem is not pursued in this thesis, though a good starting point is provided by
Theorem 5.5.2. On the other hand, if there is a particular solution of interest, then
Algorithm 1 avoids any unnecessary conservatism that would result from bounding

other solutions as well.

6.4 Satisfying the Existence and Uniqueness Test
Computationally (Phase 1)

In this section, the execution of Step 3 in a single time step J of Algorithm 1 is
considered. Based on the previous time step, it is assumed that there exists a regular
solution (x,y) of (5.1) on [tg, t;_1] X P satisfying y (to, p) = ¥o and x(t;_1, P) C X,;_;.
The objective is to derive an automatic computational procedure for finding intervals
1, Z, 5, Z,; and C; satisfying (6.8)-(6.12). Though we present an effective method
for this task, it is generally impossible to guarantee that such intervals can be found.
This seems to be an inherent complication owing to the implicit nature of nonlinear
DAES, and hence of the inclusion (6.11), and it appears in much the same form in both
of the methods in [142] and [83]. However, it is important to note that the validity
of any intervals provided by Step 3 is guaranteed, regardless of the method used to
find them. The proposed procedure will either succeed in satisfying (6.8)-(6.12), and
hence (6.6) with 7 = J, or it will fail and report an error, forcing Algorithm 1 to

terminate prematurely.

Since the implicit conditions (6.11) and (6.12) are the most challenging, they are

addressed first. The key insight used to satisfy these conditions is that, once some
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putative C; and ¢; have been chosen, intervals Z, ; and Z, ; satisfying (6.11) and
(6.12) are related to solutions of a square system of real-valued algebraic equations
that can be solved by standard methods with a few caveats. This approach is devel-
oped below. A complete algorithm for satisfying all of the conditions (6.8)-(6.12) is
presented in §6.4.2.

Lemma 6.4.1. The conditions (6.8) and (6.11), with j = J, are equivalent to
(IJ,P, ZI7J, ZyJ,CL]) € D;k't? (614)
H*(IJ,P, ZLJ,Zy’J,CJ) C il’lt(ZyJ), (615)
provided that Cj; is degenerate.

Proof. The result is a direct application of Conclusions 5 and 6 of Lemma 6.2.5. [

For the following result, denote [x4_;,xY || = X; ; and
[H*=(1,P, Z,,Z,,C),H"Y(I, P, Z,, Z,,C)| = H*(I, P, Z,, Z,, C). (6.16)

Lemma 6.4.2. Let I; = [t;_1,t;] € 1D, P € ID,, C; € R™"*™ and v > 0. If the

L U Ng L U n :
vectors z,/,z, € R"™ and z,,z, € R™ satisfy

(I1;,P,0(z%,2Y),0(z) . 2)),C,) € Dy, (6.17)

2" = M (1, P,O(2L,2Y),0(2k, 2Y), C,), (6.18)
z;U = H"Y(1;, P,0(z}, 27),0(z), 2 ), Cy), (6.19)
0=z — z;L + 17, (6.20)
0=—2+2" +17, (6.21)
0=z, — x5 —[0,t; —t,)[f)"(1,, P, Oz}, 2)), Oz, ", 2,")) + 1y, (6.22)
0=—2Y +xY_| + [0ty —t;,)[f]V(L;, P, O(z%,2Y),0(2,",2,")) + 17, (6.23)
then 2 < 2z and z; < z(, and Z,; = [2},2]] and Z,; = [z),2]] satisfy (6.8),

(6.11) and (6.12) with j = J. Furthermore, these conclusions remain true if the
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right-hand sides of (6.20)-(6.23) are componentwise less than ~y.

Proof. 1t suffices to prove the case where the right-hand sides of (6.20)-(6.23) are

. . . L U
componentwise less than . Since H* returns an interval, z;~ < z;~ and hence

L 1L Yy U
z, <z, <z, <z,. (6.24)

An analogous argument shows that zl < zU.

Let Z,; and Z, ; be as in the statement of the lemma, and let Z; = [z;L,z;U].
Then, (6.17) implies (6.14) and (6.24) implies (6.15). Then, (6.8) and (6.11) follow
from Lemma 6.4.1. Again, an argument analogous to (6.24) shows that X ;_1+4[0,¢;,—

tyallfl(Ly, P, Zs g, Z,, ;) C int(Z, ), which implies (6.12). O

Equations (6.20)-(6.23) form a system of nonlinear algebraic equations of the

general form

L(z) = 0, (6.25)

L U

U
x) ZSC7

,» and the domain of L

where z is a concatenation of the vectors z z;“ and z
is specified by (6.17). To compute intervals satisfying the existence and uniqueness
conditions (6.8), (6.11) and (6.12), (6.25) is solved using a Newton-type iteration of

the form
zZF =28 — J7Y(2")L(2") (6.26)

(this should not be confused with the interval Newton method used to derive H*,
and hence equations (6.20) and (6.21)). During this iteration, we may terminate
whenever L(z*) < 17 for some iterate, and Lemma 6.4.2 ensures that z* furnishes
the desired intervals. Using the definition of H* and the rules of interval arithmetic,
it is in principle possible to write out explicit expressions for the functions L, though
they may be very cumbersome. Then, the only complication with this approach is

that L is in general nonsmooth owing to the rules of interval arithmetic. Even so, the
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developments of §6.2.2 imply sufficient regularity of L for a Newton-type method to

be well motivated.

Lemma 6.4.3. Let I; = [t;_1,t;] € 1D, P € ID,, C; € IR™ ™ and v > 0.
Suppose Assumption 6.2.6 holds and the function z, in Definition 6.2.4 is piecewise
C' on 1D,,. Then the set

E; = {(zﬁ,zg,zj,zg) € R2m=tny) (IJ,P,D(zﬁ,zg),D(zg,zg),CJ) € Dy} (6.27)

is open and L is Frechet differentiable a.e. in Ej,.

Proof. Define ¢ : R2=+m) — TR x IR™ x IR™ x IR™ x IR™*™ by

o(zh, 20 22 2Y) = (1, P,0(zk, 2Y), 0(zk, 2¥), C). (6.28)

x) Pz Py fy Yo y)

By Lemma 2.5.19, ¢ is piecewise C' on R2(=*+™) By Theorem 6.2.9, D3, is open
and H* is piecewise C' there. Then Lemma 2.5.15 shows that Ej, is open by and
it follows from Definition 2.5.16 that the right-hand sides of (6.20) and (6.21) are
piecewise C'! on Ej,. From Assumption 6.2.6, the same holds for (6.22) and (6.23).

Then, Conclusion 4 of Lemma 2.5.13 implies differentiability a.e. in E¥,. O

To implement (6.26), the matrix J (z*) is computed by forward automatic differ-
entiation [74]. Automatic differentiation (AD) provides exact derivative evaluations
for factorable functions by propagating derivatives through the sequence of factors by
repeated application of the addition, multiplication and chain rules of differentiation.
As mentioned above, the right-hand sides of (6.20)-(6.23) may involve nonsmooth
operations resulting from the rules of interval arithmetic. If these operations are
piecewise C!, as we have assumed, then AD can be easily extended to handle them

as well. For example, consider the operation
c(z) = min(a(z), b(z)), (6.29)

which is ubiquitous in interval computations. To propagate derivatives through this
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operation, we simply let dc/0z equal da/0z when a(z) < b(z), and 9b/0Jz when a(z) >
b(z). The value assigned to the derivative when a(z) = b(z) is arbitrary. Extending
this approach to other simple piecewise C! functions, an in house C++ library has
been developed that uses operator overloading to both do interval computations and
compute such pseudo-derivatives of the resulting bounds. During the differentiation
of L at some point z, the evaluation of any operation at a nondifferentiable point
(e.g., when a(z) = b(z) above) implies that z is a member of the set of measure zero

in Lemma 6.4.3. For all other points, this scheme results in the true Jacobian.

A thorough survey of methods for solving nonsmooth equations is given in [56].
Among these, the semi-smooth Newton methods, which are based on the set-valued
generalized Jacobian, provide the most satisfactory convergence properties, similar to
those of a standard Newton iteration. Unfortunately, there is little work on computing
an element of the generalized Jacobian. It is known that the directional derivatives
of piecewise C! functions obey a chain rule, from which it follows that the forward
mode of AD will give correct directional derivatives [73, 153]. On the other hand, the
matrix formed by computing the directional derivatives in all coordinate directions
is not necessarily an element of the generalized Jacobian [92]. From this, it follows
that J, as computed above, will not necessarily be an element of the generalized
Jacobian, and hence (6.26) may not enjoy the properties of semi-smooth Newton
methods. However, [92] also presents a modified forward mode AD algorithm that
is guaranteed to generate an element of the generalized Jacobian for functions where
the nonsmoothness arises from the absolute value function. Further work is underway
to extend this method to a much broader class of functions. Thus, the prospects for
improving the iteration (6.26) in the future are promising. Finally, we emphasize
again that the use of this iteration is still valid. It will either succeed in satisfying
(6.8)-(6.12), or it will fail and report an error. Under no circumstances will Algorithm

1 proceed with invalid bounds computed through the use of this iteration.

Remark 6.4.4. During the search for a computational means of satisfying (6.11), a

significant amount of experimentation was done with methods that, modulo various
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heuristics, centered around the iteration
ZyJ = H*([J,P, Z:c,]a ZyJ,CJ) —|— [—1’)/, 1’)/] (630)

(here, Z, ; is fixed, having been selected earlier by other means). Though this avoids
evaluation and inversion of J, we had only limited success. In hindsight, this approach
can be viewed as an attempt to solve the system of equations (6.20)-(6.21) using a
successive substitution algorithm. Even for the best heuristics found, our results were
exactly what one should expect in light of this observation: slow convergence for some
systems and disastrous divergence for others. In comparison, the iteration (6.26) is

much more robust.

6.4.1 Specification of C; and z,

In the Phase 1 implementation below, H* is implemented with
z,(Z,) =m(Z,), VZ,elIR™,. (6.31)

Note in particular that this guarantees (6.10) for any Z, ; with nonempty interior.
In practice, the choice of preconditioner can have a large impact on the sharpness
of the bounds Z, ; and Z, ;, and even the ability to satisfy (6.11) and (6.12) at all.

A good preconditioner for evaluating H*(I, P, Z,, Z,, C) is the midpoint inverse

c=(n (5] a.rz zy>))_1. (6.32)

For efficiency reasons, however, it is desirable to compute a preconditioner only once

per time step of Algorithm 1. Therefore, the definition

C, = <m <[g_}g’] ([ts-1,ts-1], P, XJ_l,YJ_l)))_l (6.33)

is used instead. Thus, C; is constant throughout the iteration (6.26). For J >

1, X1 and Y;_; are subsets of Z, ;_; and Z, ;_;, and these intervals will have
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satisfied (6.8)-(6.12) with j = J — 1 in the previous time step. It follows that the
inverse in (6.33) exists because [g_ﬂ ([ts—2,ts—1), P, Zy y-1, Zy j—1) cannot contain any
singular matrices (Corollary 5.4.7). If invertibility fails for J = 1, then the inverse of
g—f,(to, P, x(P),¥o) is used instead. If this matrix is singular, then the corresponding

solution of (5.1) is not regular and the method does not apply.

6.4.2 Phase 1 Algorithm

Algorithm 2 below describes the complete implementation of Step 3 of Algorithm 1.
Algorithm 2 terminates with flag = 0 when (6.8)-(6.12) have been satisfied success-
fully, and returns flag = —1 otherwise. For the examples in §6.7, Algorithm 2 is im-

plemented with v = 107*, H.IMAX = 1, H.MIN = 107% and PH1_.MAX_ITER = 10.

Algorithm 2 (Phase 1)
1. IHPU-t: [t(]vtf]? P7 v, tJ—17 XJ—17 YJ—17 AtJ—l-
2. Assign Aty :=min(2At;_1, HMAX t; —t;_; + H.MIN) and ¢, :==t;_1 + At,.

3. Assign zl :=x5 | — 1y, 20 :=x§ | +1y,2) =y5 | - 17,2 =y  +1y.

4. With initial guesses from 3, apply the iteration (6.26) described above.

(a) If PHI_MAX_ITER iterations are taken without success, go to 6.
(b) If any iterate violates (6.17), go to 6.

(c) If (2L, 2V, 2L 2V) is found such that the right-hand sides of (6.20)-(6.23)

) Hxo Hyrfy

are componentwise less than 7, set Z, ; = [z},2] and Z, ; = [z}, 2]

and go to 5.
5. fY;_y C Z, 5, terminate with flag = 0. Otherwise, go to 6.

6. Assign Aty := At;/2and t; :=1t;_1+At;. If At; > H.MIN go to 3. Otherwise,

terminate with flag = —1.

Suppose that Algorithm 2 returns 0. By Step 4 and Lemma 6.4.2, (6.8), (6.11)
and (6.12) are satisfied. Since (6.11) implies that Z, ; has nonempty interior, (6.10)
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is guaranteed by the choice of z, in §6.4.1. Finally, (6.9) is verified by Step 5. Then,
Phase 1 is complete. The only way Algorithm 2 can fail is if At; is reduced below

H_MIN by repeated failure in Step 4 or 5. To avoid many such failures, At ; is bounded
by 2At J—1-

In practice, Step 4 succeeds reliably when the intervals I; and P are narrow, and
becomes less reliable as they are widened. This is natural given that (6.6) follows from
(6.8)-(6.12). When [; and P are narrow, (6.8)-(6.12) can potentially be satisfied by
narrower intervals Z, ; and Z, ;. Working with narrower intervals in turn reduces the
overestimation incurred through interval computations, and reduces the likelihood of

violating (6.8). Both of these factors make Step 4 more likely to succeed.

When Step 4 fails, the recourse is to half At; and try again. On the other hand,
Algorithm 2 does not resort to partitioning P. Though algorithms for bisecting P and
propagating bounds valid on each partition element separately are easily conceivable,
computational efficiency will be lost if many partitions are required, so this strategy
is avoided. With P fixed, one can create pathological problems for which it is im-
possible to satisfy (6.11), and therefore there is no theoretical guarantee that Step 4
will succeed. This happens, for example, if the algebraic equations permit multiple
solution branches on [t;_1,t;_1] X P x X, 1 and it is geometrically impossible to

enclose one uniquely by an interval (see Corollary 5.4.7).

Though the condition (6.9) is checked in Step 5 of Algorithm 2, no special attempt
is made to guarantee it. The condition (6.9) is merely a provision for the case where
(5.1) permits multiple regular solutions. Its purpose is to ensure that the interval
Z, ; computed in Step 4 encloses the solution of (5.1) that is consistent with the
input yo in Algorithm 1, rather than jumping to some other solution (see the proof
of Corollary 6.3.2). Since the initial guesses specified in Step 3 are in the vicinity of
the solution of interest, (6.9) is likely to hold whenever Step 4 succeeds.

268



6.4.3 Phase 1 Refinement

Before moving on to Phase 2 of Algorithm 1, Z, ; and Z, ; may be refined by itera-

tively assigning

Zpy = Xy + [0, =ty ] [£1 (L, P, Zey, Zy,5)) N Zo g, (6.34)
ZyJ = H(IJ,P, ZLJ, ZyJ, CJ) (635)

By (6.7), it is clear that

x(t,p) = x(ts1,p) + / £(s, p,x(5, ), ¥ (5, P))ds, (6.36)

ty—1

€ Xy 1+ [0t =ty [£] Iy, P, Zay, Zy ), (6.37)

for all (t,p) € I; x P. Therefore, (6.6) remains valid after the assignment (6.34).
By Conclusion 1 of Corollary 5.4.7, the same is true of the assignment (6.35). Note
that these refinements are distinct from the refinements X ; and Y detailed in §6.5
in that (6.6) remains true. That is, the refined intervals still provide bounds on all
of I; x P, rather than only at ¢;, as in (6.7). For the examples in §6.7, (6.34) and
(6.35) are applied with a maximum of 50 iterations, terminating early if the absolute

or relative change between each bound in successive iterates is less that 1075,

6.5 Computing Refined Enclosures Using Differ-
ential Inequalities (Phase 2)

In this section, we consider the implementation of Step 6 in a single time step .J
of Algorithm 1. It is assumed that a solution (x,y) of (5.1) exists on [tg,ts] X P,
and that Yy and (I}, Z.j, Zy5, Z, ;, Cj, Xj, Y;) are available and satisfy (6.6) and
(6.8)-(6.12) for all j € {1,...,J} and (6.7) for all j € {0,...,J —1}. The present
task is to compute refined intervals X; C Z, ; and Y; C Z, ; satisfying (6.7) with

j=.

269



By the assumption that (6.8)-(6.12) hold with j = J, Corollary 5.4.7 guarantees
that 3H € C'(I; x P x Z, 5, Z,, ;) such that, for every (t,p,2z,) € I; X P X Z,j,
z, = H(t, p, z,) is the unique element of Z, ; satisfying g(t, p, z,, z,) = 0. Therefore,

we aim to apply Theorem 5.5.3 to derive time-varying bounds on (x,y) over I;.

Choose any K € N and, for every i € {1,...,n,}, define

X, ¢V R x R™ x R™ — IR x IR™ x IR™ x IR™ x IR™*", (6.38)
VEYY R x R™ x R™ — IR™, (6.39)
Ll R x R™ x R™ — IR x IR™ x IR™ x IR™, (6.40)
by
o (t, v, w) = (LNt 1], P, B (Z, ,NO(v,w)), Z,, ;,C), (6.41)
o7 (t,v,w) = (I,N[t,t], P, BY (Z, ,N0(v,w)), Z, ;,C;), (6.42)
Vit v, w) = HPE(oF (8, v, w)), (6.43)
Vit v, w) = O (o] (8, v, w)), (6.44)
VE(t, v, W) = (IJﬁ[t, t], P, BiL(ZxJﬁD(V,W)), Vv, W)) , (6.45)
O (v, w) = (L[, P BY (Z, ,00(v, w)), Y (¢, v,w),). (6.46)
Now, consider the initial value problem in ODEs
bi(t) = [ (Wt v(), w(t)), (6.47)
wi(t) = [ (W (t,v(1), w(t)), (6.48)
forall i =1,...,n,, with initial conditions
[V(tj_l),W(tJ_l)] = XJ_l. (649)

The following results show that these ODEs are well-defined and have a unique solu-

tion describing the desired bounds. It is assumed thoughout that Assumption 6.2.6
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holds and z, is the midpoint, as in §6.4.1.

Corollary 6.5.1. When viewed as functions of (t,v,w), the right-hand sides of
(6.47) and (6.48) are defined and piecewise C* on R x R™ x R"=. Furthermore,

VE(t,v,w) =HE (gbf(t, v,w)) and YY(t,v,w)=HX (gb?(t,v, W)) . (6.50)

for all (t,v,w) € R x R"™ x R" and everyi=1,... ,n,.

Proof. Choose any i € {1,...,n,} and any (t,v,w) € RxR™ xR"*. By Conclusion 3
of Lemma 2.5.23, ¢F(¢t,v,w) C (I;, P, Zy. 1, Zy.5,C,). Using (6.8), (6.10) and (6.11),
Conclusion 7 of Lemma 6.2.5 implies that ¢*(t,v,w) € DX. Then, Y5 (t,v,w) is
well-defined and Conclusion 4 of Lemma 6.2.5 shows (6.50) (an analogous argument
holds for YY).

Now (6.50) implies that YV} (t,v,w) C Z, ;. It follows that (¢, v, w) is in D, x
ID, x 1D, x 1D,,. Then, the right-hand side of (6.47) is defined on R x R"* x R™=.

By Lemmas 2.5.19 and 2.5.25 and Definition 3.3.1, it is clear that ¢F is piecewise
C!' on R x R™ x R™_ which is open. Theorem 6.2.9 shows that H™*, and hence
VE = H"E ol is also piecewise C1 on R x R™ x R™= . Tt follows that ¢! is piecewise
C' on R x R™ x R™. Finally, Assumption 6.2.6 implies that [f;]% o ¥ is piecewise
C' on R x R™ x R™ which is the desired result (an analogous argument holds for

Lfi]Y o uf). 0

Lemma 6.5.2. There exist v,w € C'(I;,R"™) satisfying the ODEs (6.47)-(6.49).
Moreover, this solution is unique and satisfies v(t) < w(t) and [v(t), w(t)|NZ,; # 0,
Vte ;.

Proof. Consider the ODEs

§(t) =1, (6.51)
bi(t) = [f]° (W (s(8), v (t), w(t))), (6.52)
wi(t) = [fi]7 (W (s(t), v (1), w(t))), (6.53)



with initial conditions (6.49) and s(ty) = to. This system simply describes the bound-
ing ODEs (6.47) and (6.48) in autonomous form.

By Corollary 6.5.1 and Conclusion 3 of Lemma 2.5.13, the right-hand sides of
(6.51)-(6.53) are locally Lipschitz continuous on R x R™ x R"=. Moreover, 1 and
YU are easily seen to map into subsets of (I, P, Z, s, Z,). Thus, the right-hand
sides of (6.51)-(6.53) are also bounded on R x R™ x R" by

[fi]L(IJ7P7 Zx,J7 Zy,J)

max (1, [fi]U(IJ, P, Z,. s, Zy,J)D : (6.54)

Y

For any (5,v,w) € R x R™ x R" and any i € {1,...,n,}, the definitions of [J

and N guarantee that

by =y = (Zy.y), NO(0;,10;) is a singleton, (6.55)
= BIZ,,N0F,w)) =B (Z,,00(v,Ww)), (6.56)
— VE(5,v, W) =YY (5,V, W), (6.57)
= " (3,9, %) < [£]7 (@ (5.9, W)). (6.58)

This implies that K = {(§,v,w) € R x R™ x R"™ : v < w} is a viability domain
for the ODEs (6.51)-(6.53) (Definition 1.1.5 in [13]). Combining this with continu-
ity and boundedness of the right-hand sides, Nagumo’s Theorem implies that there
exist s € CY(I;,R") and v,w € C'(I;,R") satisfying (6.51)-(6.53) and satisfying
(s(t),v(t),w(t)) € K, and hence v(t) < w(t), Vt € I, (see Theorem 1.2.4 in [13]).
Clearly, this v, w also satisfies (6.47)-(6.49). Due to the local Lipschitz continuity of
the ODE right-hand side functions on R x R™ x R™* uniqueness follows by a standard

application of Gronwall’s inequality.

2t 2’V ] denote the i components of X;_; and Z, 1

Let [xg—l,iazg—l,i] and | y,Jir %y T
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respectively. By (6.12) and the integral form of (6.47),

) =ults ) + [ L @H (o), wisds (6.59)
2t [ U U P2 ) (6.60)

> xﬁ_l,i +[0,ty —ty_a] [fi]* (I, P, Zyy, Z ;) > z:ﬁj’i, Yt e ;. (6.61)

Using an analogous argument for w;, it follows that [v(t),w(t)] C Z, , YVt € I;. O

Corollary 6.5.3. Let v,w € C'(I;,R™) be the unique solutions of (6.47)-(6.49).
Then

x(t,p) € [v(t), w(t)], (6.62)
y(t,p) € Y(t,v(t), w(t)) = H ([t 1], P, Zos N [v(t), w(t)], Zy.) (6.63)

for all (t,p) € I; x P and any q € N.

Proof. To show (6.62), it suffices to establish the hypotheses of Theorem 5.5.3 with
(I, Ze, Zy) = 1y, Ze,5s 2y g)s tp = g, to = ty1 and Xo = x5 = X(ty-1,7). By
(6.8)-(6.12) and Corollary 5.4.7, there exists H € C'(I; x P x Z, 5, Z,, ;) such that,
for every (t,p,2z,) € I; x P x Z, ;, z, = H(t,p, z,) is the unique element of Z, ;
satisfying g(¢, p, zs,z,) = 0. Then, it only remains to satisfy the hypotheses (EX),
(IC) and (RHS). (EX) holds by Lemma 6.5.2. By (6.49) and (6.7) with j = J—1, (IC)
is clearly satisfied. Choose any t € I;. If there exists (p, z.,2,) € P X Z, j x Z, ; such
that g(t, p, 2., 2,) = 0 and z, € BX(Z, ;N [v(t), w(t)]), then (6.50) and Conclusion 1
of Corollary 5.4.7 ensure that z, € YF(t,v(t),w(t)). It follows that

fit, P, 22,2y) € [fi)([t,1], P, BY (Zoy O [V(1), w(B)]), Vi (t, v(1), w(1),  (6.64)
= [fil (Wi (t, v (), w(t))), (6.65)

and hence (6.47) ensures that (RHS).1 is satisfied. Proof of (RHS).2 is analogous.
Then, (6.62) holds, and (6.63) follows from Conclusion 1 of Corollary 5.4.7. O
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According to Corollary 6.5.3, Step 6 of Algorithm 1 can be accomplished by solving
(6.47)-(6.49) on I; and assigning X := [v(ts),w(t;)] and Y, := Y(t,,v(t;), w(ts)).
Provided that numerical error is not a crucial concern, these ODEs can be solved
numerically using any state of the art code. In the examples in §6.7, we use CVODE
[44] with absolute and relative tolerances of 107°. The evaluation of Y* and YV for
each i can make evaluating the right-hand sides of (6.47)-(6.48) costly, so K should
be small (see §6.6.1). On the other hand, ¢ can be fairly large, because ) is evaluated
after numerical integration is complete rather than within the right-hand sides of
(6.47) and (6.48). Moreover, ) need only be evaluated at select points of interest
in I, since only the value at t;, which defines Y}, will effect the next time step of
Algorithm 1. In §6.7, we choose K = 5 and evaluate ) with ¢ = 50 at all points

shown in the plots there.

6.6 A Single-Phase Method

In this section, a single-phase method is presented which essentially combines the two
phases of the previous approach. In short, time-varying bounds for both the differen-
tial and the algebraic state variables will be computed by satisfying the hypotheses
of Theorem 5.5.6. As before, let I = [tg,tf] C D, P C D, and X, C D, be intervals
and suppose that xo(P) C Xo.

For every i € {1,...,n,}, let

n:R xR™ xR"™ x R™ x R™ — IR x TR" x IR™ x IR™ (6.66)

C: By — IR™ ", (6.67)

¢, 0%, 8V 1 iy — IR x IR™ x IR™ x IR™ x TR™*", (6.68)
DY By — IR™, (6.69)
Lyl Br — IR x IR™ x TR™ x TR™, (6.70)
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where

Eip={(t,v,w,z,z]) ER xR™ x R™ x R™ x R™ :

YTy Ty

n(t,v,w,z’.z]) € ID, x ID, x ID, x ID, } ,

1Ly 2y
Dinv = {Q e IR™*™ : det (m (Q)) # 0} ,
0
B = {(t \% w,zj,zU) € Eip: {%} (n(t,v w,zj,sz)) € Dinv},
E} = {(t \% W,zj,zg) € By : O(t, v W,Z;,Zy € DH}

Choosing any K € N, define the functions in (6.66)-(6.70) by

n(tvw,zy, y)E( IN[t, t], P,0O(v,w), D(zj,sz)),

C(tvw,zy, y) ({ } tvw,zj,zg)))_l,

(b(t,v,w,zg,zg) = (IN[t, ¢, P,O(v, W),D(Zj,ZS),C(t v W,zj,sz))
or(t, v, w,zh.z)) = (IN[t, t], P, B (O(v, w)),0(z},2)), C(t, v, w,z}, z]
qﬁ?(t,v,w,zj,zy[]) = (Iﬁ[t,t],P, B?(D(V,W)),D(zj,zy[]) C(t,v w,zj,sz
Vit vow,zy,z)) = HEE (00 (L v, w2, 2,),
yg(t,v,w,zj,zg) = H( ?(t,v,w,zj,zg)),
¢f(t,v,w,z5,zg) = (IN[t,t], P, BZ.L(D(V,W)),yf(t,v,w,zj,zg)) ,
@Df](t,v,w,zj,sz) = (IN[t,t], P, BZU(D(V,W)),yf](t,v,w,zj,zy[]))

(6.71)
(6.72)
(6.73)

(6.74)

(6.75)

For any continuous and pointwise positive 7 : I — R, consider the initial value

problem in DAEs

Uz@) = [fz]L (sz(tv V(t)v W<t)7 Zj@)v Zg@)))v

275

o o
0w
DR

~— ~—



forall e =1,...,n,, with initial conditions
v(to), w(to)] = Xo. (6.89)

In the following results, it will be shown that the solutions of these DAEs describe
the desired bounds. It is assumed thoughout that Assumption 6.2.6 holds and z, is
the midpoint, as in §6.4.1.

Corollary 6.6.1. Ej, is open and, when viewed as functions of (t,v,w,z" zg), the

Y
right-hand sides of (6.85)-(6.88) are defined and piecewise C* on Ej,.

Proof. By Lemmas 2.5.19 and 2.5.25, 7 is piecewise C' on 1D, x 1D, x 1D, x 1D,
Since this set is open, Ejp is open by Lemma 2.5.15. Moreover, the set of nonsingular
matrices is open. Then, since m(-) is clearly a continuous function from IR"™*" to
R"™>" Dy, is the inverse image of an open set under a continuous mapping, and is
hence open. By Assumption 6.2.6, [g—ﬂ o 7 is piecewise C' on Eyp. Then, another
application of Lemma 2.5.15 now shows that Ej,, is open. The fact that C is piecewise
C! on Ei,, now follows from the definition of m(-) and the fact that the inverse of
a matrix is a differentiable function of its elements. Combining this with Lemmas
2.5.19 and 2.5.25 shows that ¢, ¢F and ¢V are piecewise C! on Ei,,, so that openness
of Dj, and a final application of Lemma 2.5.15 show that EJ, is open.

Choose any i € {1,...,n,}. By the definition of £}, and Conclusion 1 of Lemma
6.2.5,

qﬁf(t,v,w,zj,sz) € Dy, V(t,v,w,zj,sz) € E;,. (6.90)

Theorem 6.2.9 shows that H* and H* are piecewise C' on D}, and hence H* o ¢
and VI = H™ o ¢F are piecewise C' on Ej,. It follows that the right-hand side of

(6.87) and ¢ are piecewise C* on Ej,. For any (t,v,w,z2 zV) € Ej,, the definition

y» 2y
of H* implies that Y} (t,v,w,z),2]) C O(z},z]), and hence
wf(t,v,w,zqf,sz) C n(t,v,w,zg,sz) C Dy x Dy, x D, x D,,. (6.91)
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Then, Assumption 6.2.6 implies that [f;]” o ¢} is piecewise C* on Ej,. Analogous
arguments hold for the right-hand sides of (6.88) and (6.86). O

In contrast to the analysis of the Phase 2 bounding ODEs in §6.5, existence and
uniqueness of a solution of (6.85)-(6.89) does not follow from standard results because
the participating functions are only piecewise C!, rather than C'. However, such a
result seems quite plausible. From a variant of the implicit function theorem in [153],
one can write an invertibility condition for the right-hand sides of (6.87)-(6.88) which
guarantees the existence of a piecewise C! implicit function locally around a consistent
initial condition. By Conclusion 3 of Lemma 2.5.13, this would imply that v and w
are, locally, described by ODEs with locally Lipschitz continuous right-hand sides.
Combining this with standard results for Lipschitz ODEs then implies that there
exists a solution in a neighborhood of ¢y with v and w continuously differentiable
and z) and z piecewise C'. We do not pursue this development formally here.
Instead, we will assume that such a solution exists on an open set [y containing I and

demonstrate that it must describe the desired bounds.

Lemma 6.6.2. Let (v, w,z% zY) be a solution of (6.85)-(6.89). Then v(t) < w(t)

Yy Ty

and z};(t) < 2/ (t) for allt € I.

Proof. Arguing as in Lemma 6.4.2, it is clear from (6.87) and (6.88) that any solution
must satisfy z)(t) < z](t) for all t € I.

For a contradiction, suppose that {t € I : v;(t) > w;(t) for at least one i} is
nonempty and let ¢; < t; denote its infimum. Because ¢; is a lower bound, v(t) <
w(t), Vt € [to, t1]. Because t; is the greatest lower bound, it follows that v;(t) > w;(?)
for at least one ¢ for ¢ arbitrarily close to the right of ¢;.

Now, treating z;“ and sz as known functions, consider the ODEs

§(t) = 1, (6.92)
0 () = (A7 (0 (s(8), v*(t), W™ (), 2} (s(1)), 2} (s(1)))), (6.93)
Wy (1) = [fi]7 (0 (s(t), v (1), w*(t), 2} (s(t)), 2] (s(1)))), (6.94)



forall e =1,...,n,. Corollary 6.6.1 implies that the right-hand sides of these ODEs
are piecewise C', and hence locally Lipschitz continuous, on the set

Q= {(3,v,W) € Iy x R"™ x R™ : (5,V, W,z5(

y

§),29(3)) € B3} (6.95)

We refer to these ODEs as the reduced ODEs and consider them with initial contitions
(s(t1), v*(t1),w*(t1)) = (t1,v(t1),w(t1)). Clearly, for any solution (s,v*, w*) of the
reduced ODEs on [t;, t1 + 6], (s, v, w) is also a solution.

For any (5,v,w) € Q and any i € {1,...,n,},

b =y = BEOE,W)) = BV OV, w)), (6.96)
— VF(5,9,W,2,(3),2; (3)) = Y/ (8,V,W,2,(3),2, (3)), (6.97)

— [f" (WF(3,%,%,2(8),2] (3))) < [fi]” (W (8,9, W,20(3),2) (3))).
6.93)

This implies that K = {(5,v,Ww) € [ x R™ x R"™ : v < w} is a viability domain
for the reduced ODEs (Definition 1.1.5 in [13]). Combining this with continuity the
right-hand sides, Nagumo’s Theorem implies that there exist § > 0 s € C*([t1,t +
8, R) and v*, w* € C'([t1,t + d], R™) satisfying the reduced ODEs and satisfying
(s(t),v*(t),w*(t)) € K, and hence v*(t) < w*(t), Vt € [t1,t1 + 6] (see Theorem 1.2.3
in [13]). But by the definition of 1, (s, v, w) leaves K immediately to the right of ¢;.
Therefore, (s,v,w) # (s,v*,w*) on [t1,t; +0]. But it has been shown above that the
right-hand sides of the reduced ODEs are locally Lipschitz continuous, so a standard

application of Gronwall’s inequality yields a contradiction. O

Corollary 6.6.3. Let (v,w,zZ zY) be a solution of (6.85)-(6.89) on I. Then any

YTy Ty

reqular solution (x,y) of (5.1) on I x P satisfying y(to,p) € [zg(to),zg(to)] for at

least one p € P also satisfies

x(t,p) € [v(t),w(t)], (6.99)

y(t,p) € YV(t,v(t), w(t), z} (1), 2z, (t)) = H* (¢ (t,v(t), w(t),z,(t), 2] (t)), (6.100)
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for all (t,p) € I x P and any q € N.

Proof. Consider Hypothesis 5.5.1. By Lemma 6.6.2, the condition (EX) holds. Since
(v, w,z),2)) satisty (6.87)-(6.88) on I, we must have (t,v(t), w(t), z,(t),2](t)) €
E;, Vvt € I. Then, by (6.87), (6.88) and Conclusion 5 of Lemma 6.2.5, the condition
(ALG) in Hypothesis 5.5.1 also holds. Now, it suffices to establish Hypotheses (IC)
and (RHS) of Theorem 5.5.6. (IC) holds by (6.89). To show (RHS).1, choose any
t € I and suppose 3(p, 2,,2,) € P x D, x [z2(t),2 (t)] such that g(t, P, 2., 2,) = 0

y y
and z, € BL([v(t),w(t)]). By definition,

o (t,v(t), w(t),zh(t),2) () C (t, v(t), w(t), zs(t), 2, (t)). (6.101)

Then, by Conclusions 5 and 7 of Lemma 6.2.5, satisfaction of (6.87) and (6.88) implies
that ¢/ (¢, v(t), w(t),z}(t),2) (t)) € Dj;. By Conclusion 4 of the same,

'Y

VIt v(t), w(t),z, (1), 2, (1) = H* (67 (t, v(t), W(t), 2, (t), 2, (1))). (6.102)

TRy N Ty YTy Y

Then, Conclusion 1 of Corollary 5.4.7 ensures that z, € Y (¢,v(t), w(t),z2(t),zY (t)).
It follows that

Filts B, 20, 2) € [fi)([6,1], P, BE(V(1), w(t)]), VE(t, v(1), w(t), 2, (1), 2,/ (1)), (6.103)
= [l (6, v (), w(t), 2,/(1), 2,/ (1)), (6.104)

and hence (6.85) ensures that (RHS).1 is satisfied. Proof of (RHS).2 is analogous. [J

A primary distinction between the two-phase and single-phase methods thus far is
that the former is able to verify existence of a solution, while this has been assumed
for the latter. It is shown below that the conditions of Corollary 6.6.3 are in fact

sufficient to assert existence as well.

Theorem 6.6.4. Let (v,w,z),2zl) be a solution of (6.85)-(6.89) on I. Then there

exists a reqular solution (x,y) of (5.1) on I x P satisfying (6.99) and (6.100) for all
(t,p) € I x P and any q € N.
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H (o(t, v, W,2,,2,)) > 2, and H"(o(t,V,W,2,,2,)) <2, . (6.105)

By Theorem (6.6.1), A is open. Furthermore, A O K, where K is the image of [
under ¢(-, v(-),w(-),z,(-), 2] (-)) because (v, w,z], z]) satisfy (6.87)-(6.88). Because
K is compact, 3§ > 0 such that q € K and ||q — '||oc < 0 implies ¢ € A. As a
special case, this implies that (6.105) holds with (, v, w, 2%, 2U) = (¢, v(t) =16, w(t)+
10,z}(t), 2 (t)) for every t € I. Arguing as in Corollary 6.6.3, this implies that
Hypothesis 5.5.1 is satisfied with [v(¢) — 16, w(t) + 18] in place of [v(t), w(¢)].

Define
Vs={(t,p,2.) € I X Px D, :2z, € [v(t) — 1§, w(t) + 1] }. (6.106)

By Lemma 5.5.4, 3H; € C'(V;, D,) such that, for every (¢,p,z,) € Vs, z, =
H;(t,p,2,) is an element of Z,(t) and satisfies g(t,p,z.,2,) = 0 uniquely among

elements of Z,(t).

Now consider the system of ODEs

X(tap) = f(t>pax(tap)aHé(taan(tap)))’ X(t0>p) = XO(p)' (6107)

By the definition of C! functions (see §6.2), the right-hand side above is defined and
C' on an open set V oV Fixing any p € P, it follows that there exists a unique
solution of (6.107), x(-, p) € C*([to, 1], D.), for some sufficiently small £ € (¢o,,] (see
[78], Ch. II, Thm. 1.1). Furthermore, this solution can be extended to a maximal
interval of existence [to,t*) such that (¢, p,x(t,p)) — 9V as t — t* (see [78], Ch.
II, Thm. 3.1). Formally, this means that, for any compact K C V, there exists
t € (to,t*) with (£, p,x(t,p)) ¢ K.

Note that Vs is compact and suppose that t* < t;. Then, since (t, p,%o(p)) €
Vs, continuity ensures that 3t € (to,tr) with (¢,p,x(t,p)) € Vs, Vt € [to,t'], and
x(t',p) ¢ [v(t'),w(t)]. Define y(¢t,p) = Hs(t,p,x(t,p)), Vt € [to,t']. It follows
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from the properties of Hs on Vj that (x,y) is a solution of (5.1) on [to,t'] x {p}. It
further follows that y(t,p) € Z,(t), Vt € [to,t']. Then, Conclusion 3 of Corollary 5.4.7
shows that this solution is regular. By Corollary 6.6.3, this implies that x(¢',p) €
[v(t'), w(t')], which is a contradiction. Therefore, t* > ;.

Since p € P was arbitrary, the previous construction defines (x,y) € C*(I x
P, D, x D,), which is C' because f and Hs are. Arguing as above, this is a regular
solution of (5.1) on I x P and satisfies (6.99) and (6.100) for all (¢,p) € I x P and
any q € N. O

In light of Theorem 6.6.4, the single-phase bounding method is simply to solve the
DAEs (6.85)-(6.89). Provided that numerical error is not a critical concern, this can
be done using any state-of-the-art DAE solver. In the case studies in §6.7 we use IDA
[82] with absolute and relative tolerances of 107°. Furthermore, we choose K = 4 and
y(t) = 1071, Vt € I. In addition to the function evaluators, IDA is provided with an
additional routine to compute the system Jacobian. This is done using the forward
mode AD scheme discussed in §6.4, with the exception that the contribution to the

L U

Jacobian owing to the dependence of C on (v, w,z,,z, ) is ignored.

6.6.1 Computational Complexity of the Single-Phase and Two-
Phase Methods

Suppose that the cost of evaluating any of the functions [f;], [g;] or [%] is O(m),
where m can be interpreted as the number of bits required to store the longest code
list describing one of these functions (i.e., the factorable representation of Chapter
2). Then complexity of a single evaluation of the right-hand sides of (6.85)-(6.88)
is O (neK (mn 4+ n3)). The contributions to this figure are described in Table 6.1,
From the table, it can be seen that the cost of a right-hand side evaluation is domi-
nated by the evaluation of yf /Y and hence H*X. The complexity of this step derives
from the O(mn?) evaluation of [2_5] and the O(n) multiplication C[g—g]. In addi-
tion to right-hand side evaluations, numerical integration of (6.85)-(6.89) will require

O((n, + n,)?) operations due to matrix factorization in the corrector iteration.

281



Table 6.1: Computational complexity of evaluating the right-hand sides of (6.85)-
(6.88). The left portion shows the sequence of computations, from top to bottom,
using the definitions (6.76)-(6.84). The right portion shows the complexity of evaluat-
ing each function on the left, assuming that values for all previous computations (i.e.
all quantities directly above the function on the left portion of the table) are given.

For functions with subscript ¢, the tabulated complexities are for all ¢ = 1,...,n,
evaluations.
n Ny + Ny
2 3
C mn, + n,
¢ H 7 1 N, Ny
H* o ¢ Yk Y mn. +nd | ngK (mnz + ng’/) N, K (mnz + ng)
1 P 0 0
filt ol [ [fil" 0¥ nem ngm

The complexity of the two-phase method is the same as that of the single-phase
method. By a similar analysis, evaluation of the right-hand sides of (6.47) and (6.48) is
O (n,K (mn + n3)), while numerical integration requires O (n?) operations. Phase 1
is dominated by Step 4 of Algorithm 2, which requires the O((n, +n,)?) factorization
of J. In practice, we find that the single-phase method is significantly more efficient
than the two-phase method (see §6.7).

Table 6.1 suggests some target areas for efficiency gains in the single-phase method,
and similar considerations also apply to the two-phase method. An approach that
removes a factor of n, from the entries in the last two columns of the fourth row
is to replace each V¥ and YV by Y(t,v,w) = HTE(4(t,v,w)). It is not difficult
to show that Corollary 6.6.3 remains true, and because ) is used for all i, HH¥
only needs to be evaluated once in order to compute the right-hand sides of the
entire system. However, the resulting bounds are weaker, and our experience suggests
that the original implementation is well worth the effort. Another approach is to
eliminate the nz terms in the second and fourth rows of Table 6.1 by using a different
preconditioning scheme and/or exploiting sparsity of dg/dy. For larger systems, this
will become important not only for efficiency, but also because computing C by direct
matrix inversion will become numerically unstable. We leave these considerations for

future work.
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6.7 Case Studies

The computations presented in this section were performed on a Dell Precision T3400
workstation with a 2.83 GHz Intel Core2 Quad CPU. All experiments had one core
and 512 MB of memory dedicated to the job. All interval computations and differen-
tiation of interval equations was done using an in house C++ library based on operator

overloading.

Example 6.7.1 (A simple DAE with a singularity). Consider the semi-explicit DAEs

z(t,p) = —pz(t,p) — 0.1y(¢, p), (6.108)
B B sin (p) P
0=y(t,p) N 25z(t, p),

with initial condition o = 1 at t, = 0 and p € P = [0.5,4.0]. We note that the
solutions y(t, p) approach 0 for all p € P (Figure 6-2). Since the algebraic equation
is not defined at y = 0, this poses an interesting challenge for bounding because
even slight conservatism in the bounds for y will eventually enclose 0 and cause the
methods to fail.

The results of applying the two proposed bounding approaches are shown in Fig-
ures 6-1 and 6-2. Note that the refined time-varying bounds computed in Phase 2 of
the two-phase method are not shown because they are indistinguishable from those
computed by the single-phase method (scrutiny shows that the latter are slightly
sharper). The bounds produced by both methods are very sharp until roughly
t = 0.25, where some slight overestimation becomes apparent. Computational times
and other performace statistics are shown in Table 6.3 for various values of ¢ (see
also Table 6.2).

With ¢y = 0.25, neither method has any significant difficulty and both produce
bounds very efficiently. As ¢ is increased to 0.30 and 0.33, the effort required of both
methods increases significantly, with the increase for the two-phase method being
more pronounced. For both methods, failure occurs around ¢ = 0.3313 and bounds

cannot be propagated further. For the single-phase method, IDA terminates after
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the corrector iteration fails to converge with minimum step size. Similarly for the
two-phase method, repeated failures in Step 4 of Algorithm 2 cause the time step to
be reduced below H.MIN (via Step 6). Indeed, the time steps taken by Algorithm
1 are evident from the staircase structure of the Phase 1 bounds in Figures 6-1 and

6-2, and are seen to shrink dramatically as ¢ approaches 0.3313.

The ultimate cause of failure is that the inclusion (6.11), and analogously the
equations (6.87)-(6.88), becomes difficult to satisfy. For the two-phase approach,
the statistic STP in Table 6.3 shows that the relative number of failed time steps is
increasing with increasing final time. These correspond to failures in Step 4 of Algo-
rithm 2, which are split evenly between cases (a) and (b), with (b) occurring because
0e D(zj , zg ) for some iterate. In the single-phase approach, the corrector iteration
in IDA encounters the same problems. Table 6.3 shows disproportionate increases
in both the number of time steps and the number of corrector iterations required by
IDA as ty is increased, indicating that the solver is having trouble satisfying (6.87)-

(6.88). Despite their eventual failures, both methods produce bounds over a longer

time horizon than any other approaches tried (see Remark 6.4.4).

On the whole, the two bounding methods fail at nearly the same time and produce
nearly identical bounds where they are successful. In cases where the two-phase
method reaches the final time with few, large time steps, the CPU time is nearly
equivalent to that of the single phase method. On the other hand, the single-phase
method is significantly faster in the difficult experiments where ¢y approaches the

failure time of 0.3313.

Example 6.7.2 (Simple distillation). Consider the simple distillation of a Benzene/

Toluene mixture. Following the analysis in [49], this process can be described by the
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Table 6.2: Definition of algorithm statistics presented in Tables 6.3 and 6.4.

CPU(s) Both methods: Computational time for the com-
plete bounding algorithm.

Phl(s) Two-phase method: Time spent in Phase 1 (Step
3 of Algorithm 1 as in §6.4).

Ph2(s) Two-phase method: Time spent in Phase 2 (Step
6 of Algorithm 1 as in §6.5).

STP Two-phase method: Number of time steps taken
by Algorithm 1 over the number of attempted steps
(the difference is the number of visits to Step 6 in
Algorithm 2). Single-phase method: Number of
times steps required by IDA [82] to solve (6.85)-
(6.89).

CRI Single-phase method: Cumulative number of cor-
rector iterations during solution of (6.85)-(6.89) by
IDA [82].

Table 6.3: Algorithm statistics for Example 6.7.1. Columns represents single experi-
ments, which vary in the specified value of ;.

ty ] 025 [ 030 [ 0.33
Two-Phase Method Statistics
CPU(s) | 0.0026 | 0.0055 | 0.0500
Phl(s) | 0.0007 | 0.0020 | 0.0280
Ph2(s) | 0.0019 | 0.0034 | 0.0212
STP | 4/5 | 11/25 | 100/214
Single-Phase Method Statistics
CPU(s) | 0.0020 | 0.0024 | 0.0089
STP 40 45 84
CRI 58 73 268
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Figure 6-1: Solutions x(t,p) of (6.108) for 16 values of p € [0.5,4.0] (solid curves),
along with bounds from the single-phase method (circles) and bounds from Phase 1
of the two-phase method (crosses). Bounds from Phase 2 of the two-phase method
are indistinguishable from the single-phase bounds and are not shown.

system of semi-explicit index-one DAEs

% = ¢B — Y8, (6.109)
0=¢p+ o —1,
0=+ —1,

0 =Py — PR (T)¢n,
0 = Pyr — PYY(T)¢r,

where the subscripts B and T denote Benzene and Toluene, respectively, ¢ is a liquid
phase mole fraction, v is a vapor phase mole fraction, T denotes temperature, P de-
notes pressure, and the vapor pressures Py (T') and P5**(T) are given by the Antoine

expression

B;

logo PY(T) = A; — Tro

i€ {B,T}. (6.110)
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Figure 6-2: Solutions y(t,p) of (6.108) for 16 values of p € [0.5,4.0] (solid curves),
along with bounds from the single-phase method (circles) and bounds from Phase 1
of the two-phase method (crosses). Bounds from Phase 2 of the two-phase method
are indistinguishable from the single-phase bounds and are not shown.

The independent variable ¢ is a dimensionless warped time (see [49]). The last two
equations in (6.109) are derived assuming that Benzene/ Toluene is an ideal mix-
ture. Nominal values of the Antoine coefficients in (6.110) are given for temperature
in degrees C' and pressures in mm HG in [53] as: Ag = 6.87987, By = 1196.76,
Cp = 219.161, At = 6.95087, Bty = 1342.31 and C't = 219.187. With P = 759.81
mm Hg constant, we consider bounding the solutions of (6.109), x = ¢p and y =
(o1, ¥B, 7, T), over the interval £ € [0, 6], while considering various combinations of
the Antoine coefficients as uncertain parameters. Computational times and algorithm
statistics are presented in Table 6.4, where the first row indicates the Antoine coeffi-
cients which are considered to be uncertain, and the second row describes the interval
P as a percent deviation around the nominal values of these coefficients. Though the
uncertainty ranges considered may seem small, they describe a wide range of solution
behavior because the corresponding parameters appear inside of an exponential in
the model equations. Indeed, within a 6% deviation from the nominal value of Ag

alone, the most volatile component can switch from Benzene to Toluene.
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In the case where p = (Ag, Bg, Ar, Br) and the deviation is +0.2%, the results
of both bounding methods are shown for ¢g, ¥p and T in Figures 6-3, 6-4 and
6-5, respectively. Again, the time-varying bounds computed in Phase 2 of the two-
phase method are not shown because they are indistinguishable from the single-phase
bounds. Both methods provide very tight bounds on ¢g throughout the £ interval of
interest, and very reasonable bounds on 1g and 7', with tight bounds at the beginning
and end of the integration time.

In contrast to the simple example of the previous section, Algorithm 1 is forced
to take relatively small time steps here. In Figures 6-3, 6-4 and 6-5, every cross
plotted marks the end of a single such step. For experiments requiring many time
steps of Algorithm 1, most are taken between ¢ values of about 1.2 and 2.6. Within
this interval, it is difficult to satisfy the inclusions of Step 3 and the step must be
restricted often. In Figures 6-4 and 6-5, sharp jumps in the Phase 1 bounds can be
observed at values of £ where a relatively large step has been achieved after a difficult
period through which the step size has been kept small. These jumps reflect the fact
that wider Z,; and Z,; are required to satisfy (6.11) and (6.12) over large steps.
For the single-phase method, one similarly observes that IDA takes more time steps
for € € [1.2,2.6], where it is difficult to satisfy (6.87)-(6.88). When the parameter
interval P is sufficiently wide, neither algorithm is able to produce bounds through
the difficult region between £ = 1.2 and £ = 2.6 (see Table 6.4). For example, when
all six Antoine coefficients are considered as unknown with a +0.2% deviation, both
algorithms fail near & = 1.53.

As in the first example, the two bounding methods are equally robust and produce
nearly identical bounds. However, the single-phase method is faster than the two-

phase method in every experiment, with a factor varying between 3.5 to 7.

6.8 Conclusions and Future Work

Two methods have been proposed for computing interval bounds on the solutions

of semi-explicit index-one DAEs over a range of initial conditions and problem pa-
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Table 6.4: Algorithm statistics for Example 6.7.2. Each column represents a single
experiment. The first row indicates the model parameters considered as uncertain,
and the second row indicates the percent deviation considered around the nominal pa-
rameter values. The symbol { indicates that the algorithm terminated unsuccessfully
before £ = 6.0.

[AB BT] [AB BB AT BT] [AB BB CB AT BT CT]
+0.2% | £0.4% | £0.2% | £0.3%7T | £0.1% +0.2%7
£ 6.0 6.0 6.0 1.090 6.0 1.534
Two-Phase Method Statistics
CPU(s) | 0.073 | 0.1610 | 0.1637 0.24 0.0929 0.22
Phl(s) | 0.0315 | 0.0746 | 0.0800 0.16 0.0413 0.15
Ph2(s) | 0.0412 | 0.0862 | 0.0835 0.08 0.0516 0.07
STP 44/88 | 93/187 | 96/193 | 100/214 | 55/110 100/209
Single-Phase Method Statistics
CPU(s) | 0.0204 | 0.0229 | 0.0241 0.06 0.0185 0.06
STP 77 83 103 89 77 91
CRI 110 132 160 259 103 244

rameters. The first method is a two-phase approach using an interval existence and
uniqueness test in Phase 1 and a refinement procedure based on differential inequal-
ities in Phase 2. Efficient implementations for both phases were presented using
interval computations and a state-of-the-art ODE solver. The second method com-
bines the two phases of the first method and requires numerical solution of a system
of semi-explicit DAEs. Two case studies were considered, demonstrating that both
methods produce sharp bounds very efficiently, with the single-phase method being

consistently faster.

Several potential improvements to the presented algorithms remain to be explored.
In the case of ODEs, it has been shown that problem specific physical information
can often be incorporated into bounding methods based on differential inequalities
to achieve significantly sharper bounds (see Chapters 3 and 4). The use of such
information should be explored for sharpening the results in Theorems 5.4.8, 5.5.2,
5.5.3 and 5.5.6. The bounding methods presented here demonsrate that the presence
of implicit equations can be overcome through the use of interval Newton methods.

Thus, a further area of research is to extend these ideas to the problem of bounding
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Benzene Liquid Mol Fraction

Figure 6-3: Solutions ¢g(&, p) of (6.109) for p = (Ag, Bg, At, Br) uniformly sampled
within a £0.2% deviation from nominal values (solid curves), along with bounds from
the single-phase method (circles) and bounds from Phase 1 of the two-phase method
(crosses). Bounds from Phase 2 of the two-phase method are indistinguishable from
the single-phase bounds and are not shown.

fully implicit DAEs. Finally, these ideas could also be used to compute bounds on the
solutions of high-index systems by combining the approach here with the derivative

array equations.
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Benzene Vapor Mol Fraction
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Figure 6-4: Solutions ¥ (&, p) of (6.109) for p = (Ag, By, Ar, Br) uniformly sampled
within a +0.2% deviation from nominal values (solid curves), along with bounds from
the single-phase method (circles) and bounds from Phase 1 of the two-phase method
(crosses). Bounds from Phase 2 of the two-phase method are indistinguishable from
the single-phase bounds and are not shown.
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Figure 6-5: Solutions T'(§, p) of (6.109) for p = (Ag, Bg, Ar, Br) uniformly sampled
within a £0.2% deviation from nominal values (solid curves), along with bounds from
the single-phase method (circles) and bounds from Phase 1 of the two-phase method
(crosses). Bounds from Phase 2 of the two-phase method are indistinguishable from
the single-phase bounds and are not shown.
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Chapter 7

State Relaxations for Parametric

ODEs

7.1 Introduction

In this chapter, two methods are developed for computing convex and concave relax-
ations of the parametric solutions of nonlinear ordinary differential equations (ODEs).
In particular, a general system of ODEs is considered where both the initial condi-
tions and the right-hand side functions depend on a real parameter vector. Given
such a system, an auxiliary system of ODEs is derived which describes convex under-
estimators and concave overestimators for each of the state variables with respect to
the parameters, pointwise in the independent variable. These relaxations are termed
state relaxations.

There are two motivations for computing state relaxations here. First, they pro-
vide another method for enclosing the reachable sets of parametric ODEs, in addition
to the methods for computing state bounds presented in Chapter 3. Since state re-
laxations are parameter dependent and are evaluated one parameter value at a time,
deriving a useful enclosure from them is not entirely direct and is the subject of
Chapter 9. The second motivation for computing state relaxations is for their use
in deterministic global optimization algorithms for problems with ODEs embedded

[135, 164, 104]. The computation of state relaxations for this application is the subject
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of several recent articles [162, 157, 151, 150]. Largely owing to the difficulty of this
computation and the weaknesses of available methods, it remains an unfortunate fact
that state-of-the-art deterministic methods for global dynamic optimization can only
solve problems of modest size with reasonable computational effort, typically on the
order of 5 state variables and 5 decisions. On the other hand, potential applications
for such techniques are ubiquitous, including parameter estimation problems with
dynamic models [163, 55, 42, 103], optimal control of batch processes [167, 34|, safety
verification problems [85], optimal catalyst blending [108], optimal drug scheduling
[35, 116], etc. Moreover, representative case studies in the literature suggest that
these applications commonly lead to problems with multiple suboptimal local min-
ima, especially when the embedded dynamic system involves a model of chemical
reaction kinetics [108, 55, 16]. Thus, the need for improved relaxation techniques is

clear.

The first method for computing state relaxations was proposed by Esposito and
Floudas [54] using a dynamic extension of the « BB convexification theory described
in [7]. This method relies on a finite sampling step to bound the second-order sensi-
tivities of the ODEs, and therefore cannot guarantee that the resulting relaxations are
convex. In [135], bounds on these sensitivities are computed, resulting in guaranteed
convex relaxations, yet these relaxations are typically very weak and the second-order
sensitivities are costly to evaluate. Much more recently, two related approaches have
been developed in which McCormick’s relaxation technique is applied to a charac-
terization of the ODE solution by a Taylor expansion with a rigorous enclosure of
the truncation error [151, 150]. These methods extend interval bounding techniques
based on a similar analysis [104] and appear capable of providing very tight relax-
ations when a sufficiently high-order expansion is used. On the other hand, computing
relaxations of a high-order Taylor expansion is very expensive for high-dimensional
problems, and the existence of an appropriate compromise in the context of global

optimization remains an open question.

In this chapter, we consider methods of a third type [161, 162, 157, 158], where

state relaxations are computed as the solutions of an auxiliary system of ODEs which
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are derived by relaxing the right-hand sides of the original ODEs in various manners.
Methods of this type have the advantage that they are efficient and relatively simple
to implement. Since the auxiliary ODEs can be solved by numerical integration, the
cost of evaluating these relaxations is comparable to that of simulating the original
dynamic system. This approach originates with the method in [162], which describes
affine state relaxations. Here, two new classes of auxiliary ODEs are defined, and both
are proven to describe valid state relaxations as their solutions. In contrast to the
method in [162], both of these methods produce state relaxations that are potentially
non-affine with respect to the ODE parameters (these will be called nonlinear for

brevity).

In order to develop these methods, we consider in a general context the basic
requirements that must be imposed on an auxiliary system in order to guarantee that
it describes valid state relaxations as its solutions. We arrive at two independent
sets of sufficient conditions, leading to the two proposed relaxation methods. The
first set of conditions, termed relazation amplifying dynamics, was developed first
and can be shown to provide much tighter relaxations than the affine theory in [162]
for highly nonlinear problems on large parameter ranges. This is due to the fact that
the parametric ODE solution is itself highly nonlinear over large parameter ranges,
and can therefore be better approximated by a nonlinear relaxation. On the other
hand, preliminary numerical experiments show that the affine relaxations are often
superior in the context of branch-and-bound global optimization because they provide
tighter relaxations over small intervals, where the original ODE solution is only weakly

nonlinear.

Motivated by these observations, we present a conceptual analysis of the condi-
tions of relaxation amplifying dynamics and demonstrate that relaxations resulting
from this theory necessarily have several undesirable properties. At the same time,
this analysis suggests a much weaker set of conditions, termed relazation preserving
dynamics, which essentially integrate the most advantageous aspects of the original
nonlinear relaxation theory and the affine theory in [162]. A second method is then

derived based on these weaker conditions.
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In §7.6, we develop numerical methods for computing state relaxations according
to both of the theories discussed above. In both cases, auxiliary systems satisfying
the required properties are derived through the use of natural McCormick extensions
according to the generalized McCormick relaxation technique presented in Chapter 2.
Like the affine relaxation theory in [162], evaluating these relaxations involves a single
numerical integration of the auxiliary system. For the relaxations derived through
the use of convexity amplifying dynamics, this simulation is straightforward. For the
relaxations derived through the use of convexity preserving dynamics, the auxiliary
system is slightly more complicated and must be simulated as a hybrid system with

state events [136].

Several other seemingly related notions of convexity and relaxation appear in the
literature on optimal control and ODE theory which are relevant to this work in vary-
ing degrees. In [15], sufficient conditions are given under which an optimal control
problem on a general Hilbert space is convex, based on classical results on the com-
position of convex functions. If this Hilbert space is taken as a finite-dimensional real
vector space, as would result from reformulation through control parameterization
[173], this notion of convexity is equivalent to that in the work presented here. How-
ever, the conditions in [15] are extremely restrictive, and no constructive procedure
is given for generating convex and concave relaxations of nonconvex problems. In
more classical results regarding sufficient optimality conditions for optimal control
problems [177, 159], convexity of the Hamiltonian is assumed with respect to the
state variables and the controls. Convexity in this sense treats the states and con-
trols as unrelated, whereas the purpose of this work is to approximate the parametric
dependence of the state variables by convex and concave functions, so these notions
are distinct. The article [143] (and the references therein) details conditions for the
reachable set of a system of ODEs beginning from a ball of initial conditions to be
convex. Again, this is an unrelated notion because a convex set in state space does
not imply convex dependence on the initial conditions for each state variable, nor
the converse. Finally, the term relaxation is often applied to optimal control and

variational problems where the set of admissible controls is enlarged or embedded in
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a larger space (i.e., measure-valued controls), and/or the cost functional is underes-
timated by a lower semicontinuous functional [183, 64]. Though similar in spirit, the

type of relaxations considered here are fundamentally different (see Definition 7.2.1).

7.2 State Relaxations for a Generic Function

Let I = [tg,tf] C R and P C R™ be compact intervals and let x : I x P — R"* be a
continuous function such that x(-, p) is absolutely continuous on I for every p € P.
In this section and the following two, we consider computing state relaxations for such
an arbitrary function. The purpose of this generality is to apply the same theory to

ODEs and DAEs alike. State relaxations for x are defined as follows.

Definition 7.2.1. Continuous functions x®,x“ : I x P — R" are called state
relazations for x on I x P if, for every t € I, x*(t,-) is convex on P, x“(t,-) is

concave on P, and x“(¢,p) < x(t,p) < x“(t,p), Vp € P.

Remark 7.2.2. The requirement that P is an n,-dimensional compact interval is
primarily for computational reasons. The theoretical developments to follow could
deal just as easily with a more general compact, convex set in R™. In particular,

McCormick’s relaxation technique [118] requires that P be an interval.

With one caveat, the approaches in this thesis compute state relaxations as the

solutions of an auxiliary system of ODEs of the form

x“(t,p) = u(t,p,x”(t,p),x“(t,p)), x“(to,p) =x5"(P), (7.1)

x“(t,p) = o(t, p,x“(t,p),x“(t,p)), x“(to,P) = x5 (p),

where x{’, x(° : P — R" and u,0 : [ x P xR"* xR" — R"=. The following regularity

assumption holds throughout this chapter.
Assumption 7.2.3. The ODEs (7.1) satisfy the following conditions:

1. x§" and x{° are continuous on P,
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2. u and o are continuous on I x P x R™ x R",

3. There exists L € Ry such that

5> CU 5CC

||u(t7 p, ZCU7 ZCC) - U(t, P, icvv 2CC)HOO + HO(t, P, chv ZCC) - 0(t7 P,z ,Z )Hoo

< L([2% = 2% + |2 = 2l )

cv cc

for all (¢, p,z, 2%, 2z, 2°) € [ x P x R™ x R" x R" x R"=.

It is always assumed that the functions x§” and x{° are, respectively, convex and
concave relaxations of x(to,:) on P. The conditions that are required of u and o in
order to guarantee that (7.1) furnishes state relaxations as its solutions are of course
more difficult to formulate and impose. This is the primary question addressed in
this chapter, and two sets of sufficient conditions are presented.

Once these conditions have been formulated, they are applied to the case where x
is the solution of a system of parametric ODEs in §7.6, and to the case where x is the
solution of a system of semi-explicit DAEs in Chapter 8. In both of these cases, the
required functions u and o are derived using the generalized McCormick relaxations
of Chapter 2.

Both in the construction of u and o in these cases, and in the statement of the
required conditions on these functions, we will make use of state bounds. These can

of course be computed by any of the methods in Chapters 3-6.

Assumption 7.2.4. State bounds x*,xV : I — R"™ for x on I x P are available;

ie, x(t,p) € X(t) = [xL(t),xY(t)], V(t,p) € I x P.

7.3 Relaxation Amplifying Dynamics

In this section, we give the first set of conditions on (u, 0), under the name relazation
amplifying dynamics, that guarantee that (7.1) furnishes state relaxations of x as its

solutions. The functions (u,0) are said to describe relaxation amplifying dynamics
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if they describe both bound amplifying dynamics and convexity amplifying dynamics,

defined below.

Definition 7.3.1. The functions (u, 0) describe bound amplifying dynamics for x on
I x P if, for arbitrary functions z¢,z° : I x P — R"™ and every p € P, the following
condition holds: For a.e. t € I such that z(t,p) < x(t,p) < z°({,p), u and o

satisfy

u(t,p,z”(t,p),z(t,p)) < x(t,p) < o(t,p,z"(t,p),z(t, p)).

Note that the condition of the previous definition holds pointwise in p; i.e., both
the hypotheses and the conclusion need only hold at a single p € P. In order to make
equally general statements of convexity/concavity assumptions on (u, o), the notion

of a function being consistent with convexity at a point is useful.
Definition 7.3.2. A function g : P — R" is consistent with converity at a point

()\,pl,pg) c (0,1) x P x Pif

g(Ap1 + (1 = A)p2) < Ag(p1) + (1 — N)g(p2)-

It is consistent with concavity at (A, p1, p2) if the opposite (weak) inequality holds.

Definition 7.3.3. The functions (u, o) describe convexity amplifying dynamics for
x on I x P if, for arbitrary functions z,z% : [ x P — R"™ and every (), p1,p2) €

(0,1) x P x P, the following condition holds: For a.e. ¢ € I such that
1. z®(t,-) is consistent with convexity at (\, p1, p2),

2. z°(t,-) is consistent with concavity at (\, p1, p2),

3. z(t,q) < x(t,q) <z°(t,q), ¥q € {p1, P2, Ap1 + (1 — A\)p2},

the functions

P>pr—u(t,p,z(t,p),z°“(t,p)) and P >p+— o(t,p,z(t,p),z“(t,p))
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are, respectively, consistent with convexity and consistent with concavity at (A, p1, p2)-

To interpret these definitions, let (x“’, x““) be a solution of (7.1) and suppose that,
for some ¢ € I, it is known that x°(f,-) and x°(,-) are, respectively, convex and
CU

concave relaxations of x(Z,-) on P. Then applying Definition 7.3.1 with z® = x

and z° = x*, and using Equation (7.1),
x(t,p) < x(t,p) <x“(t,p), Vpe P (7.2)

Moreover, choosing any (A, p1,p2) € (0,1) X P x P and letting p = Ap; + (1 — A\)pa,
Definition 7.3.3 implies that

X(t,p) < AX(t, p1) + (1 — N)X(, pa), (7.3)

X(1,p) > MX“(t, p1) + (1 — N)x(t, p2).

Intuitively, these inequalities suggest that the bounding properties and the convexity
and concavity properties of (x®,x“) should be preserved to the right of t. Indeed,

we have the following theorem.

Theorem 7.3.4. Suppose that Assumption 7.2.3 holds. Let x{’, x5 : P — R™
be, respectively, convexr and concave relazations of xg on P, and let (u,0) describe
relazation amplifying dynamics for x on I x P. Then (7.1) has a unique solution

(x,x) on all of I x P, and X and X are state relaxations for x on I X P.

This result shows that state relaxations for x can be evaluated by simply inte-
grating any auxiliary system that satisfies Assumption 7.2.3 and describes relaxation
amplifying dynamics. In §7.6, we show how to construct such a system automat-
ically using generalized McCormick relaxations in the case where x is the solution
of a system of parametric ODEs. Combining this with a state-of-the-art numerical
integration code, Theorem 7.3.4 provides a simple and efficient means of computing
state relaxations. However, this method also has some significant drawbacks that

lead to the second, weaker set of conditions on (u,0) presented in §7.4.
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7.3.1 Proof of Theorem 7.3.4

Preliminaries

The proof uses a standard construction in ODE theory known as successive approxi-

mations (or Picard iterates) [43], presented in the following theorem.

Theorem 7.3.5. Let I = [ty,tf] C R, P € IR™, and let vo : P — R™ and h :
I x P xR"™ — R™ be continuous functions. Furthermore, suppose 3L € R, such

that
Ih(t,p,z) —h(t,p,2)|L < Ll|z — 2|\, Y(t,p,2,2) € x P xR™ xR"™.

Given any continuous function v° : I x P — R™, the successive approzimations

defined recursively by

VH(2,p) = vo(p) + / h(s, p, v (s, p))ds (7.4)

to

exist as continuous functions on I x P and converge uniformly to a solution of

V(tap) = h(t,p,v(t,p)), V(t0>p) = VO(p)? (75)

on I x P. Furthermore, this solution is unique.

Proof. By hypothesis, v° is defined and continuous on all of I x P. Supposing this is
true of v¥, (7.4) defines v**! on all of I x P and continuity follows from the continuity
of vo and h. Thus, induction shows that each v* is defined and continuous on all of

I xP.

Now define

v= max |h(t,p,v!(t,p)) —h(t,p,v°(t,p))[.
(t,p)eIXP
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It will be shown that

YLE(t —to)"

k+1 ok
[V 0 p) = VA )l < T

for all (¢,p) € I x P and every k € N. For k =1, (7.4) directly gives

||V2(t>p) - Vl(tap)Hl < /t ||h(8,p,Vl(S,p)) - h(s,p,vo(s,p))Hlds < V(t - tO)?

for all (t,p) € I x P. Supposing that (7.6) holds for some arbitrary k, it must also
hold for k£ + 1 since

t
||Vk+2(t7 p) - Vk+1(t7 p) ||1 < / ||h($, b, V]H_l(sv p)) - h(S, | oF Vk(s> p)) ||1d$,
to

t
S L ||Vk+1(87p) _Vk<87p)||1d87

to

Lk+1 t
< 7 / (5 —to)kds,
to

LE!
7Lk+1(t _ to)k+1
- Lk+1)! 7

for all (t,p) € I x P. Thus, induction proves (7.6). Now, for any n,m € N with

m > n, Equation (7.6) and the triangle inequality give

[v*(t,p) = v"(t, p)lh < [Vt p) = v (E P+ [VEEP) = v P,
n — n m—1 _ m—1
C LMty )t Ay — t) |
- Ln! L(m —1)!
i yLE(ty — to)k
4 Lkl

for all (¢,p) € I x P. But

YL (ty —to)" _ 0 Lity—to)
Z 77 = Ze f < 00,
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YL (tg—to)*

e = 0, which implies that the sequence {v*} is

and hence lim, o > ;o
uniformly Cauchy on I x P, and hence converges uniformly to a continuous limit
function there.

Next it is shown that this limit function, denoted v, is a solution of (7.5) on I x P.

From the Lipschitz condition on h,

t t t
I [ bispovtsp)ds = [ hispovis sl < 2 [ VH(s.p) = visp)luds,
to to to

for all (t,p) € I x P, so that the uniform convergence of {v*} to v on I x P implies
that limy,_, ft'; h(s,p, vi(s,p))ds = ftf) h(s,p,v(s,p))ds, for all (t,p) € I x P. Then,
taking limits on both sides of (7.4) gives

V(.9 = volp) + [ Wls.pvis,p)ds, ¥0.p) € L P

to

which, by the fundamental theorem of calculus and continuity of the integrand, implies
that v is a solution of (7.5). Uniqueness of v now follows (for each fixed p € P), by

a standard application of Gronwall’s inequality (Theorem 1.1, Ch. III, [78]). O

Proof

Define x0(t, p) = x(t) and x°“°(¢,p) = xY(t), V(t,p) € I x P, and consider the

successive approximations defined recursively by

t
Xcv,/lc+1(t7 p) — ng(p) + / u(87 P, XCU’k(S, p)’ ch,k(s’ p))d& (7.7)

to

t
ch,k+1(157 p) = x(p) + / o(s, p, xcv,k(s7 p), xcc,k(S7 p))ds.

to

Note that u and o are defined on I x P x R™ x R™ and Lipschitz on all of R x R™*
uniformly on I x P by Assumption 7.2.3. Thus, Theorem 7.3.5 may be applied to
(7.1), which proves that the successive approximations x°* and x°“* in (7.7) exist
and converge uniformly to the unique solutions of (7.1), x® and x°, on I x P.

Next, note that x*(¢, -) and x*“°(¢, -) are trivially convex and concave relaxations
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of x(t,-) on P, respectively, for each fixed ¢ € I. Suppose that the same is true of

kand xcok,

cv,

X Then, choosing any p € P, we may apply Definition 7.3.1 with

(2, z¢¢) = (x*F, x°k) to conclude that

u(t, p,x*(t,p), x“*(t,p)) < x(t,p) < o(t, p,x*(t, p), x“*(t, p)),

for a.e. t € I. Combining this with integral monotonicity,

t t
/ u(s,p,xm”k(s,p),xcc’k(s,p))ds < / Xx(s,p)ds,
to

to

t
< / o(s, Py X (s, p), x“¥ (s, p))ds,
t

0

for all (t,p) € I x P. But since x§’(p) < x(tp, p) < x{°(p) for all p € P, (7.7) shows
that

t
x*tL(¢, p) < x(to, p) +/ X(s,p)ds < x“*(t,p), V(t,p) €I x P,

to

which gives

XL p) < x(t, p) < xFH(t,p), V(t,p) el x P.

For every t € I, convexity of x“*(¢,-) on P implies that it is consistent with
convexity at every (A, p1,pz2) € (0,1) x P x P, and the analogous observation holds
for x°“*(¢,.). Then, choosing any (), p1,p2) € (0,1) x P x P, Conditions 1 and 2 of
Definition 7.3.3 hold with (z¢,z¢) = (x**, xk). Moreover, the fact x**(¢,p) <
x(t,p) < x*(t,p), V(t,p) € I x P, implies that Condition 3 holds as well. Then,
Definition 7.3.3 implies that

u<t7 137 Xcv7k<t7 IA)>7 ch’k(t IA))) S)\u(fﬂ P1, Xcv7k(t7 p1)7 XCQk(TH pl))

+ (1 - )\)ll(t, P2, Xcv7k(t7 p2)a XCQk(ta P2))>

for a.e. t € I, where p = Ap; + (1 — A\)p2. By monotonicity and linearity of the
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integral,

t

t
/ u(s, by xH(s, B xH(s, B))ds <A / u(s, pr, XK (s, pr), x4 (s, py))ds

to to

t
1= / (s, P, X (s, pa), XK (s, o) )ds,

to

for every t € I. Making the analogous concavity arguments for o and noting that the

conditions of Definition 7.3.3 hold for all (A, p1, p2) € (0,1) X P x P, this implies that

t

t
/ u(s, -, x“”k(s, ), xcc’k(s, -))ds and / o(s, -, x“”k(s, ), xcc’k(s, ))ds

to to

are, respectively, convex and concave on P, for every fixed t € I. Since x§’ and
x§¢ are respectively convex and concave by hypothesis, (7.7) shows that x**! and
xF+1 are, respectively, convex and concave on P for every fixed ¢ € I. Therefore, by
induction, x*k(¢, ) and x°*(¢, -) are, respectively, convex and concave relaxations of
x(t,-) on P, for each fixed ¢t € I and every k € N.

* converge uniformly to the

It was shown above that, as k — oo, x** and x°
unique solutions of (7.1) on I x P. Then, taking limits, it is clear that x®(¢,-) and
x“(t, -) are, respectively, convex and concave relaxations of x(t, -) on P, for each fixed

tel

7.4 Relaxation Preserving Dynamics

In this section, a second set of sufficient conditions on (u, 0) is developed. Through a
conceptual discussion, it is shown that the requirement of relaxation amplifying dy-
namics (Definitions 7.3.1 and 7.3.3) imply two very undesirable properties of (x, x°).
We use these observations to motivate the weaker requirements of relazation preserv-
ing dynamics, which potentially describe much tighter relaxations.

Suppose that (u,0) describe relaxation amplifying dynamics for x on I x P and
let x®,x : [ x P — R"™ be solutions of (7.1). Consider again Definition 7.3.1
and suppose that x®(t,p) < x(t,p) < x“(t,p), ¥(t,p) € I x P, as desired. Then
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Definition 7.3.1 implies that (7.2) holds for a.e. ¢ € I, and it follows that, for example,
the difference x(+, p) —x“(+, p) is non-decreasing on I, for every p € P (See Theorem
3.3.3). In other words, once a certain level of conservatism in the underestimator
x“(-,p) has been established, it can only be amplified as t increases (hence the

name). Clearly, an analogous argument holds for the upper bound x.

Similarly, suppose that x“(t,-) and x“(t, -) are, respectively, convex and concave
on P for all t € I, as desired. Then, choosing any (A, p1,p2) € (0,1) x P x P and
letting p = Ap; + (1 — A\)pg, Definition 7.3.3 implies that (7.3) holds for all ¢ € I.

Again, it follows that the difference

[AX (- p1) + (1 = N)x“ (-, p2)] = x“(-, P)

is a non-decreasing on I; i.e., x“(t, -) becomes in a sense more convex as t increases.
Similarly, x°(¢, -) becomes more concave with increasing ¢, and these trends are quite

regardless of the parametric behavior of x.

These observations motivate a more conservative set of conditions on (u, 0). Con-
sider, for example, the upper bounding property of x°“. Suppose that, for some
(t,p) € I x P and some i € {1,...,n,}, it happens that z;(f,p) < x$°(f, p). Then,
regardless of the values of #;(#,p) and #¢°(, p), continuity ensures that 30 > 0 such
that x;(t,p) < 2¢°(t,p), Vt € [t,t + 6]. Thus, there is no reason to require that
#i(t,p) < #5°(, p), because x;(-, p) and z¢°(-, p) are not in danger of crossing imme-
diately to the right of £. This suggests that it should only be necessary to require
that (¢, p) < (£, p) in the situation where z;(Z, p) = x5°(f, p) which leads to the

notion of bound preserving dynamics.

Definition 7.4.1. The functions (u,0) describe bound preserving dynamics for x
on I x P if, for arbitrary functions z®,z° : I x P — R"*, every p € P and every

i€{l,...,n.}, the following conditions hold:

1. For a.e. t € I such that z®(¢,p),z°(t,p) € X(t), z®(t,p) < z°(t,p) and
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Ccv

M (t,p) = 2°(t, p), w; and o; satisfy

ui(t, p,z%(t,p), z(t, p)) < o;(t, p, 2% (¢, p), z(t, p)). (7.8)

2. For a.e. t € I such that z¢(¢,p),z°(t,p) € X(t), z°(t,p) < x(t,p) < z°°(t, p)
and z;(t,p) = 2(t, p), u; satisfies u;(t, p,z(t, p),2°(t, p)) < @;(t, p).

3. For a.e. t € I such that z(t, p), z°(t, p) € X(t), z°(¢,p) < x(t,p) < z°(t,p)

and z;(t,p) = 2{(t, p), o; satisfies o;(t, p,z%(t,p), z°°(t,p)) > Z:(t, p).

The intuitive principle behind this definition has its roots in viability theory and
the study of differential inequalities [13, 182]. Indeed, this idea was used extensively in
the state bounding results of Chapter 3. A very interesting result of the development
here is that a similar observation can be used to weaken significantly the requirements
of convexity amplifying dynamics. To see this, choose any (A, p1,p2) € (0,1) x P x P,
let p = Ap; + (1 — \)pa, and suppose that, for some £ € I and some i € {1,...,n,},
it happens that

(1, p) < Ax(t, p1) + (1 — N2 (¢, pa). (7.9)
Then, again, there is no need to require that
#5°(8,p) < A2V (t, pr) + (1 — N)i" (7, p2), (7.10)
since mere continuity ensures that 30 > 0 with
5t p) < AoV (t, p1) + (1 — N)ao(t, p2), Vt € [t,t+0]. (7.11)

This suggest that (7.10) need only hold in the case where

(1, p) = A" (E, p1) + (1 = N (1, pa). (7.12)
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Definition 7.4.2. The functions (u,0) describe convezity preserving dynamics for
x on [ x P if, for arbitrary functions z°,z° : I x P — R" and every (A, p1,p2) €
(0,1) x P x P, the following condition holds: For every i € {1,...,n,} and a.e. t € [
such that

1. z°(t,-) is consistent with convexity at (A, p1, p2),
2. z°(t,-) is consistent with concavity at (A, p1, p2),

3. ch(tv q) S X(tv q) S ch(ta q) and ch(ta q)v ch(tv q) € X(t)7 vq € {plv P2, )‘pl +
(1 - )\)pQ}a

the functions u and o satisfy

L If 28°(t, p) = Az8¥(t, p1) + (1 — N)z§¥(t, pa), then the composite function P >

p — u;(t, p,z(t, p), z°°(t, p)) is consistent with convexity at (A, p1, p2),

2. If z8°(t,p) = Azi(t, p1) + (1 — N)z¢°(t, p2), then the composite function P >

p — 0;(t,p,z(t, p),z(t, p)) is consistent with concavity at (A, p1, p2).

If (u,0) describe both bound preserving dynamics and convexity preserving dy-
namics, then it will be said that they describe relazation preserving dynamics. The
main result of this chapter is the proof that, if (u,0) describe relaxation preserving
dynamics for x on I x P, then state relaxations for x on I x P are given by the
solutions of a system of ODEs similar to (7.1). This is the subject of the next sec-
tion. Though these conditions may seem cumbersome, it will be shown that they can
be satisfied automatically through a construction based on generalized McCormick
relaxations in the case where x is the solution of a system of ODEs or semi-explicit
DAEs. In fact, this construction requires only a minor modification of the procedure
used to construct functions satisfying relaxation amplifying dynamics. Thus, this
results in a second method for computing state relaxations. In §7.7, it is shown that
in the case of ODEs these relaxations offer significant improvements over relaxations
derived by existing methods, as well as those derived through relaxation amplifying

dynamics.
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7.5 Sufficiency of Relaxation Preserving Dynamics

Even under the assumption that (u,0) describe relaxation preserving dynamics for
x on I x P, the solutions of (7.1) will not necessarily be state relaxations for x on
I x P. The reason is that the required properties of (x,x) only follow from the
properties of (u,0) provided that x*(t,p),x“(t,p) € X(t), V(t,p) € I x P (Note
the role of X (¢) in Definitions 7.4.1 and 7.4.2). Unfortunately, this inclusion is not

guaranteed by (7.1).

Accordingly, it is necessary to modify (7.1). In doing this, it is assumed that the
state bounds x” and xV are absolutely continuous functions. Recall that an absolutely
continuous function is differentiable almost everywhere, so that x(¢) and xY(t) are
well defined for a.e. t € I. For the state bounding methods of Chapter 3, x* and xV
are themselves given by the solution of an auxiliary system of ODEs, so that absolute

continuity of these functions follows directly. Now, consider the auxiliary system of

ODEs described by

u;(t, p,x(t, p), x“(t, p)) if xf(t,p) € [z} (1), z] (1)]
;' (t,p) = ¢ max(F(t), w;(t, p,x(t, p),x“(t,p))) if x(t,p) < xl(t) :
min(z (t), u;(t, p, x(t, p),x(t,p))) if (¢, p) > ¥ (t)
(7.13)
0i(t, p,x(t,p), x(t, p)) if f(t,p) € [x](t), Y (t)]
;°(t,p) = § max(if(t), 05(t, p,x(t, p), x“(t,p))) if af(t,p) < xF(t) )
min(z (t), 0i(t, p, x(t,p),x(t,p))) if x{°(t,p) > 2V (t)
" (to, p) = max(z} (to), z§%(p)),  xi°(to, p) = min(zy (o), 25 (p)),

for each ¢ = 1,...,n,. It is shown in Lemma 7.5.3 below that the solutions of this
system satisfy x(t,p),x“(t,p) € X(t), V(t,p) € I x P. Having established this,
the fact that (x®,x°) are state relaxations for x on I x P is derived from the fact
that (u, 0) satisfy relaxation preserving dynamics for x on I x P in Sections 7.5.1 and

7.5.2.
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To begin, it is necessary to define precisely what constitutes a solution of (7.13).
We follow the classical definition of a solution for a system of ODEs with discontinuous
right-hand sides from Chapter 2, §4 in [62], which in the case of (7.13) reduces to the

following:

Definition 7.5.1. Two functions x®,x° : [ x P — R" are solutions of (7.13) on
I x P if, for each i and every p € P, (-, p) and z5°(-,p) are absolutely contin-
uous on I, the initial conditions z{*(to, p) = max(x](to),z§(p)) and z{(to, p) =
min(z{ (to), z§5(p)) are satisfied, and, for a.e. ¢ € I, i’(t,p) satisfies (7.13) if
2¢(t, p) # xF(t) and 2¢°(t, p) # x¥(t), and otherwise satisfies

'j‘fv (t7 p) € [ul(t7 p, XCU<t7 p)v ch<t7 p))v max('j:iL (t)a u2<t7 p, Xcv(t7 p)7 ch(t7 p)

)

it af’(t,p) = 2} (t),
)
(

~

ifv(ta p) € [HHH(ZIZ’ZU(t), U; (ta P, Xcv(t7 p)> ch(t7 p)))> uz(t7 p, Xcv(ta p)a ch(ta P

it 2(t,p) = 2y

)

~—

and @§°(¢, p) satisfies (7.13) if 25°(¢, p) # xX(t) and 25°(¢, p) # 2Y(t), and otherwise

satisfies

&§°(t, p) € [oi(t, p,x"(t, ), x*(t, p)), max(i; (1), 0;(t, p,x” (¢, p), x**(t, P)))]

)
if z5°(t,p) = 2V ().

Remark 7.5.2. The definition of a solution above is weak in the sense that it permits
¢¥(t, p) and @5°(t, p) to take a range of values whenever the solutions lie on potential
points of discontinuity of the right-hand side functions in (7.13); i.e. 2¢°(¢,p) = xX(¢),
r(t,p) = 2Y(t), z¢¢(t,p) = aL(t) or 2%(t,p) = 2V (t). The advantage of this
definition is that local existence and uniqueness of a solution of (7.13) in this sense

follows from the classical results in [62] (see Theorem 1 in Chapter 2, §7.2, and
Theorem 1 in Chapter 2, §10). On the other hand, this generality does not impede
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the arguments establishing that (x®, x) are state relaxations for x on I x P. In fact,
it will be shown in the course of these developments that (x,x°) actually satisfy
a much simpler set of conditions, which enable (x“;x°) to be approximated using

numerical integration with event detection (See Lemma 7.5.6).

It is now shown that the solutions of (7.13) satisfy x(¢,p),x“(t,p) € X(¢),
V(t,p) € I x P.

Lemma 7.5.3. Let (x®,x°) be a solution of (7.13) on IXP. Thenx“(t,p),x“(t,p) €
X(t), VY(t,p) e I x P.

Proof. Suppose there exists p € P, i € {1,...,n,} and ¢ € I for which 2%(,p) <
xF(t). We show a contradiction (the proof is analogous if z¢'(¢,p) > 2V (#) or
z$°(t,p) ¢ [zF(t), 2V (1)]). Let t; = sup{s € [to,t] : 2%(s,p) > xX(s)}. Since
%(to, p) > xl(ty), this set is nonempty. Because ¢; is an upper bound, we have
280 (t, p) < xF(t) for all t € [to, t] with ¢ > t,. Because ¢, is the least upper bound, we
must have x¢(t, p) > zF(¢) immediately to the left of ¢;. By continuity, this implies
that 2¢¥(t,, p) = xX(t,), and hence t; € [to, ).

Then, for a.e. t € [t;,1], Definition 7.5.1 implies that

" (t, p) = max(&] (t), us(t, p, x(t, p), x“(t, p))) > i} (t).

Applying Theorem 3.3.3, (xF — (-, p)) is non-increasing on [t1, ], and hence 0 =
xE(ty) — 28 (ty, p) > 2k(t) — 2¢°(f, p). But then z¢¥({, p) > x¥(t), which is a contra-
diction. O

7.5.1 Bounding properties

Under the assumption that (u, o) satisfy bound amplifying dynamics for x on I x P,
the fact that the solutions of (7.1) bound x on I x P is in essence a consequence of
integral monotonicity. On the other hand, establishing this result for the solutions of

(7.13), under the weaker assumption that (u, o) satisfy bound preserving dynamics for
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x on I x P, requires much more sophisticated arguments using differential inequalities

[182]. We first establish that x(¢,p) < x““(¢,p), V(t,p) € I x P.

Lemma 7.5.4. Let (x®,x) be a solution of (7.13) on I x P and suppose that As-
sumption 7.2.8 holds. If (u,0) describe bound preserving dynamics, then x°(t,p) <
x“(t,p), V(t,p) € I x P.

Proof. Choose any p € P and suppose that :Ej”(f, p) > xjc(f, p) for some ¢ € I and

some j € {1,...,n,}. It will be shown that this results in a contradiction.

Define § : I — R"™ by §(t) = x*(t, p) —x*(t, p), Vt € I. By hypothesis, §;(#) > 0

for at least one j, and d(¢y) < O since

x™(to, p) = max(x"(to), xg"(P)) < xo(p) < min(x"(t),x5°(p)) = x**(to, P)-

Then, the hypotheses of Lemma 3.3.5 are satisfied. Define t; as in that lemma.
Let L € R be the Lipschitz constant of Assumption 7.2.3. Applying Lemma 3.3.5
with ¢4 = t;, § = 2L and arbitrary e > 0 furnishes an index j € {1,...,n,}, a
non-decreasing function p € AC([t1, 1], R) satisfying

0<p(t), Vtelt,ts], and p(t) >2Lp(t), a.e. te€ [t1,ty],

and numbers to,t3 € [t1, 1] with ¢y < t3 such that the following inequalities hold:

x(t,p) < x“(t,p) + 1p(t), V€ [ta,t3), (7.14)
z°(t,p) < z§'(t,p), VtE (ta,t3),

23 (t3, p) = 25°(t3, P) + plts),

25" (t2, p) = 5°(t2, P).

Define x°*1(t, p) = min(x® (¢, p),x“(t,p)), Vt € I. By Lemma 7.5.3, x(t,p) €
X(t), Vt € I, so the second inequality in (7.14) shows that z5°(t, p) > xf(t), for a.e.
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t € [te,t3]. Using Definition 7.5.1, Assumption 7.2.3 and the first inequality in (7.14),

25" (t, p) < u;(t, p,x™(t, p),x“(t,p)),
< u;(t, p, x(t, p), x“(t, p)) + L|[x(t, p) — xT(t, p) ||

S U (t7 P, XCU’T (t7 p)7 ch(t7 p)) + Lp(t)u

for a.e. t € [to,t3]. Next, note that x*(¢,p),x*(t,p) € X(¢), Vt € I, by Lemma
7.5.3. Moreover, xC”T(t) = 15°(t, p), Vt € [ta, 3] by the second inequality in (7.14).
Since (u,0) describe bound preserving dynamics for x on [ x P, this implies that

Condition 1 of Definition 7.4.1 may be applied with (z¢,z%) = (xf,x%). This

gives
#5°(t,p) < uyt, p,xI(t, p),x“(t, p)) + Lp(t),
< 0;(t, p,x™(t, p), x“(t, p)) + Lp(t),
< 0;(t, p,x7(t,p), x“(t,p)) + Lp(t) + L|xT(t,p) = x“(t,P))llsc,
0;(t )

, P, xX“(t,p), x“(t, p)) + 2Lp(t),

for a.e. t € [ty,t3]. Because z§'(t,p) > x§°(t, p) for a.e. t € [ty, 3] by (7.14), it follows
that 2°(t, p) < 2 () (Lemma 7.5.3). Therefore, Definition 7.5.1 gives

5(t, p) < 25°(t, p) + 2Lp(t) < @5°(t, p) + p(t), forae. t€ [ta,t3].
By Theorem 3.3.3, this implies that
25" (t3, p) — 25 (t3, p) — p(t3) < x5 (t2, P) — §°(t2, P) — p(t2).

By (7.14) this implies that —p(t5) > 0, which is a contradiction. O

Theorem 7.5.5. Let (x°,x°) be a solution of (7.13) on I x P and suppose that
Assumption 7.2.3 holds. If (u,0) describe bound preserving dynamics for x on I x P,

then x*(t,p) < x(t,p) < x“(t,p), V(t,p) € I x P.
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Proof. Fix any p € P and suppose 3t € I such that x(t,p) ¢ [x(t,p),x“(t,p)]. It

will be shown that this results in a contradiction.

Noting that x“(to, p) < x(to, p) < x“(to, p), define ¢; as in Corollary 3.3.6. Let L
be the Lipschitz constant of Assumption 7.2.3. Applying Corollary 3.3.6 with ¢, = ¢,
B = L and arbitrary € > 0 gives an index j € {1,...,n,}, a non-decreasing function

p € AC([t1,tf], R) satisfying

0<p(t), Vtelt,ty], and p(t) > Lp(t), ae. te [t ty],

and numbers o, t3 € [t1, 1] with to < t3 such that the following inequalities hold:

x(t,p) = 1p(t) <x(t,p) <x“(t,p) +1p(t), Vi€ [t2,13), (7.15)
z5°(t, p) < wi(t), Vi€ (ty,ts),
zj(ts, p) = 25°(ts, ) + p(ts),
z;(t2, p) = 7§ (t2, P)-

Strictly, Corollary 3.3.6 permits an alternative set of inequalities, but the proof is

analogous in that case.

For a.e. t € [ty, 3], the fact that 2§°(¢, p) < z;(t, p) implies that 25°(, p) < xgj(t)
Then, Definition 7.5.1 gives

iﬁc(t» p) 2 Oj(t7 P, Xcv(ta p)a ch(t7 p))> fOI‘ a.e. t e [t2a t3] (716)

Define x°(t) = min(x(¢, p),x(t,p)) and x°(t,p) = max(x(t,p),x“(t,p)) for all
t € I. Clearly, x°“(t,p) < x(t,p) < x°“(t,p) for all t € I. Lemma 7.5.3 implies that
X (t,p),Xx“(t,p) € X(t), Vt € I. Finally, the second inequality in (7.15) implies that
T$°(t,p) = x;(t, p) for a.e. t € [ty,t3]. Then, since (u,0) describe bound preserving
dynamics for x on I x P, this implies that Condition 3 of Definition 7.4.1 can be
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applied with (z®,z) = (X, %) for a.e. t € [tg,t3]. This gives

0;(t,p, X (t,p), Xx“(t,p)) > &,(t,p), fora.e. t € [ta,13]. (7.17)

To combine (7.17) and (7.16), note that the first inequality in (7.15) implies that
[x(t, p) = X(t, p)l[oc + [[x(t, P) = X“(t; P)[|oc < p(t) for ae. T € [ta, 15]. Then,

25°(t, p) > 0j(t, P, x(t, p), x“(, p)), (7.18)
> 0;(t, p,X”(t,p),X“(t,p)) — Lp(t), (7.19)
> &(t,p) — Lp(t), (7.20)

for a.e. t € [ta, t3]. Adding p(t) to both sides and recalling that p(¢) > Lp(t) for a.e.
t € [t, t3], it follows that

#9(t,p) + A(t) = &5(t,p) — Lo(t) + p(t) > i (1), (7.21)

for a.e. t € [ty,13]. By Theorem 3.3.3, this implies that (z$°(t, p) + p(t) — z;(t,p)) is

non-decreasing on [to, 3], so that

zi(ts3, p) + pts) — x;(ts, p) > x5°(ta, P) + p(t2) — x;(t2, P).

But, by (7.15), this implies that 0 > p(t2), which is a contradiction. O

Based on the results above, it is now possible to show that the solutions of (7.13)
actually satisfy a simpler set of conditions than those given in Definition 7.5.1. These
conditions show that, for almost every ¢ € I, the functions @{’(-, p) and &{°(-, p) take
values which are consistent with those generated by simulating (7.13) as a hybrid

system with state events, as described in §7.6.3.

Lemma 7.5.6. Let (x*,x°) be a solution of (7.13) on I x P and fix any p € P and

any i € {1,...,n,}. If (u,0) describe bound preserving dynamics for x on I x P and
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Assumption 7.2.3 holds, then the sets

Sy=A{tel:xt,p) =l (t), &(t,p) # max(ij (1), u;(t, p,x"(t, p), x“(t,p)))}
Sy = {t € I 2{°(t,p) =« (t), @°(t,p) # min(&{ (t), 0;(t, p, X (t,p), x“(t, p)))}
Sy={tel:a(t,p) = (1), &7 (t) < wi(t,p,x"(t,p),x“(t,p))}
Sy={t € I:a{°(t,p) = x;(t), &} (t) > oi(t, p,x”(t,p), x“(t,p))}

;" (t, p) = wi(t, p,x*(t,p), x*(t, p)) it f’(t,p) # @i (1), (7.22)
(¢, p) = max(aX(t), u;(t, p, X (t, p)x“(t,p))  otherwise, (7.23)
(t,p) = oi(t, p,x(t,p), x“(t, p)) if 2f°(t,p) £y (1), (7.24)
i5°(t, p) = min(z (), 0;(t, p,x“(t,p), x“(t, p))) otherwise. (7.25)

Proof. Choose any p € P and any i € {1,...,n,}. Let Q = {t € I : z’(t,p) =
zE(t)}. Tt will be shown that

5 (t, p) = max(@; (1), wi(t, p,x™ (t, p), x*(t, p))) (7.26)
for almost every ¢ € (), which implies that S; has measure zero.

For any t € Q, the fact that 25¥(s, p) > xF(s), Vs € I, implies that

L L cv L cv cv

L(¢) — o] (¢ p) — @ (1, P) — (s,

rt) Zai(s)  w(hp) —a(s) (P e (sP) oy
t—s t—s t=s

Since rF and x¢°(-, p) are differentiable at a.e. t € I, taking limits above implies that

il (t) < %(t,p) for ae. t € Q.
Now, by Definition 7.5.1, the fact that 2L () = 25(¢, p) implies that

(1, p) € [ui(t, p,x"(t, ), x*(t, p)), max(i; (1), ui(t, p,x" (¢, p), x*(t, p)))] (7.27)
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for a.e. t € (). Suppose first that t € () satisfies
max(z; (t), ui(t, p,x” (¢, p), x“(t,p))) = 7 (t). (7.28)
Using (7.27),

(1, p) < max (@7 (t), wit, p,x" (t, p), x“(t, p))) = @ (1),

and, since it was established above that L (t) < @$(t,p) for a.e. t € Q, it follows
that (7.26) holds for a.e. t € ) satisfying (7.28).

On the other hand, suppose that ¢ € () satisfies

max(if (t)a ui(t> | o3 Xcv(ta p)’ ch(t> p))) = ui(t> | o3 Xcv(ta p)’ ch(ta p)) (729)

Then the right-hand side of (7.27) is a singleton and it follows that (7.26) holds for
a.e. t € @) satisfying (7.29). Since either (7.28) or (7.29) holds for every t € @, (7.26)
holds for a.e. t € () and hence S; has measure zero. The proof that S5 has measure

zero is analogous.

Next, consider S3. For any ¢ € Ss, it follows from Theorem 7.5.5 that z$'(¢, p) =
z;(t,p) = 2¥(t). Because (u,0) describe bound preserving dynamics for x on I x P,

this implies that
¥ (t) < ui(t, p,x“(t,p), x“(t,p)) < 4i(t,p), forae tecSs.

On the other hand, for any ¢ € S, the fact that x;(s, p) < 2Y(s), Vs € I implies that

29 (t) — 2V (s) _ zi(t,p) — z!(s) S zi(t,p) — (s, p)
t—s t—s - t—s

, Vse (t,tf].

Since z¥ and z;(-, p) are differentiable at a.e. t € I, taking limits above implies that
2V (t) > @;(t,p) for a.e. t € S3. Thus S3 has measure zero. The proof that S; has

measure zero is analogous. 0
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7.5.2 Convexity/concavity properties

Theorem 7.5.7. Let (x°,x°) be a solution of (7.13) on I x P and suppose that
Assumption 7.2.8 holds. If (u,0) describe bound preserving dynamics and convezity
preserving dynamics for x on I x P, then x(t,) and x“°(t,-) are, respectively, convex

and concave on P, for everyt e I.

Proof. Choose any py,p2 € P, any A € (0,1), and, for all ¢ € I, define

To arrive at a contradiction, suppose that there exists ¢ € I such that either x5’ (f ,p) >

jj”(f) or xjc(f, p) < :Z’?C(f), for at least one index j. Define § : I — R?" by
6(t) = (x™(t, p) —X“(t),X“(t) —x*(t,p)), Vtel

Then, 6,(%) > 0 for at least one j, and §(¢y) < 0 since x®(ty, -) and x°(ty, -) are convex
and concave on P, respectively. Then, the hypotheses of Lemma 3.3.5 are satisfied.
Define ¢; as in that lemma. Let L € RT be the Lipschitz constant of Assumption
7.2.3. Applying Lemma 3.3.5 with ¢, = t;, f = 2L and arbitrary € > 0 furnishes an
index j € {1,...,n,}, a non-decreasing function p € AC([t1, ], R) satistying

0<p(t), Vtelt,ts], and p(t) >2Lp(t), a.e. te€ [t,ty],
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and numbers to,t3 € [t1, 1] with ¢y < t3 such that the following inequalities hold:

X(t,p) < X(t) + 1p(t), 'Vt € [ta, t3), (7.30)
x“(t,p) > X“(t) — 1p(t), Vi€ [ta, 1),
T3 (t) <a5(t,p), V€ (ta,13),
i (ts, ) = T3 (ts) + p(t3),
x5 (t2, D) = 75" (t2).

In fact, Lemma 3.3.5 permits the alternate possibility that the last three lines of
(7.30) show analogous inequalities for a violation of the concavity of x5°(¢, ) on [ta, 23]
for some j; i.e., 25°(t, p) < 75°(t). The proof in this case is analogous and we proceed

assuming that (7.30) holds.

Since x“(t, p1), X (t,p2) € X(t), Vt € I (Lemma 7.5.3), the same holds for X ()
and the third inequality in (7.30) implies that 5"(t,p) > x}(t), Vt € (t2,t3). Then,
by Lemma 7.5.6,

25°(t, p) = u;(t, p,x"(t, p),x“(t,p)), forae te€lta,t3].

Define x®*(t,p) = min(x“(t,p),x(t)) and x°“*(¢t,p) = max(x“(t,p),x“(t)),

Vt € [to,t3]. Assumption 7.2.3 gives

#5(t, p) < u(t, b, X" (¢, ), x"*(t, )

+ L ([[x*(t,p) = x"(t, P) [l + [[x(t, ) = x (&, P) o) »
for a.e. t € [tg,t3]. By the first and second inequalities in (7.30), it follows that

5" (t, p) < uy(t, p, X (1, p), X" (1, p)) + 2Lp(t)

<u(t,p,x"(t, p),x“*(t,p)) + p(t), fora.e. t € [ta,t3].

Next, we use the fact that (u,0) describe convexity preserving dynamics for x on
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I x P to show that

#5°(t,p) < uy(t, p, X" (t, ), x*(t, p)) + p(t) (7.31)
< Auy(t, pr, X (t, p1), x“(t, p1))

+ (1 - )‘>uj(t7 P2, Xcv(tv p2>7 ch(t, p2)) + ﬁ(t)’

for a.e. t € [ta,t3]. To justify this, note that Theorem 7.5.5 ensures that x*(¢, p;) <
x(t,p1) < x“(t, p1), XV (t, p2) < x(t,p2) < x“(t, pa) and

Xcm* (t7 p) S Xcv(t7 p) S X(tv 13) < ch(t7 p) < XCC’*(tv p)v Vt € [t27 t3]

Moreover, noting that x°(¢,q),x“(t,q) € X(t), Vq € {p1,p2, P}, by Lemma 7.5.3,
we must have X (t),x°(t) € X(t) since these are convex combinations of elements of

X(t), and it follows that x°*(¢, p),x““*(¢,p) € X (t). Finally, the definitions of x“*

and x°“* imply that
XMt p) < XV(t) = AxXV(t, p1) + (1 — N)x(t, p2),
X (L, p) = X“(t) = Ax™(t, p1) + (1 = A)x™(£, p2),

for all t € [to, t3], and the third inequality in (7.30) provides

a7t p) = 257 (t) = A (¢, pr) + (1= N)a§(t, p2), Vit € [ty t3].

Therefore, (7.31) results from applying Definition 7.4.2 with arbitrary functions z®, z° :
I x P — R" satisfying

z(t,p1) = xXV(t,p1), z°(t,p2) =x“(t,p2), 2z(t,p)=x"*(t,p), (7.32)

ch(tv pl) = ch(tv p1)7 ch(ta p2) = ch(t7 p2)7 ch(tv p) = XCQ*(tu p)7

for a.e. t € [ty,1ta].
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Now, by Lemma 7.5.6,

23 (t, p1) = w;(t, p1,x“ (¢, p1), x“(¢, p1)),

i‘;v(t p2) Z U,](t, P2, XCU(tv p2>7 ch(tu p2))7
for a.e. t € [t, 3], so that (7.31) gives
591, 5) < A ( i)+ (L— NS (tpo) + p(0) = 29(0) + (1), (7.39)

for a.e. t € [ty,t3]. By Theorem 3.3.3, this implies that z°(¢,p) — Z§"(t) — p(t) is

non-increasing on [to, t3], so that

2 (ts, p) — 7 (t3) — p(ts) < 25"(t2, P) — Z5"(t2) — p(t2).

By the last two equalities in (7.30), this implies that 0 < —p(t3), which is a contra-

diction. Therefore,

IN

Xcv(ta )\pl + (1 - )\)p2) = Xcv(t7 I_))

ch(ta )\pl + (1 - )\)p2) = ch(ta I_))

XU(t) = AXP(t, p1) + (1= A)x™(t,p2), (7.34)

Vv

X“(t) = Ax“(t, p1) + (1 — A)x*(t, p2), (7.35)

for all t € I. Since the choice of p;,p2 € P and A € (0,1) was arbitrary, (7.34) and
(7.35) hold for all p;,ps € P and X € (0,1). O

7.6 State Relaxations for ODEs

In this section, we apply the state relaxation theories of the previous sections to the
case where x is the solution of a system of parametric ODEs. Let I = [to,tf] C R
and P C R™ be compact intervals, let D C R™ be open, and let xy : P — D and

f:IxPxD— R"™ be continuous mappings. Consider the initial value problem

X(ta p) = f(ta | oF X(ta p))? X(t0> p) = XO(p)' (736)
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A solution of (7.36) is any continuous x : I x P — D such that, for every p € P,
x(-,p) is continuously differentiable and satisfies (7.36) on I (with derivatives from

the right and left at ¢y and ¢, respectively).

Assumption 7.6.1. For every compact K C D, 3Lg € R, such that

I1£(t,p,2) — £(t,p,2) |0 < Licllz — 2|, ¥(t,p,2,2) €I x Px K x K.

For any compact K C D, a function satisfying the inequality of Assumption
7.6.1 is said to be Lipschitz on K uniformly on I x P. Under Assumption 7.6.1, the
existence of a unique solution to (7.36) can be ensured locally (by, for example, a
straightforward extension of Theorem 3.1 in [91]). In what follows, it will always be
assumed that Assumption 7.6.1 holds, and that the unique solution of (7.36) exists
on all of I x P.

Since the solution of (7.36) is continuously differentiable on I for every p € P, it
is also absolutely continuous on I for every p € P. Then, the developments of the
previous sections imply that any (u, o) which describe either relaxation amplifying or
relaxation preserving dynamics for x on I x P can be used to compute state relaxations
of x on I x P through the solution of either (7.1) of (7.13). It remains to develop a
computational procedure for constructing and evaluating appropriate functions x’,
x;°, u and o. This is done here using natural McCormick extensions. The following

assumption is required.

Assumption 7.6.2. The functions xq and f are L-factorable with natural McCormick
extensions {xo} : Dy — MR" and {f} : Dy — MR"*. Moreover, P is represented in
Dy and [t,t] x P x X(t) is represented in Dy for every ¢ € I.

The initial condition functions ¢y and Cy can now be constructed and evaluated by
computing the standard McCormick relaxations of xy. Furthermore, these functions

will satisfy Assumption 7.2.3 by Corollary 2.6.2.
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7.6.1 Constructing Relaxation Amplifying Dynamics

Define uy, 05 : I x P x R™ x R" — R" by

ug(t, p. 2, 2%) = {£}(([t. 1], [t.1]), (P. [p, p]), MC(x" (1), x" (1), 2, 2°)),  (7.37)

os(t,p, 2%, 2) = {£}(([t. 1], [t. 1)), (P, [p, p)), MC(x" (1), x" (1), 2", 2°°)).

For the benefit of the next section, the lemmas below establish properties of
(uys,of) that are stronger than required to show that they describe relaxation ampli-

fying dynamics.

Lemma 7.6.3. For arbitrary functions z¢,z° : I x P — R™ and every p € P, the

following conditions hold:

1. For a.e. t € I such that z°°(t,p) < z°(t,p) and X (t) N [z°(t, p),z(t,p)] # 0,

uy and oy satisfy

us(t,p,z”(t,p),z(t, p)) < of(t,p,z(t, p), 2(t, P)). (7.38)

2. For a.e. t € I such that z(t,p) < x(t,p) < z°(t,p), uy and oy satisfy

u(t,p,z(t,p), z(t,p)) < x(t,p) < of(t,p, 2 (¢, p),z(t,p)).  (7.39)

Proof. Choose arbitrary functions z°,z® : I x P — R"™ and any p € P. For any
t € I, (7.38) follows from (7.37) and the fact that {f} takes values in MR"*. Next,
suppose that ¢ € I is such that z¥(¢,p) < x(t,p) < z°°(t,p). Since [t,t] x P x X (t)
is represented in Dy, Lemma 2.7.3 may be applied with x = (¢, p,x(¢,p)), X =
(t,p,z(t,p)) and x*“ = (¢, p,z°“(t, p)) to establish (7.39). O

Corollary 7.6.4. The functions (uy,oy) describe bound amplifying dynamics for x
on I x P.

Proof. This follows immediately from Conclusion 2 of Lemma 7.6.3. 0
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Lemma 7.6.5. For arbitrary functions z¢,z° : I x P — R™ and every (\, p1,p2) €
(0,1) x P x P, the following condition holds: For a.e. t € I such that

1. z°(t,-) is consistent with convezity at (X, p1,P2),

2. 7z°(t,-) is consistent with concavity at (X, p1,P2),

3. z%(t,q) < z°(t,q) and X (t)N[z(t,q),z(t,q)] # 0, for all q € {p1, P2, \P1 +
(1 - )\)pQ};

the functions
P> pr+—us(t,p,z(t,p),z(t,p)) and P >p+r— o(t,p,z(t,p),z“(t,p))

are, respectively, consistent with convezity and consistent with concavity at (X, p1, p2)-

Proof. Choose arbitrary functions z°,z% : I x P — R"*_let (A, p1,p2) € (0,1) X P x
P, define p3 = Ap; + (1 — A\)p2, and suppose that ¢ € I is such that Conditions 1-3
hold. Since [t,t] x P x X(t) is represented in Dy, Lemma 2.7.4 may be applied with
x$’ = (t,p;, 2°(t, pi)) and x5 = (¢, p;, 2°°(t, pi)), Vi € {1,2,3}. By (7.37), this gives
the desired result. O

Corollary 7.6.6. The functions (uy,oy) describe convexity amplifying dynamics for

x on I x P.

Proof. Choose arbitrary functions z°,z : I x P :— R" let (A, p1,p2) € (0,1) x
P x P, define p3 = Ap; + (1 — A\)pe, and suppose that ¢ € I is such that Conditions
1-3 of Definition 7.3.3 hold. Since x(t,q) € X(t), Yq € {p1,p2, Ap1 + (1 — \)p2},

Conditions 1-3 of Lemma 7.6.5 are verified, and the conclusion follows. O
Lemma 7.6.7. The functions (uy, o) satisfy Assumption 7.2.3.

Proof. Consider the set

K% ={(s",q" 2" s",q",2") € R2(Fnetne) . gL — U € T,

[a",q"] € P, [2",2"] € X(s")},
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and let

K ={(s", gt 25, sV, qU, 2, s, g, 27, 5%, q°, 2°) € RA(Fmotna) . (7.40)
(st qt, 2%, sV, qV,2Y) € KB,

Clearly, KB is closed and bounded, and hence compact. By the assumption that

[t,t] x P x X(t) is represented in Dy for every ¢ € I, Corollary 2.7.8 may be applied

to conclude that {f}*" o MC and {f}““o MC are Lipschitz on K. Denote the Lipschitz
constant by L.

For any (t,p,z%,z°) € I x P x R"™ x R" it is easily verified that the point

(t, pl, xL(t),t, pY,xY(t), t, p, 2%, t, p, z°) is an element of K. By continuity of x* and

xY, it follows that u; and oy are continuous on I x P x R™ x R". Furthermore, it

follows that the Lipschitz condition of Assumption 7.2.3 is satisfied with the constant

L. O

Remark 7.6.8. Note that the global Lipschitz condition of Assumption 7.2.3 is made
possible by the use of the state bounds X (¢) and does not imply a global Lipschitz
condition on f. For fixed (¢,p) € I x P, the construction of u; and o; involves
mapping any arguments (z,z°) € R™ x R" into X (¢) x X(¢) in a Lipschitz manner
(using the MC function), so that Lipschitz continuity of us(¢,p,-,-) and os(¢,p, -, )

is really only required on this compact interval.

7.6.2 Constructing Relaxation Preserving Dynamics

Let 1,0 : I x P x R™ x R"™ — R" be arbitrary functions satisfying the condi-
tions of Lemmas 7.6.3 and 7.6.5. In this section, functions (u,0) describing relax-
ation preserving dynamics are derived from (1, 0). In practice, we will always choose
(@,0) = (uy,0f). The notation (@1,0) is used only to highlight the fact that the

results below are not particular to the construction of §7.6.1.

Definition 7.6.9. For each i € {1,...,n,}, define R, R§¢ : R"™ x R™ — R™ x R"*

2

by R§V (2, 2°) = (2%, 2°°), where 2¢ = z{¢ if k # i and 2{¢ = 2{*, and R{*(z®, z°) =
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(2%, z°°), where 2{" = 2V if k # i and 2" = z{°.

For the remainder of this section, define u,0: I x P x R™ x R" — R" by

uz(tv P, ZCU7 ZCC) ﬂ‘l(tv P, RZQU<ZCU7 ch))a

Oi(t7 b, cha ZCC)

62' (ta P, REC(cha ch))a

for all (t,p,z%,2°) € I x P x R™ x R™ and each i € {1,...,n,}.

Lemma 7.6.10. If (0, 0) satisfy the conditions of Lemma 7.6.3, then (u,0) describe

bound preserving dynamics for x on I x P.

Proof. To show that (u, 0) describe bound preserving dynamics, let z°,z° : [ x P —

R™ be arbitrary functions and choose any p € P and any ¢ € {1,...,n,}. To show
Condition 1 of Definition 7.4.1, suppose t € [ is such that z°(t, p),z“(t, p) € X (¢),
z(t,p) < z°(t, p) and 2" (t, p) = 2{°(¢, p). Let (z(¢, p),2°(¢, p)) = R{"(2™(t, p), z(t, P))-
Since z°(t, p) < z°(t, p), it follows that z° (¢, p) < z°(t, p), and since z°°(¢, p), z°(t, p) €

X (), it follows that z°(t, p),z°°(t,p) € X(t). Then Condition 1 of Lemma 7.6.3 can

be applied to (z°(t,p),z°(t, p)) to conclude that

uZ(t7 P, ch(t7 p)7 ch(t7 p)) = aZ(t7 p, icv<t7 p)7 ch(ta p)) S O~Z<t7 P, icv(t7 p)7 zCC(t’ p))

But, because z{*(t,p) = z{°(t, p), it follows that (z°(t, p), z°°(t, p)) = R{(z*(t, p), z°(t, p))

as well, and hence

ul(t7 P, ch(t7 p)7 ch(tv p)) S Oi<t7 P, ch<t7 p)7 ch(ta p))

This proves Condition 1 of Definition 7.4.1.
To show Condition 2, suppose t € [ is such that z°(¢,p),z(t,p) € X(¢),

z(t,p) < x(t,p) < z°(t,p) and z;(t,p) = 2*(¢t,p). Let (z(t,p),z“(t, p))
R (z(t, p),z°°(t, p)). Since z;(t,p) = 2 (¢, p), it follows that z¢(¢,p) < x(¢,p) <
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z°(t,p). Then Condition 2 of Lemma 7.6.3 can be applied to conclude that

ul(t7 b, ch(t7 p)> ch(t7 p)) = ﬁl(t7 b, zcv(t’ p)> zcc(t7 p)) < ZE', (t’ p)

This proves Condition 2 of Definition 7.4.1, and Condition 3 is shown analogously. [

Lemma 7.6.11. If (01,0) satisfy the condition of Lemma 7.6.5, then (u,o0) describe

convezity preserving dynamics for x on I x P.

Proof. To show that (u,0) describe convexity preserving dynamics, let z¢,z% : I X
P — R™ be arbitrary functions, choose any (X, p1,p2) € (0,1) X P x P and define
P = Ap1 + (1 — A)pa. Choose any i € {1,...,n,} and suppose t € [ is such that

1. z®(t,-) is consistent with convexity at (\, p1, p2),

2. z°(t,-) is consistent with concavity at (\, p1, p2),

3. z(t,q) < x(t,q) < z°(t,q) and z°(t,q),z°(t,q) € X(¢), Vq € {p1, P2, P}

Let (z(t,p),z°(t,p)) = R&(z(t,p),z(t,p)), Vp € P. By the definition of
RSV, it is clear that

z”(t,q) <2°(t,q) and 2z”(t,q),2°(t,.q) € X(t), Vqe€{p1,p2,p}. (741)

If 2§7(t, p) = A2 (£, p1) + (1 = A) 2" (£, p2), then

201, p) = A (L p1) + (1 - NE(L pa). (7.42)

Zicc(t7 f’) = )‘chc(t7 pl) + (1 - A)glcc(t’ p2)’

and, combining this with the hypotheses on z® and z“ implies that z® and z° are,

respectively, consistent with convexity and consistent with concavity at (A, p1, p2).
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Then, since (1, 0) satisfy the condition of Lemma 7.6.5,

ui(t, p,z(t,p), z°(t, p))

u;(t, p,2°(t,p),2°(1, p))

A (t, pr, 27, P1), 2°(t, p1)) + (1 = N)iu(t, p2, 27 (¢, p2), 2(t, P2))
A, (t

( » P1, ch(ta pl)a ch(t7 pl)) + (1 - )\)uz(t7 P2, ch(ta p2)a ch(ta p2))

IA

On the other hand, letting (z°(t, p), z°°(¢, p)) = R§(z°(t, p), z°°(¢, p)) and supposing
that zf(t, p) = Azf(t, p1) + (1 — N)z5(t, p2), (7.41) and (7.42) again hold and hence

ta Pi1, zcv(t’ pl)a zcc(t’ pl)) + (]- - A)az(ta P2, zcv(t’ p2)7 zcc(t’ p2))

2Gi(
= )\Oi(t7 P1, ch(ta pl)v ch(tv pl)) + (1 - )\)Ol(t7 P2, ch(ta p2>7 ch(tv p2))

For the computations described in the following section, we will always use (@1, 0) =
(uy,05), where (uy, o) are as described in §7.6.1. In addition to guaranteeing that
(u, 0) describe relaxation preserving dynamics, this choice also guarantees continuity
of (u,0) on I x P xR" x R"™  as well as the global Lipschitz condition of Assumption
7.2.3. Since both of these properties hold for (uy,oy), it is trivial to show that they

hold for (u, o) as defined in this section.

7.6.3 Implementation

This section describes the computational implementation of the state relaxation the-

ories developed for ODEs in the previous sections. Following the results in §7.6.2, we
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define u,0: I x P x R™ x R™ — R" by

uz(t> p, cha ZCC) = ufﬂ'(t? P, Rfv(zwa ZCC))>

Oi(tv P, ZCU7 ZCC) = Of,i(tv P, RZQC(ZCU’ ZCC))a

for each i € {1,...,n,}, where (uy,oy) are defined by (7.37).

For the numerical examples in §7.7, state bounds are computed using Harrison’s
method. As with all of the methods described in Chapter 3, Harrison’s method
describes x¥ and xY as the solutions of another auxiliary system of ODEs. Given
(tf,p) € I x P at which the values x“(t;, p) and x“(t, p) are desired, the ODEs
describing the state bounds are numerically integrated simultaneously with the aux-
iliary ODEs (either (7.1) or (7.13)) at p, from ¢ to t;. Thus, the values x"(t),
xY(t), xE(t) and xY(t) are available at every time-step during numerical integra-
tion. To begin this computation, the initial conditions x§’(p) and x{°(p) are com-
puted by taking standard McCormick relaxations of xg on P, evaluated at p. This
is done using the C++ library MC++, which automatically computes interval exten-
sions and McCormick relaxations of factorable functions using operator overloading
(http://www3.imperial.ac.uk/people/b.chachuat /research). MC++ is the successor of
1ibMC, which is described in detail in [122]. Whenever it is required to evaluate the
right-hand side of (7.1) or (7.13), the functions wu; and o; are evaluated automatically
using MC++ according to the discussion in the previous sections and the definitions in

Chapter 2.

Remark 7.6.12. When using any of the more sophisticated state bounding methods
developed in Chapter 3, one must take care that the derivatives x*(t) and xY(¢)
appearing in the right-hand sides of (7.13) correspond exactly to the bounds x*(¢) and
xY(t) used in the computation of (u,0) as per §7.6.1 and §7.6.2. For example, it is not
valid to evaluate the natural McCormick extensions defining (u, o) over the interval
resulting from a refinement of X (¢) based on some known physical information, unless

xE(t) and xY(t) are adjusted accordingly.
For both state relaxation methods, numerical simulation of the auxiliary ODEs is
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done using CVODE [44] with relative and absolute tolerances of 1x107%. The simulation

of (7.1) is straightforward. To simulate a solution of (7.13), we numerically integrate

the system
u;(t, p, x“(t, p), x“(t, it b =0
(6. p) = (t. p,x(t,p), x*(t, P)) | (7.43)
max(zF (), u;(t, p,x(t, p), x(t,p))) if b =
> oi(t, p,x(t,p),x“(t,p)) if b¢=0
zi (tap) = )

min(zY (), 0;(t, p, x(t, p), x(t, p))) if b=

with initial conditions as in (7.13), where b’ and b are Boolean variables which

ideally satisfy

xh(t) 0 if (¢, p) xi(t) (7.44)

> ok <
1 if (¢, p) < 27 (t) Loif 2t p) = i (1)

In practice, the values of each b and b§° are set according to an event detection
scheme described below. Assuming that a solution (x®,x) of (7.13) exists on I x P
(see Remark 7.5.2), Lemmas 7.5.3 and 7.5.6 imply that (x’, x) is a solution of (7.43)
in the sense that, for each p € P, x*(-, p) and x“(-, p) satisfy (7.43) and (7.44) for
a.e. t € I. Furthermore, it follows from Assumption 7.2.3 and Theorem 1 in Chapter
2, 810 of [62] that this is the unique solution of (7.43). Thus, computing the solution of
(7.43) furnishes the solution of (7.13), which guarantees that the computed (x,x°)

are state relaxations for (7.36) on I x P.

The numerical simulation of (7.43) is carried out as follows. At t, the variables b¢
and bf¢ are set according to (7.44). With these variables fixed, numerical integration
of (7.43) is initiated using CVODES [44]. CVODES offers a built-in feature which checks
for zero crossings of user supplied event functions g(¢) during each integration step,

and locates event times ¢, at which g;(t.) = 0 for some j using a bisection algorithm.
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For the integration of (7.43), we provide the event functions

gi(t) = 2 (t, p) — i (t) — b5,

gnz—l-i(t) = :L’ij(t) - xfc(tv p) - 62?667

for i € {1,...,n,}. Starting from ¢y, the system (7.43) is integrated until a root
of any of these event functions is located. Suppose that, for some ¢; € I and some

index i, z¢°(t;,p) > zF

(t) and b’ = 0 as desired. If, after the next integration
step [t;,tj41], it is found that z¢"(¢j41, p) < xF(¢;41), then a zero crossing of ¢;(t) =
¥ (t,p) — xF(t) has occurred and CVODES will search for a point ¢. € [t;,t;41] such
that 5% (., p) = zF(t.). Then, integration is stopped at ., b’ is reset to 1 in order to
specify the correct evolution of z§V(-, p) to the right of ., and integration is resumed.
In addition to specifying the correct evolution of ¢(-,p) to the right of t., setting
bs¥ = 1 also introduces an epsilon perturbation into the event function g;. This is to
avoid repeatedly ‘finding’ roots of g;, since if X(t) > u;(t, p,x (¢, p),x“(t,p)) for
some nontrivial period of time to the right of ¢, then the equality z5'(t, p) = zF(¢)
will persist (indeed, this is the intended behavior).

Next, suppose that, for some ¢; € I and some index i, z5°(t;,p) = x*(t) and
b = 1 as desired. Further, suppose that after the next integration step [t;,;41],
it happens that z°(¢;41,p) > xF(tj11). If € > 0 is sufficiently small, then a zero
crossing of g;(t) = x¢°(t,p) — zF(¢) + € will be detected and CVODES will search for a
point ¢, € [t;,t;41] such that g;(t.) = 2¢°(t., p) — zF(t.) — € = 0. Again, integration is
stopped in order to reset 0" to 0. On account of the e perturbation in g;, the event
where 2¢V(-, p) ceases to equal zF is not found precisely, and therefore the value of
¢¥(+, p) is not adjusted as per (7.43) until slightly too late. However, this is a minor
issue for this particular system since the fact that such an event has occurred implies
that ©F(t) has been strictly less than u;(t, p,x°(t, p),x“(t, p)) for some nontrivial
period of time before the root g;(t) = z$(t,p) — xX(t) — € = 0 was detected, and
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hence

@5 (t, p) = max(&} (t), u;(t, p,x“(t, p),x“(t, p))),

= u2<t7 P, Xcv(t7 p)v ch(tu p))7

over that same period, exactly as if 5" = 0. Of course, the variables b{ are managed
in an analogous fashion.

An alternative approach to detecting this last event, i.e. where 25V(¢;, p) = zF(¢;)
and 25V(-, p) — x} first becomes positive at some t. € [t;,¢;11], is to search for a zero

crossing of the function u,(t, p, x (¢, p), x(t,p)) — @ (¢). Since this function must

become positive immediately to the right of ¢., the event will be detected provided
that this function is negative at ¢;. We do not use this implementation here for the
following reason. For the purposes of optimization, it may be desirable to evaluate
x“(ts,-) and x(ty, -) at several points in P. However, the state bounds need only be
integrated once because P is constant. In this case, it is beneficial to store the state
bounding trajectories and evaluate x* and xV when needed by interpolation. Values
for x and %V can be computed by evaluating the right-hands sides of the bounding
ODEs. However, in this scheme there is some numerical disagreement between the
values x*(#) and xV (#) computed at some point £ and the behavior of the interpolated
values x*(t) and xY(t) for t immediately to the right of £. Though this inconsistency

is minor, it does cause significant complications for an event detection scheme based

on precise values of x* and xV.

7.7 Numerical Examples

All numerical experiments in this section were performed on a Dell Precision T3400
workstation with a 2.83 GHz Intel Core2 Quad CPU. One core and 512 MB of memory

were dedicated to each job.

Example 7.7.1 (Relaxation Amplifying Dynamics). Section 1.2.4 of [91] discusses

a negative resistance circuit consisting of an inductor, a capacitor and a resistive
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Inductor Current

Current

Figure 7-1: The parametric final time solution of the ODEs (7.45), z;(¢y,-), on the
interval P = [0.01,0.5]2.

element in parallel. The circuit can be described by the nonlinear ODEs

. 1 . 1 1
Ir = El’g, To = —6[1'1 — T + 51’3], (745)

where L and C' are the inductance and capacitance respectively, x; is the current
through the inductor, and x5 is the voltage across the capacitor. It is assumed that
time, C', L, x1 and x5 are scaled so that the equations above are dimensionless and all
quantities are of order one with the possible exception of (1/L) and (1/C'). Therefore,
the initial value problem with zo; = zg2 = 1, o = 0 and ty = 5 is considered.
Letting the parameters be p; = (1/C') and py = (1/L), the solution z; (¢, -) on the set
P = [pk, pY] x [p%, p¥] = [0.01,0.5] x [0.01, 0.5] is shown in Figure 7-1. The parametric
final time solution is clearly nonconvex, with a single maximum at (py, p2) = (0.01,0.5)
and two local minima, the global minimum at (py,pe) = (0.5,0.5), and a suboptimal

local minimum at (py, p2) = (0.01,0.01).

Since X is constant, appropriate convex and concave relaxations are simply x§” =
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Table 7.1: Factorization and computation of f; at (¢, p,x) and u; and o; at (¢, p, z,y).

T v Vi V;

1] m Py (P1, [p1,p1])

2| xy [ Xo(t) [ MC(25 (1), 25 (1), 22,2))
3 V1V V1V2 V1V2

Table 7.2: Factorization and computation of f; at (¢, p,x) and us and 09 at (¢, p, z,y).

{ U4 Vi Vi

1 D2 P (P, [p2, p2])

2 1 X1(t) | MC(zf(#),2V (), 21,y1)
3 T Xo(t) | MC(ak(t), 25 (1), 22, y2)
4 v3 vy Vi

5 (1/3)U4 (1/3)‘/21 (1/3)V4

6 —7U3 —‘/3 — ?{4

7T | vatwvs | Vo+ Vs Vo + Vs

8 |vrtuvs | Vet V5 Vi + Vs

9 —U1 - -V

10 | wgwg A% Vs Vo

X = Xo. Then, beginning from the function

T
£=[fi fol" = [plxz, p (:cl - lxg)} | (7.46)

3

it remains to construct functions u and o satisfying relaxation amplifying dynamics.

For any (t,p,z,y) € I x P x R"™ x R™  appropriate values for the functions u
and o at (¢,p,z,y) can be computed by evaluating the natural McCormick exten-
sion {f}(([t,t],[t,t]), (P, [p,p]), MC(xL(t),xY(t),z,y)). This is implemented by the
factorable representations of f; and fo shown in Tables 7.1 and 7.2, with factors v;,
inclusion factors V;, and relaxation factors V;. Now wy(t,p,z,y) and o1(¢,p,z,y)
evaluate to V5" and V5 in Table 7.1, respectively, and us(t, p,z,y) and o0s(t, p,z,y)
evaluate to V{j and Vij in Table 7.2, respectively.

Given the functions x{’, x{°, u and o as described above, convex and concave
relaxations for the parametric solution of (7.45) were generated by application of
Theorem 7.3.4. The resulting relaxations are shown in Figure 7-2. Clearly, the

minimum of the convex relaxation underestimates the global minimum of x; (s, -).
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Inductor Current Convex and Concave Relaxations

Current

Figure 7-2: State relaxations for = (s, -), the solution of the ODEs (7.45), constructed
over the interval P = [0.01,0.5]%.

Figure 7-3 shows a second pair of convex and concave relaxations, plotted with
the first, constructed in exactly the same way over the subinterval P! = [0.3,0.5]?
(the solution of (7.45) has been omitted for clarity). Clearly, the relaxations become

much tighter when taken over a subinterval of the original parameter interval P.

Example 7.7.2 (Relaxation Preserving Dynamics). Consider the nonlinear ODEs

i1 (t,p) = —(2 +sin(p1/3)) (@1 (t, p))* + pox1(t, p)aa(t, p), x1(to,p) =1, (7.47)

io(t, p) = sin(p1/3)(z1(t, p))* — paw1(t, p)a2(t, P), T (to, p) = 0.5,

where p = (p1,p2) € P = [—6.5,6.5] x [0.01,0.5] and I = [to,tf] = [0.0,2.0]. State
relaxations for this system on I x P were computed using the affine relaxation method
in [162], as well as the two nonlinear state relaxations methods presented here. For
brevity, we will refer to state relaxations computed through the theory of relaxation
amplifying dynamics as RAD relaxations, and those computed through relaxation
preserving dynamics as RPD relaxations.

The results are shown in Figures 7-4 and 7-5. In both figures, the parametric

solution w5(t,-), along with convex and concave relaxations computed by all three
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Figure 7-3: State relaxations for x;(ty, -), the solution of the ODEs (7.45), constructed
over the interval P = [0.01,0.5]* and the subinterval P* = [0.3,0.5]2.

methods, is plotted as a function of p;, with p, = 0.5 fixed. Figure 7-4 displays
these functions at t = 0.1, after only a short integration time, while Figure 7-5 shows
them at ¢ = t; = 2.0. In the case of the affine and RAD relaxations, the figures
actually display max(zZ(t), ca(t,-)) and min(x5 (t), Cy(t,+)), in order to compare the
best bounds that would be available from each method in a branch-and-bound setting

(this makes the affine relaxations appear non-affine in some figures). Of course, the

RPD always remain tighter than the state bounds by construction (Lemma 7.5.3).

After a short integration time, the nonlinear methods produce almost identical
results (the curves nearly overlap in Figure 7-4). On the other hand, the affine
relaxations are weaker for many values of p; because the parametric solution zo(t, -)
is highly nonlinear. After a long integration time, the RPD relaxations proposed here
are significantly tighter than those resulting from either of the other two methods.
The strength of the RAD relaxations apparently deteriorates with integration time,
so that at t = 2.0 the advantages of nonlinearity are nearly lost. This is attributed to

the fact that this method is based on bound amplifying dynamics, whereas the RPD
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relaxations are based on bound preserving dynamics. The bounding properties of the
affine state relaxations in [162] are also essentially based on the principle of bound
preserving dynamics. However, the affine nature of these relaxations is a consequence
of linear systems theory, not convexity preserving dynamics.

In order to demonstrate the convergence behavior of these methods, Figure 7-6
shows state relaxations constructed on the interval P* = [—4.9, —4.6] x [0.45,0.5],
again plotted as functions of p; with py = 0.5 fixed and ¢t = 2.0. The parametric solu-
tion x5(2.0, ) is much more nearly linear on P*, so that the advantages of nonlinear
relaxations are diminished. It is clear from this figure that the RAD relaxations are
the weakest on small intervals. These relaxations are also much more convex/concave
than seems warranted by the curvature of x5(2.0, -). In contrast, the affine relaxations
provide very reasonable bounds on this smaller interval, in part because x5(2.0, ) is
more nearly linear, but also because the bounding properties of these relaxations
are based on bound preserving dynamics. However, the RPD relaxations are again
the strongest. These relaxations not only make use of bound preserving dynamics,
but also of convexity preserving dynamics, so that the advantages of nonlinearity are

maintained without the excessive convexification demonstrated by the RAD theory.

Example 7.7.3. Consider again the chemical kinetics model of Example 4.5.4. Using
experimental data from [172], globally optimal parameter estimates for this model
were computed in [163] using the global dynamic optimization algorithm of [164],
which is based on the affine state relaxation method in [162]. In this example, RAD
and RPD state relaxations are computed for this problem and compared to the affine
relaxations of [162].

The kinetic model takes the form

x(t,p) = Sr(t, p,x(t, p)),

where S and r are give in Example 4.5.4 and p = (ko, k3, k4). The parameters ko
and k3 are restricted to the interval [1,1200] (M~'us™!), and ky is restricted to the
interval [0.001, 100] (us~1). That is P = [1,1200] x [1, 1200] x [0.001, 100]. The initial
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Figure 7-4: The parametric solution x5 (solid), along with affine state relaxations
(dot-dashed), RAD (squares) and RPD (dashed) state relaxations, constructed on P
and plotted as functions of p; with p, = 0.5 and ¢ = 0.1 fixed.

conditions are the same as in Example 4.5.4.

State relaxations for this system were computed on the time interval I = [0, 4.5] us.
Due to the very fast time constants in this system, this time horizon is long enough for
the system to nearly reach steady-state for all parameter values. For all three state
relaxation methods, numerical integration of the auxiliary system was done using
CVODES [44] with absolute and relative error tolerances of 107'°. These tolerances
were used because some state variables in the original system take meaningful nonzero

values on the order of 108 M.

In [163], parameter estimation for this system was done by fitting the model to
measured absorbance data. The absorbance depends on the species concentrations

according to

Abs(x(t,p)) = 1470x5(t, p) + 140(z6(t, p) + 27(t, p))- (7.48)

Figures 7-7 and 7-8 below show relaxations of z¢(ty, -) and Abs(x(ts,-)) on P, respec-

tively, for the final time ¢; = 4.5 ps. Having computed state relaxations, convex and
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Figure 7-5: The parametric solution x5 (solid), along with affine state relaxations
(dot-dashed), RAD (squares) and RPD (dashed) state relaxations, constructed on P
and plotted as functions of p; with p, = 0.5 and t = 2.0 fixed.

concave relaxations for Abs(x(ts,-)) are given by

wans (X (7, ), X (17, P)) = 147025 (¢, p) + 140(a5’ (8, p) + 25 (1, p)).

Oabs (X (L, ), x“(ty, p)) = 147025°(¢, p) + 140(zc°(¢t, p) + 25°(¢, p))-

To illustrate the convergence behavior of the three relaxation methods, Figures 7-9
and 7-10 show relaxations of z4(t, -) and Abs(x(ty, -)), respectively, on a much smaller
interval containing the globally optimal parameter values from [163], P* = [475, 550] X
[375,425] x [17,21]. In all figures, the depicted relaxations are constructed over the
entire interval P (or P*), but plotted for clarity only as functions of ks, with (ks, k4)
fixed at the globally optimal values from [163], (403 M~'us™',19.2us™1). In the case
of the affine and first generation nonlinear relaxations, Figures 7-7 and 7-9 actually
display max(z%(t), z&(t,-)) and min(z§ (t), (¢, +)). The relaxations in Figures 7-8
and 7-10 are similarly truncated at upper and lower bounds for Abs(x(ts,-)) on P
(resp. P*) computed by taking the natural interval extension of (7.48) using the

state bounds. Though the parameter dependence of the true model solutions in these
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Figure 7-6: The parametric solution x5 (solid), along with affine state state relaxations
(dot-dashed), RAD (squares) and RPD (dashed) state relaxations, constructed on P
and plotted as functions of p; with p, = 0.5 and t = 2.0 fixed.

figures appears to be fairly simple, these figures show only the dependence on ks with
the other two parameters fixed. In [163], it is shown that the corresponding parameter
estimation problem is indeed nonconvex and has numerous suboptimal local minima.

As in the previous example, the RAD nonlinear relaxations are superior to the
affine relaxations on the large interval P due to their nonlinearity. However, on the
smaller interval P* the situation is reversed, showing again that the RAD nonlinear
relaxations converge much more slowly than do the affine relaxations. On the other
hand, the RPD relaxations provide much tighter bounds than either of the other

methods on both large and small intervals.

7.8 Conclusion

Given a nonlinear system of ODEs (7.36), two sets of sufficient conditions have been
established for a system of auxiliary differential equations of the form (7.1) to describe
convex and concave relaxations of each state variable with respect to the ODE param-

eters, pointwise in the independent variable. Furthermore, computational methods
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Figure 7-7: The parametric solution zg (solid), along with affine state relaxations
(dot-dashed), RAD (squares) and RPD (dashed) state relaxations, constructed on P
and plotted as functions of ko with k3 = 403.0 M~ tus™ ky = 19.2 us™! and t = 4.5
us fixed.

were developed for automatically constructing and solving the required auxiliary sys-
tem for both sets of conditions. Through a conceptual analysis, corroborated by
numerical results, it has been shown that the second relaxation theory, based on the
concept of relaxation preserving dynamics, is superior to the first. It has also been
shown through numerical examples that this relaxation theory significantly outper-

forms a related existing method for computing affine state relaxations.
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Figure 7-8: The absorbance Abs(x(ty,-)) (solid), along with affine state relaxations
(dot-dashed), RAD (squares) and RPD (dashed) state relaxations, constructed on P
and plotted as functions of ko with k3 = 403.0 M~ tus™t, ky = 19.2 us™! and t = 4.5
us fixed.
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Figure 7-9: The parametric solution zg (solid), along with affine state relaxations
(dot-dashed), RAD (squares) and RPD (dashed) state relaxations, constructed on P*
and plotted as functions of ko with k3 = 403.0 M~ tus™, ky = 19.2 us™! and t = 4.5
us fixed.
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Figure 7-10: The absorbance Abs(x(ty,-)) (solid), along with affine state relaxations
(dot-dashed), RAD (squares) and RPD (dashed) state relaxations, constructed on P*

and plotted as functions of ko with k3 = 403.0 M~ 'us™!, ky = 19.2 pus~! and t = 4.5
us fixed.
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Chapter 8

State Relaxations for Semi-Explicit

Index-One DAEs

8.1 Introduction

This chapter considers the computation of state relaxations for the solutions of a
general system of nonlinear, semi-explicit index-one differential-algebraic equations
(DAESs), which is parameterized in the governing equations and initial conditions by
a real parameter vector. As in Chapter 7, there are two primary motivations for this
construction. First, to provide another means to compute enclosures of the reachable
sets of DAESs, in addition to the state bounding methods of Chapter 6, and second,
for their use in deterministic global optimization algorithms for problems with DAEs
embedded.

At present, there does not exist a fully deterministic algorithm for solving opti-
mization problems with DAEs embedded to global optimality. In [42], problems of
this type are addressed by discretizing the embedded DAEs by collocation on finite
elements. This reduces the original dynamic optimization problem to a standard
nonlinear program which can be solved by existing global optimization techniques.
However, it was found that a fine discretization creates problems which are too large
for global optimization routines to solve in reasonable time, and coarser discretization

could not represent the original dynamics well enough to produce reliable results (the
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optimal objective value was found to depend strongly on the discretization). In [55],
a method was proposed which does not require discretization. However, the method
employs a sampling procedure to obtain global information concerning the embed-
ded dynamics and hence cannot guarantee global optimality. Here, we provide two
guaranteed methods for computing state relaxations for the solutions of semi-explicit
DAEs. Thus, using a branch-and-bound framework as in [55] (see Chapter 1), the
state relaxation methods developed here lead to a deterministic global optimization

algorithm for problems with DAEs embedded.

8.2 Problem Statement

In this chapter, we apply the state relaxation methods developed in §7.3 and §7.4
to functions (x,y) € CY(I, x P,R™) x C'(I, x P,R™) that are the solutions of semi-
explicit index-one systems of DAEs. The class of DAEs considered here is exactly the
same as that considered in Chapter 5. The relevant assumptions are repeated here
for convenience. Let D, C R, D, C R", D, C R"™ and D, C R™ be open sets, and
let f: Dy xD,x D, xD, —R" g:DyxD,xD, xD,—R"andx¢:D, — D,

be C! functions. Given t, € D;, consider the initial value problem

x(t,p) = f(t,p,x(t,p),y(t,p))
0 = g(t>p>x(t>p)>Y(t>p))

X(to,p) = Xo(P)- (8.1Db)

: (8.1a)

A solution of (8.1) is defined in Definition 5.3.2.

8.2.1 State Bounds and Related Assumptions

To derive state relaxations for some solution (x,y) of (8.1) on I x P, state bounds
on this solution will be required. This will be done using the single-phase method
of Chapter 6. From the results there, it can be seen that successful completion of

this method provides bounds and a preconditioning matrix satisfying several useful
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properties related to existence and uniqueness of a solution of (8.1) and invertability
of g—)g,. These conditions are summarized in the following assumption, which holds in

the remainder of the chapter.

Assumption 8.2.1. Let I = [ty,tf] C D, and P C D, be intervals. Continuous
functions C : I — R™>*™ xI' xY : [ — R" and y*,yY : I — R™ are available and

satisfy the following conditions with X (t) = [x(¢),xY(¢)] and Y (t) = [y (¢), yY (1)]:

1. There exists a regular solution of (8.1) on I x P satisfying

(x(t,p),y(t,p)) € X(t) xY(t), V(t,p)e€lxP. (8.2)

2. For any other solution (x*,y*) of (8.1) on I x P, y*(to,p) ¢ Y (to), Vp € P.
3. X(t) x Y(t) C Dy x D,, V¥t € 1.

4. For every t € I, the interval matrix C(t) [g_)g’] (t, P, X(t),Y(t)) does not contain

any singular matrix and does not contain zero in any of its diagonal elements.

5. For every (t,p,z,) € I x P x D, with z, € X(¢), there is a unique point
z, € Y (t) such that g(¢, p, z,,2z,) = 0.

The bounding methods of Chapter 6 produce state bounds on a single regular
solution (x,y) of (8.1), which is evident from Assumption 8.2.1. Of course, this
implies that the state relaxations derived here will not be valid for all solutions
of (8.1), but will be specific to the solution of Condition 1. For applications in
which there is a single solution of interest, this has the advantage that we avoid
unnecessary conservatism in the relaxations that might result from bounding multiple
solutions. On the other hand, if one is interested in all possible solutions, then the
relaxation method presented here would need to be combined with some procedure
for exhaustively enumerating regular solutions of (8.1). We do not pursue such a
procedure here, though analogous search methods for pure algebraic systems have
been thoroughly studied [131]. In any case, it seems problematic to work with state

relaxations that are valid for multiple solutions simultaneously, at least in the context
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of global optimization, since this would make the required convergence properties
impossible (convergence conditions in the case of ODEs are given in [158]).

In the remainder of this chapter, the notations I, P, (x,y), X, Y and C will refer
to the quantities of Assumption 8.2.1.

8.2.2 The Auxiliary System

As in Chapter 7, state relaxations will be computed as the solutions of an auxiliary

system of ODEs. Here, this system takes the form

t,p,x"(t,p), x“(t,p), y(t,p),y“(t,p)), (8.3)
t,p,x"(t,p), x“(t,p), y“(t,p),y“(t,p)),
t,p,x“(t,p), x“(t,p)),

t,p,x”(t,p), x“(t,p)),

:uf

(
(

The reason for the particular notations here will become clear in later sections.

Though this system has algebraic equations, they are explicit, so that we may
consider it as a system of ODEs for x* and x“. Our approach then, is to derive func-
tions uy, oy, ﬁg and 6{5 such that the system (8.3) describes relaxation amplifying
dynamics for x on I x P. Then, a modification exactly analogous to that in Chapter
7 will be applied to arrive at a system describing relaxation preserving dynamics for
x on [ x P. Again, this system will not be exactly of the form (8.3) and will involve
state events.

In constructing appropriate functions uy, oy, 1‘1{5 and 6{5 , a crucial step is to
compute convex and concave relaxations for the algebraic variables y given state
relaxations for x. This is essentially what the functions ﬁff and 6;’; accomplish. This
then serves the added purpose of providing a means to compute state relaxations for

y after solving (8.3).
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Of course, natural McCormick extensions will play a key role in defining the

required functions. Therefore, the following assumption is required throughout.

Assumption 8.2.2. The functions xg, f, g and g—i are L-factorable with natural
McCormick extensions x¢ : Dy — MR", {f} : D — MR", {g} : D — MR™
and {g_}g,} : D — MR™*™_ Furthermore, P is represented in Dy and the interval

[t,t] x P x X(t) x Y(t) is represented in D for every t € I.

8.3 Relaxing the Algebraic States

In this section, appropriate functions ﬁfp{ and 61[; are derived. Essentially, these
functions compute relaxations of y(t, -) on P, for each fixed t € I, when provided with
state relaxations for x as input. Conceptually, this is accomplished by deriving from
g a semi-explicit expression for y which can be iteratively relaxed by McCormick’s
relaxation procedure.

As the development proceeds, we will periodically stop to illustrate the proposed

methods for the simple DAEs

1 1

2sin(p
y(t.p)
where t € I = [0,0.2] and p € P = [—1,2.5]. Applying, the single-phase method

of Chapter 6, state bounds were computed for the unique regular solution of these
DAEs satisfying the consistent initial condition (1,7.354) € X (t9) x Y (to) for p = 0.5.

Numerical results for this example are presented in §8.6.

8.3.1 Characterizing the Algebraic States

Below, the solutions of g(¢, p, z,, z,) = 0 are characterized through an application of

the mean value theorem. The following notation is convenient.
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Definition 8.3.1. For all (¢,p,2z,,z,) € D; x D, x D, x D, define the matrix
M(t,p, 2., zy) = C(t)g—}g,(t, p.Z.,z,), and denote the elements of M by m;.

Definition 8.3.2. Let y : I x P — R™ denote an arbitrary function that is affine
on P for every fixed t € I and satisfies y(¢,p) € Y (¢), V(¢t,p) € [ x P.

The function y is essentially used as a reference point in the application of the
mean value theorem below. The assumption that it is affine on P for every fixed t € [
is not required for this purpose, but is required for the relaxation scheme described

in §8.3.2.

Theorem 8.3.3. Let z, : I x P — R™ satisfy z,(t,p) € X(t), V(t,p) € I x P,
and let z, : I x P — R™ be the unique function satisfying z,(t,p) € Y(t) and
g(t,p,z,(t,p),2y(t,p)) =0, V(¢t,p) € I x P (see Condition 5 of Assumption 8.2.1).
There exists X : I x P — [0,1]™ such that the definition €' (t,p) = y(t,p) +

)‘i(t7 p) (Zy(t7 p) - S/‘(t, p)) Satisﬁes

_ 1 -
s0.9) = (1) = i C (12,1 2) ()
3 020, €10, )~ (0,9 (35)

J#i
for all (t,p) € I x P and everyi € {1,...,n,}, where C; denotes the i™™ row of C.

Proof. Fix any (t,p) € I x P and note that z,(¢,p),y(¢t,p) € Y(¢). Since g €
CYD; x D, x D, x D,,R™), it is clear that C;(t)g(t, p, z.(t, p), ) is differentiable
on D,. Since Y (t) C D, is convex, the mean value theorem asserts that there exists

Ai(t,p) € [0,1] such that &'(t,p) = y(t,p) + \i(t, p)(z,(t,p) — ¥(t, p)) satisfies

C(0) (55 1. .2.(60).€10.9)) (1 (0.p) - 7(1.P)

= Cz(t>g(t7 p, Zx(ta p)? Zy(tv p)) - Cz(t)g(t7 b, Zy(t7 p)7 S/‘(t, p))7

= —C;(t)g(t,p,z,(t,p), ¥(t, P)),

where the last equality follows from the fact that g(t, p,z.(t,p),z,(t,p)) = 0. This
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is equivalent to

Mi(t> P, Z, (ta p)a El (ta p))(Zy(t, p) - S’(ta p)) = _Cz(t)g(ta P, Zx(ta p)a S’(ta p))>

where M; denotes the i** row of M. Since my;(t, p, z.(t, p), &' (t, p)) # 0 by Condition
4 of Assumption 8.2.1, z, (¢, p) can be isolated on the left to give (8.5). Then, it has
been shown that, for arbitrary, (¢,p) and 4, there exists \;(¢,p) € [0, 1] such that
(8.5) is satisfied with &€'(t,p) = ¥(t,p) + Ai(t,p)(z,(t,p) — ¥(¢,p)). Accordingly,
A\ : I x P — [0, 1]™ satisfying the theorem. O

The following definitions simplify Theorem 8.3.3 to give Corollary 8.3.6. This
Corollary provides the characterization of y required to construct the desired relax-

ations.

Definition 8.3.4. Define the set

ot = {(t,p, 22, 2y, 2y, A, C) c(t,p,A) €1 x Px (0,1, z, € X(1),

~

z,,%, € Y(t), C=C(t)}.

Definition 8.3.5. Define 1 : &+ — R" elementwise, for each i € {1,...,n,}, by

A 1 A
¢i(t7p7zm7zy72y7)\7 C) = Zy,i - i [Cig(t7p7zm72y>
myg; (tu P, Z;, £Z)
3 1B € — ) (5.0
J#i

where &' = 7, + \i(z, — Z,) and m;; is the i element of Cg—f,.

Corollary 8.3.6. Let z, : [ x P — R™ satisfy z.(t,p) € X(t), V(t,p) € I x P,
and let z, : I x P — R™ be the unique function satisfying z,(t,p) € Y(t) and
g(t,p,2,(t,p),zy(t,p)) =0, V(¢t,p) € I x P. There exists X\ : I x P — [0,1]" such
that

zy(t,p) = Y (1, P, 2:(t, P), 24 (t, P), ¥(t, ), A(t,p), C(1)), V(t,p)elIxP. (8.7)
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In particular, there exists X : I x P — [0,1]™ such that

y(t,p) =¥t p,x(t,p),y(t,p), ¥t p), A(t,p),C(t), V(t,p)elxP  (88)

Example 8.3.1. Consider the algebraic equation in (8.4), defined by the function

2sin(p)

— Tz,.
vV

g(t7p7 Zwvzy) = Zy -

Differentiating and applying the mean-value theorem as in Theorem 8.3.3, 1 is given

by

~ . - 1 _ 2sin(p

w(tpv Zxsy Ry, Ry )\7 C) = Zy — sin(p) Zy — ~( ) - 7Z;E . (89)
14+ ———— Zy

(By+A(2y—2y))2

Note that the matrix C of Assumption 8.2.1 is 1 x 1 in this case and therefore cancels
out in the definition of ). In order to characterize the solution y through Corollary
8.3.6, a reference trajectory ¢ must be specified. For the numerical results in §8.6,

4(t,p) = 0.5(y*(t) + yY(t)) was chosen for all t € I.

8.3.2 An Iterative Relaxation Scheme

The characterization of y given in Corollary 8.3.6 can be used to relax y by an iterative
scheme. First, note that Definition 8.3.5 and Assumption 8.2.2 guarantee that 1) is
L-factorable. Let {4} : D, — MR" be a natural McCormick extension. Since the
set [t,t] x P x X(t) x Y(¢) is represented in D by Assumption 8.2.2, it follows that
[t,t] x Px X(t) x Y (t) x Y (t) x [0,1] x [C(t), C(t)] is represented in D, provided that
no division by an interval containing zero occurs. But by Condition 4 of Assumption
8.2.1, such a division is impossible.

Evaluating the natural McCormick extension of @ requires bounds on all of its
arguments. By definition, Y (¢) is a valid bound on the reference point y (¢, p), Vp € P.
However, sharper bounds will usually be available, as in Example 8.3.1 above, where

the reference point is constant with respect to p. Therefore, we define independent
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bounds for y below.

Definition 8.3.7. Let yX,yY : I — R™ be functions satisfying y(t,p) € Y (¢)
[y5(), ¥ ()] C Y (t),Y(t,p) € I x P.

Definition 8.3.8. Let uy, 04 : I X P x R"™ x R" x R"™ x R"™ — R"™ be defined by

uy(t, p, 22, 22, 25, 2°) = max(z, {}*(T, P, X, Y., L,C))
oy(t,p, 2y, 2y, 2, , 2, ) = min(z;’, {Y}*(T, P, X, ), V.L,C))

where

X = MC(x*(t),xY (), 25, z°) T = MC(t, t,t,1),
Y =MC(y"(t),y" (1), 7, z°), P = MC(p, p,p,p),
Y =MCF*(1),5" (1), 5(t,p),¥(t,p)), £=MC(0,1,0,1),
C = MC(C(t),C(t), C(t),C(t))

It will be shown that the previous definition provides a means to compute state
relaxations for y on I x P as a refinement of the state bounds. In particular, the

following theorem holds.

Theorem 8.3.9. Let X, x°: [ x P — R" be state relaxations for x on I x P. Then

state relaxations fory on I x P, y*,y°“: I x P — R™ are given by the definitions

ycv(t’ p) = Uy (ta P, x (ta p)’ ch(t> p)> yL(t)> yU(t))a

y(t, p) = oy (t, P, x(t, p), x“(t, p), y" (1), yV (¢)).

This theorem is proven through a series of more fundamental lemmas that will be

required to show that (8.3) satisfies the conditions of relaxation amplifying dynamics

in 8.4.

Lemma 8.3.10. Let (t,p,z,) € I x P x R™ satisfy z, € X(t), and let z, € R™ be
the unique point satisfying z, € Y (t) and g(t,p, 24, 2,) = 0. For any z$’,z5° € R

x ' T
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cv cc n > y cv cc cv cc
and z,’, 7,0 € R™ satisfying 23" < z, < z5° and z,’ < 7z, < 7,7,

(t>p> ;Ua ;c’zzv’ Zc/c) < Zy < 0111(t7p> ;Ua ;C>ZCU ZCC) (810)

Yy Ty

Proof. Choose any (t,p, z,,2z,) € I x PxR" xR™ as in the statement. By Corollary
8.3.6, there exists A € [0, 1]" such that

2, = (1, . 2,2, 3(1,p), A, C(1)). (8.11)

Choose any z3",z5" € R"™ and z;",z;° € R" and suppose that z;’ < z, <z and

zy <z, < 7y’ Using the notation of Definition 8.3.8, define

,(t, p, 2, 2, 2, 2°) = (¥} (T, P, X, 9,9, L,C), (8.12)

:c’y7y

OZp(t,p, ;U,ch ch cc) {,¢}cc(7 73 X y y £ C)

:z:?y’y

That is, uip and 0;) are the same as u, and o, up to the application of the min and

max functions. By hypothesis,

z, € X(t)N 2y, 2], z,€Y(t)N[z’, z]. (8.13)

T T y Ty

Additionally, we make the trivial observations

teltnit,, y(t,p) € Y () N[yt p),y( p)l, (8.14)
p < PnN[p,pl, C(1) € [C(1), C(H)]N[C(1), C(1)],
Ae€0,1]n]o,1].

By Assumption 8.2.2 and Condition 4 of Assumption 8.2.1, the interval
[t,t] x P x X(t) x Y(t) x Y (t) x [0,1] x [C(t), C(t)], (8.15)
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is represented in D,. Then, by (8.13) and (8.14), we may apply Lemma 2.7.3 with

»
I

(t, P, 22,2y, 5 (1, P), A, C(1)), (8.16)
X = (t,p 2, 2", ¥(t,p),0,C(t)),

° * (t7 p7 {,CCC7 2675}( ) 1 C(t))

"
I

This gives

u (t7 p7 ;‘1)7 Z{,CCC7 sz7 ZZC) S ’lp(t p7 Z:Euzy7Y( ) A C( )) S O;(t, p7 {,CCU7Z;‘C7 ZZU7ZZC>

Combining this with (8.11) yields

u/ <t7 b,z ?507 chu szv ZC) < Zy < 01/;<t7 b,z ?507 chv ch/v7 ZZC) (817>

Combining this with z" < z, < z° gives (8.10). O

Lemma 8.3.11. Letz,: I x P — R"™ and z, : I x P — R™ satisfy z,(t,p) € X(t)
and z,(t,p) € Y(t), V(t,p) € [ x P. Let z&,25 : I x P — R™ and z£’,25° : [ x P —

z 2y y’y

R™ and choose any (A, p1,p2) € (0,1) x P x P. For anyt € I, if
1. zg'(t,-) and z;'(t,-) are consistent with convexity at (A, p1,P2),
2. z(t,) and z;(t,-) are consistent with concavity at (A, p1, P2),

3. z0(t,q) < z.(t,q) < z°(t,q) and z°(t,q) < z,(t,q) < z(t,q) for all q €
{pla P2, )\pl + (]- - )\)p2}7

then the functions

P> P—uy (ta P, Z;v(ta p)a Z;C(ta p)a sz(ta p)a Z;C(ta p))a (818)

P > pr—— oyt p,2;(t,p), 25 (t,p), 2, (t,p), 2, (1, P)),

are, respectively, consistent with convezity and consistent with concavity at (X, p1, p2)-
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Proof. Choose any (A, p1,p2) € (0,1) x P x P, define p3 = Ap; + (1 — \)p2, and
suppose that t € I is such that Conditions 1-3 hold.

By Assumption 8.2.2 and Condition 4 of Assumption 8.2.1, the interval
X :=[t,t] x P x X(t) x Y(t) x Y(t) x [0,1] x [C(t), C(t))], (8.19)

is represented in D,. We will apply Lemma 2.7.4 with

va : (ta Pi, Z;v(ta pl)a sz(ta pl)a S’(ta pl)a 0? C(t))a
ch = (ta Pi, Z;C(ta pz)a Z;C(ta pz)a S’(ta pz)a 1a C(t))a

and i € {1,2,3}. To verify the hypotheses of that lemma, we first show that X N
[x¢v, x¢¢] # (0 for all 7 € {1,2,3}. By hypothesis,

X(8) N [z (8 pa), 25 (8, o)) # 0, Y(E) N[22, pi), 2, (¢, )] # 0, (8.20)

for all i € {1, 2,3}, because these intervals contain z, (¢, p;) and z, (¢, p;), respectively.

Additionally, we make the trivial observations

[t ] N[t 1] # 0, Y ()N [y(t,p),y(t,pi)] # 0, (8.21)
PO pi,pi] # 0, [C(t), C(H)] N[C(t), C(t)] # 0,
[0,1]N[0,1] # 0,

for all i € {1,2,3}.

Now, when considered as functions on P, the constant values ¢, 0, 1 and C(t), as
well as the identity function p, are all both consistent with convexity and consistent
with concavity at (A, py, p2). Moreover, by the assumption that y(¢,-) is affine on P,
it is also both consistent with convexity and consistent with concavity at (A, p1, p2)-

Combining this with Hypotheses 1 and 2 of the present lemma, Theorem 2.7.4 now
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shows that

P35 pr—uy(tp 2zt p), 2z (1, p) 7, (t, ), 2, (t,P)), (8.22)

P> pr—— oyt p,z; (t,p), 25(t,p), 2z, (1, P), 25 (t, D)),

are, respectively, consistent with convexity and consistent with concavity at (A, p1, p2)
(uy, and oj, are defined as in (8.12)).
Since the min of two convex functions is convex, Definition 8.3.8, Hypothesis 1

and (8.22) imply that

P> pr—uy(t,p,z;(t,p), z; (t, P), 2, (t, p), 25 (L, P)) (8.23)

is consistent with convexity at (X, p1, p2). Arguing analogously for oy, this proves

the lemma. O

Lemma 8.3.12. uy; and oy are continuous on I x P x R" x R"™ x R™ x R",

Moreover, AL € Ry such that

CU CC ~>CU

||uw( » Py accv>zfcc’zgc;v>zgc/c) - ud}(t»p? z Ly Dy 2y )”oo
+ lloy(t, P, 27", 257, 2, 2) — 0y (L, P, 27, 25, 2, , 2, ) ||
< L(ll2g" — 220 + 128" — 25°lloe + 12" — 25"l + (12" — 2] 0)

CU CC HCU HCC 5CU 5CC 5CU SCC an 4n
forall (t,p, 25, 250,25, 25, 25, 7y 2, 25) € 1 X P x R x R,

Proof. This assertions follows from Corollary 2.7.8 by a construction exactly analo-

gous to the proof of Lemma 7.6.7. O

Theorem 8.3.9 can now be proven by noting that, for any ¢ € I, y*(¢) and yY(t)
are, respectively convex and concave relaxations of y(t, ) on P. Then, the conclusion
follows at once from Lemmas 8.3.10 and 8.3.11. Thus, Theorem 8.3.9 gives a simple
method for refining the state bounds y” and yY to obtain state relaxations for y. An

example of this construction is given in Example 8.3.2 below.

357



Example 8.3.2. Recall the definition of ¢ in (8.9) for the example DAE (8.4). The
construction of u, and o, for this example is shown here. Note, however, that this
is only illustrative. The entire procedure can be easily automated using operator
overloading, as in MC++ (http://www3.imperial.ac.uk/people/b.chachuat/research).

First, bounds on the reference trajectory, §* and ¢V, are required as per Definition
8.3.7. Since y was chosen to be constant with respect to p in Example 8.3.1, we choose
gE(t) = gY(t) = g(t), Vt € I. Furthermore, note that (¢, -) is trivially affine for each
tel

C’U CCZC’U cc
x m’ y y

For any (t,p, z ) € I x P x R*, appropriate values for u, and o, are
computed by evaluating the natural McCormick extension of ¢ with the initializations
given in Definition 8.3.8. This is implemented by the factorization of v shown in

Table 8.1 with factors vy, inclusion factors V}, and relaxation factors, V. The values

C’U CC CcvU CC CC Ccv cc

uy(t,p, 257, 25, 250, 2°) and oy (t, p, 257, 25¢, 257, 2,°) are given by Vg and Vgg in Table
8.1, respectively.

The state relaxations given by Theorem 8.3.9 can obviously be refined iteratively.
That is, sequences of state relaxations for y, {y***} and {y°*}, can be computed
by recursive application of u, and o,. However, a direct recursive application of

u,, and oy, is not the most efficient way to accomplish such an iterative refinement.

cv,k+1

In particular, this would update each y; and yjc-c’]‘“r1 based on the relaxations

yUF and y°“* regardless of j. However, if the sequence of computations updates

cv,k cv,k+1

y2F and 7" before y5™* and y5F, for example, then the updated relaxations y

k+1 K1 :
cokt and y5©* . This

can be used in the subsequent computation of y5***!

and vy,
accelerated updating scheme is analogous to that used in the Gauss-Seidel algorithm
for iteratively solving systems of equations. The following functions describes this

procedure.

Definition 8.3.13. For any K € N, define the functions @[}, 65 : I x PxR"™ xR™ —
R"™ by

cv e cv, K K ZCV g ch
uy (t,p,zy’,25) = 2" and oy (t,p, 2y, z) = 7"
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Table 8.1: Factorization and computation of ¢ at (¢,p, 2z, 2y, Z,, A) and u,, and o, at

cv cc Ccv cc
(t,p, 25", 255, 25 7).

k Uk Vi Vi

1 p P MC(p, p, p, p)

2 2 X(t) MC(zE(t), U (t), 257, 25°)
3 Zy Y(t) MC(y" (1), yU (1), 25", 25°)
4 Zy Y(t) I\IC(gL(t)7 ~U(t)ag( ,p)@(t,p))
5 ) 0,1] MC(0,1,0,1)

6 —Uy -V =V

7 V3 + Vg Vs + Vi Vs + Vs

8 v5V7 A% Vs V7

9 | vq+ous Vi+ Vs Vi+ Vs

10 | (v9)*/? (Vy)*/2 (Vo)

11 1/v10 1/Vio 1/Vio

12 | sin(vy) sin(17) sin(V1)

13 | viivie Vi1 Viz Vi1Vio

14 1+ v3 1+ Vis 14+ Vi3

15 1/v14 1/Viy 1/V14

6] o | VW 2

17 1/1)16 1/V16 1/V16

18 —21}12 —2V12 —2V12

19 | wvirvis Vi7Vis Vi7V1s

20 | vg+wvig | Va+ Vig Vi + Vig

21 —Tvs —TVs —Tvg

22 | wao + w21 | Vag + Vau Voo + Vo1

23 | wvisv22 V15 Voo V15 Va2

24 —V23 —Va3 —Va3

25 | vatwoy | Va+ Vo Vi + Vau
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where 25”0 = y*(t), 2;° = y"(t), and

cv,k _ ( cv,k+1 cv,k+1  _cu,k cv,k)

~; g1 By s By s g

A = )
i = gty pog 7 A )
Z;,cljk—i_l = Ow,i(t> p.z;, 2, 72&) k? 7266 k)

foralli=1,...,n,and all 0 < k < K.

Theorem 8.3.14. Let x®,x° : [ x P — R"™ be state relaxations for x on I x P.
Then state relaxations for y on I x P, y*,y* : I x P — R™ are given by the

definitions

y(t,p) = uj (t,p,x"(t,p),x“(t, p)),

ch(t’p) = 01/1 (t>p> (tap)>xcc(tap))'

Again, this result is proven through a series of more fundamental lemmas.

Lemma 8.3.15. For any (t,p, 2", z5°) € I X PxR"™ xR" satisfying X (t)N[z’, 2] #

. v 12y
v (t) < uj(tp. 2,25 < op(tp, 2y 25) < yU(1). (8.24)

Moreover, choosing any z, € X (t) N [z5, 2],
uy (t,p, 25" 25) <z, < 65 (t,p, 25, 25), (8.25)

where z,, € R™ is the unique point satisfying z,, € Y (t) and g(t, p, z,,2,) = 0.

Proof. Choose any (t,p,zs",z5) € I x P x R"™ x R"™ and suppose that X (¢) N
25,25] # 0. Define the quantities z"%, zi*, ~;” " and 4" as in Definition

x ) (E

8.3.13. Since z{"" = y*(t) and z{"° = yY(t) by definition, the inequalities y*(t) <
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CC

ug(t7 p? ;U’ xT

functions in the definition of u, and o, using a trivial inductive argument. Since,

CU CC

) and Oy K(t,p,z%, z¢) < yY(t) follow from the use of the min and max

Jdz, € X(t) N[z, 2, it suffices to show (8.25), since this then implies (8.24).

SC ? SC

Choose any z, € X(t) N[z, 2] # 0 and define z, accordingly. By definition,

z, € [ZZUO, zy” 0]. Suppose that this is true for some arbitrary k& > 0. Since 7“’19 =
z:"* and Aok = 75, z € [v§*,45"]. Then, Lemma 8.3.10 implies that z,; €
[zzf’l’kﬂ,z;ﬁkﬂ]. Suppose that, for some 1 < ¢ < n,, z,; € [zzz’kﬂ,z;fgkﬂ] for all

[ cv,k ce,k

i < (. By definition, it follows that z, € [v,"",~,;”"]. By Lemma 8.3.10, this implies

cv,k+1 cc,k—l—l]
yl %yl

[z¢0 k1 28] Induction over k shows that this conclusion holds for all k € N. [

that z,, € [z . Now, applying finite induction over ¢ shows that z, €

Lemma 8.3.16. Let 28,25 : [ x P — R"™ and choose any (A, p1,p2) € (0,1)x PxP.
For every t € I such that

1. z8(t,-) is consistent with convexity at (A, p1,P2),

2. zE°(t, ) is consistent with concavity at (X, p1,P2),

3. X(t) N[z (t,q),zs(t,q)] # 0, YVq € {p1, P2, A\p1 + (1 — A\)p2},

the functions

P3p— ul(t,p,z(t,p), 25°(t, p)),

P> p+— o}t p, 2zl (t,p), 25 (1, p)),
are, respectively, consistent with convezity and consistent with concavity at (X, p1, P2)-

Proof. Considering the evaluation of @} and oy at (¢,p,z(t,p),z5(t,p)), define
the quantities zc”k(t, P), CCk(t, p), v (t,p) and 7" (¢, p) according to Definition
8313 forall (t,p)eIxP,allke{l,...,K}andallie{1,...,n,}.

Choose any (A, p1,p2) € (0,1) x P x P, define p3 = Ap; + (1 — A\)p2, and suppose
that ¢t € I is such that 1-3 hold. By Hypothesis 3, it is possible to choose a function
z, : I x P — R" such that z,(s,p) € X(s), V(s,p) € I x P and z,(t,p;) €
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25 (t, i), 25°(t, pi)], Vi € {1,2,3}. Let z, : I x P — R™ be the unique function
satisfying z,(s,p) € Y(s) and g(s, p, z,(s, p),z,(s,p)) =0, V(s,p) € I x P.

For arbitrary functions r’,r® : I x P — R"™, consider the hypotheses:
1. r®(t,-) is consistent with convexity at (A, p1, p2),
2. r°(t,-) is consistent with concavity at (A, p1, p2),

3’ rCU(t’pi) S Zy(tapi) S re ( 7p2) VZ - {1 2 3}

By definition, the Hypotheses 1-3 above hold with (r®,r) = (z{"%,z{%). As an
inductive hypothesis, suppose that this is true for some k > 0.

Since y&F = z:"" and i z;%*, 1-3 hold with (r,r) = (vs"F ~5RY . Sup-
pose that, for some 1 < ¢ < n,, Hypotheses 1-3 hold with (r®,r*) = ('y;”k,'ygc k)

Then, Lemma 8.3.11 may be applied with (z;’, z;°) := (v;” k. v k) This implies that

cv,k+1

wi | (t,+) and ch kH(t, -) are, respectively, consistent with convexity and consistent

zZ

with concavity at (A, p1, p2). For each ¢ € {1,2,3}, applying Lemma 8.3.10 with

(20,25, 27") = (2o (1, Pi), 25" (E, Pi), 25 (8, i), (8.26)

(2, 25", 25°) o= (2 (£, D), ¥ " (£, 00), Ve (8, Pi), (8.27)

proves that 2z, P ps) < 2yt pi) < =, 44t p;). Tt follows that Hypotheses 1-3
hold with (rev,r«) = ('ﬁif,w +1) Finite induction over ¢ shows that 1-3 hold with
(rev, rec) = (’yﬁf;k, Yoo ¥). Then, one more application of the inductive step above shows
that zgf’ﬁ’i“(t -) and 25 k“(t, -) are, respectively, consistent with convexity and consis-
tent with concavity at (A, p1, p2), and that 275 (¢, ;) < 20, (¢, pi) < 25584 (8, pa),
Vi € {1,2,3}. Combining this with the fact that 1-3 hold with (r®’, r®) = (’yffyk, 'yffyk),
it follows that 1-3 hold with (reV, r®) = (z®k+1 ze¢k+1) Induction over k now shows
that this conclusion holds for all 0 < & < K. In particular, Hypotheses 1 and 2 hold

with (r, r) = (2%, z°“K), which is the desired result. O

Theorem 8.3.14 now follows directly from Lemmas 8.3.15 and 8.3.16.
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8.4 Relaxation Amplifying Dynamics

In the previous section, the functions 1‘15 and 65 were defined. To specify fully the
auxiliary system (8.3), it remains to define x§’, x{°, uy and oy. These functions
are defined below, and it is then shown that (8.3) furnishes state relaxations as its

solutions by appealing to the theory of relaxation amplifying dynamics (§7.3).

Definition 8.4.1. Let uy,0; : I x P x R™ x R" x R"™ x R™ — R™ and x§", x{° :
P — R™ — R™ be defined by

u(t,p, 25’272, 7)) = {E}(T, P, X,Y),  x3°(p) = {xo}*(P),

e Ly 2y
of(t,p. 2,25, 2z, 7)) = {£}(T, P, X,Y), x5°(p) = {x0}*(P),

where

X = MC(x*(t),xY(t),25,2%), T = MC(t,t,t,1).

Y =MC(y"(t),y"(t),z5,z), P =MC(p,p,p,p).
Because the algebraic equations in the auxiliary system (8.3) are explicit, it can

be viewed as a system of explicit ODEs with right-hand side functions u,0: I x P X

R" x R™ defined by

(t7 p7 gv7 ;C) =u (t7 p’ ;1}7 267 ﬁ’d) (t7 p7 gl)’ ;C) O (t7 p’ ;1}7 ;C>>7 (828>

CU cc C’U CC CU CC

(t7 p7 ;’v7 CCCC) E (t7 p7 x 7Z1’ 7ﬁ’¢} (t7 p7 x f,lj ) O (t7 p7 x ) 1’ ))’

In the following results, it is established that (u,0) defined in this way describe

relaxation amplifying dynamics for x on I x P.

Lemma 8.4.2. For arbitrary functions z5¥,z5° : [ x P — R" and every p € P, the

following conditions hold:

1. For a.e. t € I such that z&(t,p) < z(t,p) and X (t) N[z (t, p), z5(t, p)] # 0,
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u and o satisfy

u(t, p,z;'(t,p), 277 (1, p)) < o(t, p, 25’ (t, p), 2 (L, p)). (8.29)

2. For a.e. t € I such that z5'(t,p) < x(t,p) < z°(t,p), u and o satisfy

u(t,p,z5 (t,p), 25 (t,p)) < x(t,p) < olt,p, 2z (t, p), 2o (L, p)). (8.30)

Proof. Choose arbitrary functions z5",z5° : [ x P — R™ and let p € P. For any

T T

t € 1, (8.29) follows from Definition 8.4.1 and the fact that {f} takes values in MR".
Suppose that ¢ € [ is such that z$(¢, p) < x(t,p) < z5(¢, p). Define

zZ”(t, p) = ﬁg(t,p,zi”(t,p),sz(t,p)), (8.31)

z.(t,p) = o, (t, p, 2" (t, p), 2 (£, p)).

cv

Applying Lemma 8.3.15 with (z,,z%", z5%) = (x(t,p), 25" (¢, p), 25°(t, p)) proves that

z,'(t,p) < y(t,p) <z,/(t,p). (8.32)

By Assumption 8.2.2, the interval [t, 1] x P x X (t) x Y (¢) is represented in D. Thus,
Lemma 2.7.3 may be applied with

x = (t,p,x(t,p). y(t, p)), (8.33)
x” = (t,p,z; (t,p), 2y (t,P)),
x“ = (t,p, 25 (t,p), 2, (£, P)),
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to conclude that

uy(t,p, 2z (t,p), 25 (t,p), 2, (t,p), 2, (t, P)) (8.34)
<f(t,p,x(t,p),y(t,p))

< Of(t7 b, Z;;U(TH p)v Z;;c(tv p)v ch/v(t7 p)v ch/c(tv p))v

which is the desired inequality. O

Corollary 8.4.3. The functions (u,0) describe bound amplifying dynamics for x on

I xP.
Proof. This follows immediately from Conclusion 2 of Lemma 8.4.2. O

Lemma 8.4.4. Let zt",z5° : [ Xx P — R™ and choose any (A, p1,p2) € (0,1) x Px P.

x ' T

For every t € I such that

1. z8(t,-) is consistent with convezity at (A, p1,P2),

2. 7zt4(t, -) is consistent with concavity at (X, p1,P2),

8. X(t)N[z(t, q),z5(t, )] # 0, Yq € {p1, P2, Ap1 + (1 — A)p2},

the functions

P> pr—u(t,p,z(t,p), 25 (¢, p)),

P> pr—o(t,p,z;(t,p), 25 (¢, P)),
are, respectively, consistent with convezity and consistent with concavity at (X, p1, p2)-

Proof. Define z;’(t, p) and z; (¢, p) as in (8.31), for all (¢,p) € I x P. Let (A, p1,p2) €
(0,1) x P x P, define p3 = Ap; + (1 — A\)p2, and suppose that ¢t € I is such that
Conditions 1-3 hold. Under these hypotheses, Lemma 8.3.16 implies that zzv(t, -) and

cc

Zy

(t,-) are, respectively, consistent with convexity and consistent with concavity at

(A, P1, P2). Moreover, for each i € {1,2,3}, applying Lemma 8.3.15 with (z’, z5%) :=
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(25 (t, pi), 25°(t, pi)) proves that z;° (¢, p;) < z;°(¢, ps) and [z} (¢, ps), 25 (¢, pi)] C Y (1),
and hence Y (t) N [z (¢, pi), 2 (¢, Pi)] # 0.

By Assumption 8.2.2; the interval [t,t] x P x X(t) x Y (¢) is represented in D.
Thus, Lemma 2.7.4 may be applied with

x;" = (t,pir 23 (6. Pi), 2, (8, Pi)), (8.35)

Xfc = (t,pi,Z;c(t,pi),ch(t,pi)), (836)

for all i € {1,2,3}, to conclude that the functions

P> P —— uy (ta | oF Z;v(ta p)a Z;C(ta p)a sz(ta p)a ch(ta p))a (837)

P> pr—os(t,p, 2 (t,p), 2 (1, p), 2, (t, ), 2, (t, P)),

are, respectively, consistent with convexity and consistent with concavity at (A, p1, pz)-

By (8.28) and (8.31), this is the desired result. O

Corollary 8.4.5. The functions (u,0) describe convexity amplifying dynamics for x

onl x P.

Proof. Choose arbitrary functions z5,z5 : I x P — R let (A, p1,p2) € (0,1) X P x
P, and suppose that ¢ € [ is such that Conditions 1-3 of Definition 7.3.3 hold. This
immediately implies that Conditions 1-3 of Lemma 8.4.4 are satisfied, which gives the

desired conclusion. O

It has now been shown that (u,0) describe relaxation amplifying dynamics for x
on I x P. In order to guarantee that (8.3) describes state relaxations for x on I x P
as its solutions, the conditions of Assumption 7.2.3 must be verified as well. Since
the initial conditions in (8.3) are defined to be the standard McCormick relaxations
of xg on P, they are Lipschitz on P on account of Corollary 2.6.2. Then, Assumption

7.2.3 holds in light of the following lemma.

Lemma 8.4.6. The functionsu and o are continuous on I x PxR"™ xR"*. Moreover,
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dL € R, such that

||ll( » Py ;U> cc) - u(ta P, A;v> ACC)HOO_I_HO( » P ch’ ;C) - O(ta P, ch> ACC)HOO (838)

< L[|z = 25 oo + 11257 = 25[loo),

for all (¢,p, 2, 25,20, 5°¢) € I x P x Rine,

Proof. Using Corollary 2.7.8 and a construction exactly analogous to the proof of
Lemma 7.6.7, it is straightforward to show that uy and oy are continuous on I x P x

R" x R"™ x R™ x R"™, and 3Ly € Ry such that

Huf( P,z ;v’ Z;cv szv ZZC/C) - uf(tv P, Z, 7Z§ccv i;v’ AZC/C)HOO (839>
+ ||Of( P, Z accvv Zg:cv ch;vv ch/c) - Of(tv b,z accvv chcv ch/vv AZC) HOO (840>
< Ly(ll2g" — 220loo + 25" — 25700 + 125" — 2|0 + [|25° — 24/[|0), (8.41)

for all (t,p, 2", 25, 25", 25, 25, 25, 25, 7°) € I x P x R¥™ x R4,

Sine the composition of continuous functions is continuous, it follows from Lemma
8.3.12 that @} and 6} are continuous on I x P x R™ x R™. Moreover, since the
composition of Lipschitz functions is Lipschitz, it further follows from Lemma 8.3.12

that 9L, € Ry such that

> CU "CC C’l) cc ~>CU scCC

||ﬁ1[;(’p’ ;v? :Ccc)_ﬁfli{(t?p? a:’ x)HOO_I_HOq/;(?p? T x)_(_)fp{(t?p? xa x)”oo
< Ly(llzg” — 25" lloo + 1257 — 25 o0),

for all (¢, p, 2%, 256, 2%, 25°) € [ x PxR*=. Again using composition results, it follows

CC’Z"SC

that u and o are continuous, and that (8.38) holds with L = L;L,. O

Corollary 8.4.7. The auxiliary system (8.3) has a unique solution (X, X, y<, y)

on all of I x P, and X, x°°, y and y* are state relaxations for (x,y) on I x P.

Proof. Existence of the solution and the fact that x“ and x“ are state relaxations of
x on I x P follows from Theorem 7.3.4. The fact that y°’ and y*® are state relaxations

of y on I x P follows from Theorem 8.3.9. O

367



Table 8.2: Factorization and computation of f at (t,p,2,,%,) and uy and o; at

(t b, ;v’ ;;ca szazgc)
k U, Vi Vi
1 p P MC(p,p, p,p)
T | X0 [ MO, (02 )
3 2y Y(t) MC(y" (), yY (t), 2", 25°)
/20 | (/2% (2%
5| wvs+ug Vis+Vy V3 +Vy
6 (/2 [ (/27 —(1/2v;
7 VU2 VsV Vs V2

According to the previous Corollary, state relaxations of (x,y) on I x P can be
computed by constructing the auxiliary system of DAEs (8.3) and solving it using
any standard numerical integration technique. For the DAEs (8.4), the construction
of this system was initiated in Examples 8.3.1 and 8.3.2, and is completed in the

following example.

Example 8.4.1. Consider the functions

1 1
.f(t7pa Ry Zy) - _é(zy - §p)zx> xO(p) - 17

from the example DAEs (8.4). Here, we demonstrate the computation of z§’, z§°, us
and oy for this example, as per Definition 8.4.1. Since z, is constant, appropriate

convex and concave relaxations are simply zf’ = x§° = .

Now consider uy and oy. For any (t,p, 25", 25%, 2", 2;°) € I x P x R x R"™ x
R™ x R™ appropriate values for the functions uy and oy at (¢, p, 25", 25°, ¥, 2,¢) are

computed by evaluating the natural McCormick extension of ¢ with the initializations
given in Definition 8.4.1. This is implemented by the factorization of f shown in Table
The values of

in Table

8.2 with factors vy, inclusion factors Vi, and relaxation factors, V.

and V¢¢

HCU CC CU CC
z, z

C’U CC Ccv cc
zZ, zZ,
x 7 ;1,‘7 y? Y

x?x?y?y

us(t,p, 2 ) and o (t,p, z ) are given by V¥

8.2, respectively.
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8.5 Relaxation Preserving Dynamics

In this section, a modified auxiliary system is defined which provides sharper state
relaxations for (x,y) by appealing to the theory of relaxation preserving dynamics
(§7.4). Given the properties already established for the functions (u, o) defined by
(8.28), functions describing relaxation preserving dynamics for x on I x P can be
derived through the use of the functions R$” and R{ (Definition 7.6.9), exactly as in
§7.6.2.

For the remainder of this section, define u,0: I x P x R™ x R" — R" by

wi(t, P, 25" 25) = upilt, p, R (2, 25°) 0y (4, p, R (2, 25°)), (8.42)
o, (t, P, R (25, 7)),
oi(t, p, 27", 257) = op(t, P, R (2", 25°), 0y (1, p, R (27, 25)),

o, (t, P, Ri“(2, 25))),

for all (¢,p, 2", 25) € I x P x R™ x R™ and each i € {1,...,n,}.

Corollary 8.5.1. Define (u,0) as in (8.42). The functions (u,0) describe bound

preserving dynamics for x on I X P.
Proof. This is an immediate consequence of Lemmas 8.4.2 and 7.6.10. O

Corollary 8.5.2. Define (u,0) as in (8.42). The functions (u,0) describe convexity

preserving dynamics for x on I X P.

Proof. This is an immediate consequence of Lemmas 8.4.4 and 7.6.11. O

Given the previous two Corollaries, it follows from Theorems 7.5.5 and 7.5.7 in

§7.5 that state relaxations for x on I x P are given by the solutions of (7.13) with the
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definitions (8.42). Using the simplification of Lemma 7.5.6, this system is defined by

(

uﬁi(tv o8 chv (Xcv(tv p>7 ch(tv p))? yf}év(tv p>7 yic,ccv(tv p))

oo it 2"(t,p) # x}(t)

zi (ta p) = T )
max (&7 (), ugi(t, p, R (X (¢, p), x“(t, P)), ¥iew(t, P), Yiew (1, P)))

otherwise

yiu,(t,p) = ul (£, p, R{" (x™(t, p), x(t, p))),
yio,(t,p) = oL (t, p, Ry (X (t,p),x“(t, p))),
4
Of,i(tv | &3 REC(XCU (t, p)? ch(tv p)>7 yz‘c,%c(tv p)? yz?,ccc(tv p))
if  a5e(t,p) # a¥ ()
=g ,
min (& (t), 07i(t, p, R{(X(t, p), X“°(t, P)), Yiwe(t: P), ¥iee(t, P)))

otherwise

yive(t,p) = Ul (t, p, R{(x™(t, p), x™(t,p))),
yis.(t,p) = oy (t, p, R (x(t, p), x“(t, p))),

2§ (to, p) = max(} (to), 255(p)), 2§ (to, p) = min(a (to), 257(p)), (8.43)

for each i = 1,...,n,. Note that the explicit equations for the algebraic relaxations

are composed with R{" and R

¢, so that there are 2n, complete sets of n, alge-

braic variables involved in this system. In general, it is not necessary for either of
(Yiow Yiew) oF (Yive Yiee) to be state relaxations for y on I x P, for any i. However,
state relaxations for y on I x P can be computed after the solution of (8.43) through
the definitions

y”(t,p) = uj (t, p,x(t,p),x“(t, p)), (8.44)

y“(t,p) = o} (t, p,x™(t, p),x“(t, p)),

as per Theorem 8.3.14.
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8.6 Numerical Examples

All numerical experiments in this section were performed on a Dell Precision T3400
workstation with a 2.83 GHz Intel Core2 Quad CPU. One core and 512 MB of memory

were dedicated to each job.

Example 8.6.1. Numerical results for the DAEs (8.4) are shown in Figures 8-1 and 8-
2. The figures show the parametric final time solutions x(¢,-) and y(¢, -), respectively,
which are both nonconvex (solid curves). The figures also show the state bounds at
tr, computed using the single-phase method of Chapter 6 (circles). Finally, Figures
8-1 and 8-2 show state relaxations for (z,y), computed by deriving and solving the
systems (8.3) (squares) and (8.43) (dashed). In constructing @)y and o;; by definition
8.3.13, the value K = 10 was used. For numerical solution, (8.3) was regarded as an
explicit system of ODEs and integrated using the BDF method in CVODES [44] with
relative and absolute tolerances of 1 x 107%. The system (8.43) was also solved using
CVODES through the event detection scheme described in §7.6.3. Clearly, the state
relaxations derived through the theory of relaxation preserving dynamics are much

tighter than those derived through relaxation amplifying dynamics.

8.7 Conclusion

Two numerical method has been presented for computing convex and concave relax-
ations of the parametric solutions of a system of nonlinear, semi-explicit, index-one
DAEs. Relaxations of the algebraic variables are computed by iterative refinement
of known interval bounds which are available from the methods of Chapter 6. This
procedure is then used in the definition of an auxiliary system of DAEs, the solu-
tions of which provide the desired relaxations of both the differential and algebraic
variables. This relaxation procedure was demonstrated for a simple example prob-
lem, and the computed relaxations were shown to provide tight approximations to
the original DAE solutions. Analogous to the results for ODEs in Chapter 7, it was

observed that state relaxations computed based on the concept of relaxation preserv-
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Figure 8-1: Parametric final time solution of (8.4), z(ts,-) (solid line), along with
interval bounds (circles) and convex and concave relaxations, z(t,-) and x°(ty, -),
computed by solving (8.3) (squares) and (8.43) (dashed lines).

Figure 8-2: Parametric final time solution of (8.4), y(ts,-) (solid line), along with
interval bounds (circles) and convex and concave relaxations, y“(ts,-) and y“(ty, -),
computed by solving (8.3) (squares) and (8.43) (dashed lines).
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ing dynamics are significantly sharper than those computed based on the concept of
relaxation amplifying dynamics. Finally, note that no discretization of the original
DAE:s is required in order to construct these relaxations, aside from that inherent in
the numerical solution of the auxiliary DAEs.

The primary motivation for constructing convex and concave relaxations of DAE
solutions is for their use in deterministic global optimization algorithms for problems
with DAEs embedded. Based on existing methods for problems with ODEs embed-
ded, the ability to construct relaxations of DAE solutions leads directly to such an

algorithm.
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Chapter 9

Convex Polyhedral Enclosures of

Reachable Sets

9.1 Introduction

In this chapter, an efficient method is presented for computing convex polyhedral en-
closures of the reachable sets of parametric ODEs and semi-explicit index-one DAEs.
Informally, the reachable set of a dynamic system at some fixed time is the set of
states which can be attained at the given time by solutions of the system with ini-
tial conditions, parameters, controls and disturbances in some specified sets. The
computation of reachable sets, or conservative approximations of them, is a classical
problem with a long history [68]. Reachability analysis is also closely related to the
construction of discrete abstractions and plays a central role in problems in controller
design and synthesis [132, 110], fault detection [106] and verification of continuous
and hybrid systems [85, 99, 40, 20, 184].

A variety of methods exist for computing conservative approximations of the reach-
able sets of dynamic systems. Many of these methods are only possible or tractable
for linear systems [20, 97], while others require the costly solution of Hamilton-Jacobi-
Bellman equations [98, 132]. If an interval enclosure is sufficient, a number of more
efficient methods are available, including those developed in Chapters 3 - 6. However,

interval methods can produce quite conservative enclosures, especially if no additional
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physical information can be provided to the method (see Chapter 4). Finally, there
are several methods which compute approximations of the reachable set by construct-
ing supporting hyperplanes. These hyperplanes are obtained either from the solutions
of adjoint equations [68, 143], or by specifying the normal to the desired hyperplane
and computing an appropriate intercept by solving a dynamic optimization problem
[39, 41]. Unfortunately, nonconvexity of the reachable set makes implementation im-
practical in both cases. In the latter case, nonconvexity of the reachable set leads
to nonconvex dynamic optimization problems which must be solved to guaranteed
global optimality. In the former case, the resulting hyperplanes are not guaranteed
to support the reachable set when it is nonconvex. In response to this issue, some
authors have developed conditions for the convexity of reachable sets of nonlinear dy-
namic systems [143, 137]. Unfortunately, these results involve bounds on the size of
the sets of permissible initial states and controls and/or bounds on the time horizon
which are extremely restrictive in the general case.

Here, it is shown that a convex enclosure of the reachable set for some fixed time
can be computed efficiently, regardless of whether or not the reachable set is itself
convex. The method for doing this relies on the computation of state relaxations,
described in Chapters 7 and 8. Using these relaxations, a convex enclosure of the
reachable set can be expressed as an infinite intersection of halfspaces, and a valid
convex polyhedral outer approximation of this set is given by considering any finite
subset of these halfspaces. As in [39], each halfspace is defined by a hyperplane
computed by first specifying its normal and subsequently computing a suitable inter-
cept through the solution of a dynamic optimization problem. However, unlike the
method presented in [39], these optimization problems are guaranteed to be convex,

even when the reachable set is nonconvex.

9.2 Problem Statement

Let I = [ty,tf] C R and P C R™ be compact intervals and let x : I x P — R™ be a

continuous function such that x(-, p) is absolutely continuous on I for every p € P.
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For the developments in this chapter, it is irrelevant whether this function is the
solution of a system of parametric ODEs, as in Chapter 7, or the solution of a system of
semi-explicit DAEs, as in Chapter 8 (in the latter case we interpret x as the complete
vector of DAE states (x,y)). We only assume that, by one of the methods in those
chapters, state relaxations x“,x“ : [ x P — R" are available; i.e., for every t € I,
x(t,-) is convex on P, x°(t,-) is concave on P, and x®(t,p) < x(t,p) < x*(¢,p),

Vp € P. The objective of this chapter is to solve the following problem.

Problem 9.2.1. Given any fixed t € I, compute a convex set A C R" such that the

image of the interval P under x(¢,-) is contained in A.

9.3 Convex enclosures of reachable sets

In this section, state relaxations are used in order to construct a convex enclosure
of the image x(¢, P) for some fixed t € I. As proven in the following theorem, the

desired convex enclosure of the image x(¢, P) is the set
A= U [x(t,p),x“(t, p)]. (9.1)
pEP

Unfortunately, this set is not immediately useful for computations and further deriva-

tions will be required to arrive at a more useful formulation.

Theorem 9.3.1. A is convex and contains x(t, P).

Proof. Given any p € P, x(t,p) < x(t,p) < x°(¢,p) by the definition of x° and
x“, and hence x(¢,p) € A. It remains to show that A is convex. Let z;,z € A and
choose any A € [0, 1]. By definition, Ip;, p2 € P such that z; € [x(¢, p1),x“(, p1)]

and zo € [x%(t, p2),x“(t, p2)]. Using these inclusions along with the convexity and
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concavity of x°(¢,-) and x°(t,-) on P, respectively,

X“(t, Ap1+ (1 = A)p2) < Ax™(t, p1) + (1 — A)x™(t, p2)
<Azp+ (1= Nz
< Ax“(t, p1) + (1 — A)x™“(t, p2)

< x“(t, Ap1 + (1 — A)p2).

But Ap; + (1 — A)py € P, which implies that Az; + (1 — \)zs € A and hence A is

convex. O

Though A is in fact a convex enclosure of x(t, P) as desired, it is not immediately
useful for computation because it is expressed in terms of an infinite union of intervals.
In the following section, it shown that A can be expressed more usefully as an infinite

intersection of halfspaces which can be computed efficiently.

9.3.1 A dual representation of A

Let S™ denote the unit sphere in R™* with respect to the one norm, and define

d*(p) =min 'z, Ype S™. (9.2)

z€A

This function is well defined on account of the following lemma. Also, note that, for
each pp € S™ the optimization problem defining d*(u) is guaranteed to be convex

by Theorem 9.3.1.
Lemma 9.3.2. A is compact

Proof. Since P is compact and x“(t, -) and x°(¢, -) are continuous on P, these func-
tions are bounded on P and it follows that A is also bounded. To show that A is closed,
consider any convergent sequence of elements of A, {z,} — z*. By the definition of A,
there exists a corresponding sequence {p,} in P such that z, € [x“(t, p,), X“(t, Pn)],
Vn € N. Compactness of P then implies that there exists a convergent subsequence

{pn,} — P* € P, and by taking limits, the continuity of x*(¢,-) and x*(¢,-) on P
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ensures that z* € [x“(t, p*),x“(t,p*)] C A. Thus, A is also closed and compactness

follows from the Heine-Borel Theorem. O
Corollary 9.3.3. For every pu € S™, 3z* € A such that d*(p) = p*z*.

It is now possible to formulate an alternate representation of A as an infinite

intersection of halfspaces. Define the halfspaces
H(p) ={z e R™ : p'z > d"(p)},

for all p € S™. Now let
A* = ﬂ H* (). (9.3)

MES"‘C

Theorem 9.3.4. A* = A.

Proof. For any p € S, the definition of d*(u) ensures that uTz > d*(u), vz € A.
Therefore, A C H*(u), Vu € S™, and hence A C A*. To conclude that A* C
A, it is assumed that z ¢ A and shown that z ¢ A*. Because A is closed and
convex, the separating hyperplane theorem furnishes o such that 07z < 0%z, Vz € A
(Proposition B.14 in [23]). Letting, p = o /||o||1, we have u'z < "z, Vz € A, which
implies that z ¢ H*(u) and hence z ¢ A*. O

9.3.2 Computation of A

Given the alternate representation of A as the infinite intersection of halfspaces A*,
it is possible to compute a convex polyhedral enclosure of A, and hence of x(t, P),

by considering any finite number of these halfspaces. In particular, choosing any

pll ™ e S a convex polyhedral enclosure of x(t, P) is given by
Pa(pl, . pl™)y = () H (ul)). (9.4)
j=1
In order to characterize the set P (ult, ..., u™) completely, it is necessary to com-

pute d*(ub!) for all j = 1,... m. This task is simplified by the following lemma.
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Lemma 9.3.5. For any p € 5™,

Ny

d*(p) = min » min (p;z{° (¢, p), pizi*(t, p)) -
peP =1

Proof. Choose any u € S™ and let z* € A be such that d*(u) = puTz* (Corollary
9.3.3). Since z* € A, dp* € P such that z* € [x*(t, p*), x“(t, p*)]. For any such p*,

) T
min z < z
z€[xe (t,p*),x¢(t,p*)] poo=H

= d*(p)
min z
- z€[xeV(t,p*),x°e(t,p*)] H
where the first inequality follows from feasibility of z* in [x®(t,p*),x(t,p*)] and
the second holds because z* is optimal in A D [x®(t, p*),x“(t,p*)]. Clearly, these
inequalities imply that

d* = min Tz
(u) ZE[XCU(t7p*)7xcc(t7p* )] IJ’

= Z min (p;27" (, p*), pixi“(t, p*)) -
i=1

Finally, if 3p € P such that

Nz

Z min (p; 25" (t, ), pixi(t, p))
=1

< Z min (:U“fov (ta p*)> Mlec(t7 p*)) )
i=1
then the vector z defined by 2; = (¢, p) if u; > 0 and 2; = z§°(t, p) otherwise is
an element of [x (¢, p),x“(t,p)], and hence of A, for which u*z < pu*z*, which is a
contradiction. Therefore, since p* € P,

Ny

d(p) =min p  min (pzi" (¢, p), it P)) -
=1
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O

Fixing any p € S™ the previous lemma defines d*(u) as the solution value of
a convex dynamic optimization problem; convexity follows from the sign of each p;
and the convexity and concavity, respectively, of x(¢,-) and x°(t,-) on P, while the
program is dynamic because evaluating the state relaxations x® and x requires the
solution of an auxiliary system of ODEs (see Chapters 7 and 8). Programs of this type
are easily solved using modern dynamic simulation techniques in conjunction with a
local NLP solver. Thus, computation of the enclosure P4 (!, ... ul™) requires the
solution of m convex dynamic optimization problems. Owing to the use of the state
relaxations x“ and x°, the convexity of these programs holds even when the image

x(t, P) is nonconvex.

9.4 Numerical Example

All numerical experiments in this section were performed on a Dell Precision T3400
workstation with a 2.83 GHz Intel Core2 Quad CPU. One core and 512 MB of memory

were dedicated to each job.

Example 9.4.1. Consider again the system of parametric ODEs given in Example

7.7.1:

1 . 1 1
To, T = —5[1'1 — X9 + gl’%], (95)

with 2o = 202 =1, p1 = (1/C), p2 = (1/L), to = 0 and t; = 3.5. In order to com-
pute a polyhedral enclosure of the reachable set of (9.5) at tf, state relaxations were
computed using convexity amplifying dynamics as described in Chapter 7. For im-
plementation details, see Example 7.7.1. The solution z;(¢y, -) and the corresponding
state relaxations on the set P = [0.01,0.5] x [0.01, 0.5] are shown in Fig. 9-1.

Using the state relaxations shown in Fig. 9-1, a convex enclosure of the reach-
able set of (9.5) can be computed as described in §9.3. The diamonds in Fig. 9-2

show points sampled from the reachable set at t; by evaluating x(¢;, p) for p on a
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Figure 9-1: State relaxations of the solution of the ODEs (9.5), x1(ty,-), on the
interval P = [0.01,0.5] x [0.01,0.5].

uniform grid over P = [0.01,0.5] x [0.01,0.5]. From these sampled points, it can be
seen that the reachable set is almost certainly nonconvex. The circles in the same
figure show points sampled from the set A (see (9.1)) by again considering a uniform
grid over P, and for each p on this grid, sampling several points from the interval
(x(tr, p),x“(tr, p)]. Of course, it is impossible to compute A finitely using the rep-
resentation (9.1). On the other hand, the dual representation of A (A* in §9.3.1)
can be used to compute a polyhedral enclosure of A, and hence x(¢, P), of the form
(9.4). Such an enclosure is shown by the solid lines in Fig. 9-2, which correspond
to the multipliers pl) = [1 0]7, pP = [0 17, pB = (0.5 0.5]7, p = [0.5 —0.5]T,
pbl = 1-0.75 0.25]7, plf = [0.95 0.05]" and plb! = —publ for j = 1,..., 4. Clearly,
the resulting convex polyhedral set encloses the nonconvex image x(ty, P).

Due to the size of this example, the cost of adequately sampling x(t, P) is com-
parable to that of computing the convex polyhedral enclosure in Figure 9-2. However,
the cost of sampling grows exponentially with the number of parameters, while the
proposed procedure involves only numerical integration and convex optimization, so

is polynomial time.
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Figure 9-2: Sampled points from the image x(tf, P) (diamonds), sampled points from
the set A (circles), and supporting hyperplanes to A forming a polyhedral enclosure
of x(ty, P) (solid lines).

9.5 Conclusions

A method has been described which uses state relaxations to compute efficiently a
convex polyhedral enclosure of the reachable set of a dynamic system. Given the
methods for computing state relaxations in Chapters 7 and 8, this method can be
directly applied to systems of parametric ODEs and systems of semi-explicit index
one DAEs. Given state relaxations, a convex enclosure of the reachable set for any
fixed time is easily formulated, but is expressed in terms of an infinite union of
intervals. It was shown that this enclosure can be equivalently expressed as an infinite
intersection of halfspaces, so that a convex polyhedral enclosure of the reachable
set can be computed by considering only some finite number m of these halfspaces.
Computing an appropriate intercept for each halfspace requires the solution of one
convex dynamic optimization problem. Unlike other similar methods in the literature,
the use of state relaxations ensures that this optimization problem is convex even when
the reachable set is nonconvex. Accordingly, a valid convex polyhedral enclosure is

obtained by solving m convex dynamic optimization problems, even in the case where
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the reachable set is itself nonconvex. This procedure was demonstrated for a small

example with a nonconvex reachable set and a valid convex enclosure was obtained.
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Chapter 10

Deterministic Global Optimization

with DAEs Embedded

10.1 Introduction

In this chapter, we present a deterministic global optimization algorithm for solv-
ing problems with semi-explicit index-one DAEs embedded. This problem has been
addressed previously in two articles [55, 42]. In both articles, the authors propose
methods based on the simultaneous approach to dynamic optimization. That is,
these methods apply a total discretization approach, resulting in a large-scale NLP
with equality constraints approximating the original dynamics. To solve this NLP to
global optimality, a spatial branch-and-bound (B&B) algorithm is used, as described
in §1.3.3. However, given the size of the NLPs generated through the simultane-
ous approach and the worst-case exponential run-time of the spatial B&B algorithm,
this cannot be considered a practical approach to global dynamic optimization. In
both articles, it is clear that an adequate discretization of the state variables creates
problems which are too large to be solved in reasonable time by a global optimiza-
tion routine, and coarser discretizations can not represent the original dynamics well
enough to produce reliable results (the optimal objective value was found to depend
strongly on the discretization).

In [55], a second method was proposed based on the sequential approach to dy-
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namic optimization, and shown to significantly outperform the simultaneous approach
for several numerical examples. This method is also based on a spatial B&B proce-
dure. However, the lower bounding procedure is based on a finite sampling step,
and therefore this algorithm must be considered heuristic rather than determinis-
tic. For optimization problems with explicit ODEs embedded, this deficiency has
been overcome by the method in [135]. Subsequently, other methods have emerged
for solving problems with ODEs embedded to global optimality using the sequential
approach [164, 104]. However, for problems with DAEs embedded, a deterministic
global optimization algorithm based on the sequential approach has not previously
been achieved. We accomplish this task here using the relaxation techniques described

in Chapter 8.

10.2 Problem Statement

In this section, the dynamic optimization problem under consideration is stated for-
mally. The embedded system of DAEs is exactly the same as that considered in
Chapters 5, 6 and 8, with the exception that one additional specification is made for
the algebraic variables at the initial time. As discussed below, this specification guar-
antees uniqueness of the DAE solution, so that the dynamic optimization problem is
well-posed.

Let D, C R, D, c R", D, C R"™ and D, C R™ be open sets, and let f :
Dy x Dy x D, x D, = R"™ g:D;x D, x D, x D, —R" and x¢ : D, — D, be C"
functions. Furthermore, let I = [to,tf] C D; and P € ID,. Finally, let p € P and
Yo € D, satisfy g(to, P, %o(P),¥0) = 0. Now, the embedded system of semi-explicit
DAE:s is given by

x(t,p) = f(t,p,x(t,p),y(t p))

; (10.1a)

0 = gt p,x(t,p)ytp)
x(to,p) = Xo(p). (10.1b)
y(to,P) = Yo (10.1c)
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A function (x,y) € C'(I x P, D,) x C'(I x P, D,) is a solution of (10.1) on I x P if
(10.1c) holds, (10.1b) is satisfied for all p € P, and (10.1a) holds for all (t,p) € I x P.
If in addition detg—i(t,p,x(t,p),y(t,p)) # 0, V(t,p) € I x P, then (x,y) is called
reqular. If p and yq satisfy detg—i(to, P, x0(P),¥o0) # 0, then the existence of a regular
solution of (10.1a)-(10.1b) local to (tg, p,xo(P),¥o) (Definition 5.3.4) is guaranteed
by Theorem 5.3.5. Throughout this chapter, we assume the following.

Assumption 10.2.1. A regular solution (x,y) of (10.1) exists on all of I x P.

It was shown in Example 5.3.1 that there may be multiple regular solutions of
(10.1a)-(10.1b). However, the specification (10.1c) ensures that the solution of As-
sumption 10.2.1 is unique. This fact follows directly from Corollary 5.3.6. In the
remainder of this chapter, the notation (x,y) refers specifically to this solution.

Let (¢,h) : D, x D, x D, — R x R" be continuous. The dynamic optimization

problem addressed in this chapter is stated as follows:

Problem 10.2.1.

min - ¢(p,x(t7,p). y(ts, p)) (10.2)

s.t. h(pax(tfap)>Y(tfap)) S Oa

where (x,y) is the unique solution of (10.1) on I x P.

Note that Problem 10.2.1 is an optimization problem on a Euclidean space. In par-
ticular, the state variables are not considered as decisions, because they are uniquely
specified for every (t,p) € I x P. The ability to pose the problem in this way is
crucial to the solution method described in the next section, and is made possible
by the fact that the DAE solution (x,y) is unique. Again, this uniqueness is a re-
sult of the specification (10.1c). In most applications, there is a consistent initial
condition of interest, so that this specification is easily made. On the other hand, if
one is interested in an optimization problem that considers all possible solutions of

(10.1), then some additional method will be required for exhaustively enumerating
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such solutions. We do not pursue such an algorithm here. Several simple extensions

of Problem 10.2.1 are discussed in the following remark.
Remark 10.2.2.

1. The optimization formulation above does not include integral terms in the ob-

jective and constraints; i.e.,

min ¢(p,X(tf,p),y(tf,p))+/tf@D(s,p,X(S’p),y(s,p))dS (10.3)

s.t. h(p,X(tf,p),y(tf,p))Jr/fﬂ(s,p,X(s,p),Y(s,p))dSS0-

to

However, problems with integral terms can always be recast in the form of
Problem 10.2.1 by introducing quadrature variables (zy,2,) : I x P — R x R"

satisfying the differential equations

Zy(t,p) =¥ (P, x(t,p),y(t, ), 2y4(to,P) =0, (10.4)

Zé(t7p> = e(tvpax(tvp)vy(tvp))7 Z£<t07p) =0.

From these definitions, it follows that

2y(typ) = / " (s, p.x(5,p), ¥ (s, p))ds, (10.5)

Zg(tf,p):/fﬂ(S,p,X(S,p),y(S,p))dS.

to

Then, the dynamic optimization problem (10.3) can be written in the form of
Problem 10.2.1 by augmenting the embedded DAEs (10.1) with the equations
(10.4).

2. In parameter estimation problems, the objective and constraints typically de-

pend on the values of the DAE solution at several points in the time interval I;
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ie.,

lgleig o(p.x(to, P), - -+ X(tm: ), ¥(t0, P), - - -, ¥ (tm: P)) (10.6)

s.t. h(p> X(t0> p)> s 7X(tma p)a Y(tm p)> cee 7Y(tma p)) S 0.

The algorithm for solving Problem 10.2.1 presented below is easily extended to

this case. The restriction to final time terms only simplifies the notation.

In order to use natural McCormick extensions in the proposed optimization algo-

rithm, the following assumption is required throughout.

Assumption 10.2.3. The functions xg, f, g, g—i, ¢ and h are L-factorable with

natural McCormick extensions xq : Dy — MR"", {f} : D — MR"* {g} : D — MR",
{5} : D — MR ™, {¢}: € — MR and {h}: € — MR".

10.3 A Global Optimization Algorithm

In this section, a deterministic algorithm is described for solving Problem 10.2.1 to
global optimality. Since Problem 10.2.1 is formulated as an optimization problem
on a Euclidean space, the basic approach is to apply a standard spatial branch-and-
bound algorithm, as discussed in §1.3.3. For each node visited by the algorithm, it is
necessary to provide upper and lower bounds on the globally optimal objective value

of the following subproblem, where P* € 1P:

Problem 10.3.1.

Iglglprg o(p,x(ts, P),y(ts, P)) (10.7)
s.t. h(p,x(ts,p),y(ts,p)) <0, (10.8)

where (x,y) is the unique solution of (10.1) on I x P*.

In the following sections, the computation of these bounds is described in detail.

A complete statement of the proposed algorithm is given in §10.3.5.
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10.3.1 The Upper-Bounding Procedure

To compute an upper bound on the globally optimal objective value of Problem
10.3.1, this problem is solved to local optimality using the sequential approach. The
optimization is done using the package SNOPT [69]. SNOPT uses a sparse sequential-
quadratic-programming algorithm with quasi-Newton approximations of the Hessian,
and is specialized to problems where the objective and constraints, and their gradi-
ents, are expensive to evaluate. This is true for Problem 10.3.1 because these evalu-
ations require numerical integration and sensitivity analysis of the embedded DAEs.
Numerical integration is done using the package IDAS [82]. For any given p € P,
the initial condition y(to, p) is computed using a consistent initialization routine for
semi-explicit DAEs provided in IDAS. An initial guess function y§'™ : P — R™
must be provided by the user such that the consistent initialization solver converges
to y(to, p) from y&"*(p), for all p € P. IDAS provides parametric sensitivities for
the solution of the embedded DAEs automatically, which are used to evaluate the
gradients of the objective and constraints in Problem 10.3.1. Differentiation of the
objective and constraint functions and evaluation of the right-hand sides of the sensi-

tivity system are done by forward mode automatic differentiation using the package

FADBAD++ (http://www.fadbad.com). All solver tolerances are given in §10.4.

10.3.2 The Lower-Bounding Procedure

To compute a lower bound on the optimal objective function value of Problem 10.3.1,
we construct and solve a convex underestimating program. As discussed in §1.3.4, the
primary complication in doing this is that the objective and constraint functions in
Problem 10.3.1 are not L-factorable functions of p, so standard relaxation techniques
cannot be applied. Of course, this problem is circumvented using the state bounding

and relaxation techniques developed throughout this thesis.
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Computing State Bounds

The first step in the lower-bounding procedure is to compute state bounds for (x,y)
on I x P*. Using the single-phase method described in Chapter 6, this is accomplished
by numerically integrating the systems of DAEs (6.85)-(6.88), with P* in place of P in
(6.76)-(6.84). For all of the numerical experiments in this chapter, we set v(t) = 1074,
Vt € I (see (6.87)-(6.88)). The integer K, which determines how many Hansen-
Sengupta iterations are done when evaluating the right-hand sides of (6.85) and (6.86),
is an important parameter in the proposed optimization algorithm. The value of this
parameter and its effect on the performance of the algorithm is discussed for specific

numerical examples in §10.4.

The DAEs (6.85)-(6.88) are solved using IDAS [82]. The initial conditions for the
bounds on the differential variables x are given by (6.89). The initial conditions for
the algebraic bounds are found by solving (6.87)-(6.88) at to using the consistent ini-
tialization routine provided in IDAS. The initial guess for this computation is specified
as z;(to) = 2 (to) = y(to, m(P")), where y(to, m(P")) is computed as in §10.3.1. The
algebraic bounds provided by this initialization problem must contain y(to, m(P*)).
If this is false, then the computed initial bounds pertain to a different regular solution
of the embedded DAEs than that specified by ¥¢, and the state bounding algorithm
will terminate with an error flag. Otherwise, the solution of (6.85)-(6.89) provides
state bounds for (x,y) on I x P* by Corollary 6.6.3. After numerical integration,
the computed state bounds for the algebraic variables are refined by ¢ = K further
Hansen-Sengupta iterations, as in the conclusion of Corollary 6.6.3. In practice, this
iteration is only done at t; because only the state bounds at ¢; will effect the objective

and constraints of the lower bounding problem derived below.

In the remainder of this chapter, the state bounds for (x,y) on I x P* computed by
the procedure above will be denoted by x* xU¢: I — R™ and y™* y¥!: I — R,

Furthermore, we define X*(t) = [x(¢),xV(t)] and Yi(t) = [yD4(t), yU4(¢)].
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The Convex Underestimating Subproblem

Once state bounds have been computed, we may derived a convex underestimating
program for Problem 10.3.1. In order to use natural McCormick extensions, we make

the following assumption:
Assumption 10.3.1. The interval P* x X*(t;) x Y(t;) is represented in &.

Under Assumption 10.3.1, we may define the functions (uf;, ul) : PEx R x R™ x
R™ x R™ — R x R"™ by

ug(p, 25,25, 25, 2°) = {¢}*(MC(p™", p”, p, p), (10.9)
MC(x"(t ), x"(ty), 2", 257),
MC(y"(ty), y"“(ts), 2 i)

w,(p, 25,25, 2 ziy) = {h}*(MC(p™*, p™, p, p), (10.10)
MC(x"(t ), x"(ty), 2", 25),
MC(y"“(ts), y"“(ts), 2y, 7))

A convex underestimating program for Problem 10.3.1 is now given by:

Problem 10.3.2.

;Ielg% u(j)(pa X é(tfa p)7 ch,e(tfa p)a ycv,Z(tf’ p)7 ycc,f(tf’ p)) (1011)

s.t. ufz(p7 Xcv7£(tfa p)a XCC7é(tf7 p)7 ycv7£(tfa p)a yCC7é(tf7 p)) S 07

where xV¢, x°¢¢ yf and y°“* are state relaxations of (x,y) on I x P*.

The fact that the objective and constraints of Problem 10.3.2 are convex relax-
ations of the objective and constraints of Problem 10.3.1 on P*, respectively, follows
from Theorem 2.7.13.

To compute a lower bound on the optimal objective function value of Problem
10.3.1, Problem 10.3.2 is solved to global optimality. The optimal solution found is

denoted by p. Due to the use of McCormick’s relaxation technique, it is possible that
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the objective and constraints in Problem 10.3.2 are non-differentiable. However, given
subgradients for the state relaxations (see below), subgradients for the objective and
constraint functions are easily computed using the subgradient propagation rules for
McCormick relaxations developed in [122]. In our implementation, the computation
of the natural McCormick extensions in Problem 10.3.2, and their subgradients, is
done automatically using the library MC++ (http://www3.imperial.ac.uk/people/
b.chachuat/research). Because Problem 10.3.1 is a potentially nonsmooth convex
optimization problem, it would be best to solve it using a specialized nonsmooth
solver, such as a bundle method [112, 107]. However, these methods are not as
mature as those for differentiable problems, and the available solvers of this type
remain problematic. For the time being, we have implemented the code SNOPT to solve
Problem 10.3.2. In lieu of gradient information, SNOPT is provided with subgradients
as described above. While nonsmoothness in Problem 10.3.2 should be expected to
lead to some inefficiency and numerical difficulties in SNOPT, this did not cause serious
complications for the numerical examples in §10.4.

For each p € P visited by the optimizer during the solution of Problem 10.3.2,
state relaxations and subgradients must be evaluated at (¢s, p). State relaxations are
computed using the theory of relaxation preserving dynamics developed in Chapter
8. Let xf, xet yevt and y°“! denote the solutions of the auxiliary system (8.43),
derived with P in place of P. For the state relaxations in Problem 10.3.2, we consider

two alternatives:

: cvl cel evl eel\ o (Gevl Geeld SGevd Seel
1‘ DlreCtly use (X » X Y Y ) - (X » X Y Y )7

2. Define (x°f,x¢* y¢ ye!) as the affine state relaxations specified by the val-

ues and subgradients of (x°¢, x°f gt §eef) at (tp, m(PY)).

Clearly, the first option will result in tighter relaxations, and hence a sharper lower
bound. On the other hand, this option requires the solution of the auxiliary system
(8.43) for every p € P’ visited by the optimizer during the solution of Problem
10.3.2. In contrast, the second option requires only a single numerical integration of

(8.43). In practice, numerical integration of the state bounds and state relaxations
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dominates the cost of the lower-bounding procedure, even when the second option
is used. This makes the first option impractical, so the second option is used for all
of the numerical examples in §10.4. The additional conservatism introduced by this
linearization when P’ is wide is not expected to be as problematic as it is in the
affine relaxation method for ODEs [162], as discussed in Chapter 7. This is because
here the linearization is applied to the solution of the auxiliary system, whereas the
method in [162] uses linearization in the definition of the auxiliary system itself. In
the latter case, the conservatism of linearization effects the state relaxations at early
times and propagates forward, weakening the state relaxations at later times. In the
method here, the conservatism of linearization is introduced only after the solution

of the auxiliary system, and does not effect that solution in any way.

To compute state relaxations according to Option 2 above, the auxiliary sys-
tem (8.43) is solved once at m(P’) to evaluate x*(t;, m(P%)), x (t;, m(P?)),
yUi(ty, m(P*)) and yof(ts, m(P")). Using the state bounds computed by the single
phase method of Chapter 6 as described in the previous section, Assumption 8.2.1
holds. Supposing further that the factorability Assumption 8.2.2 holds, the auxiliary
system (8.43) is well-defined and all of the participating functions are evaluated by
taking natural McCormick extensions. In our implementation, this is done automat-
ically using MC++. The integer K in the auxiliary system (8.43), which determines
how many refinement iterations are applied to the algebraic state relaxations when
evaluating the system right-hand side functions, is an important parameter in the
proposed optimization algorithm. The value of this parameter and its effect on the
performance of the algorithm is discussed for specific numerical examples in §10.4.
The auxiliary system is solved numerically as an explicit system of ODEs with state

events as described in §7.6.3.

Evaluating the right-hand side functions of the auxiliary system (8.43) requires
values for the state bounds and the time-varying preconditioning matrix C computed
during integration of the state bounds. These quantities are evaluated whenever they
are required by interpolation from stored data. Time derivatives of x*¢ and xY* are

computed when required by evaluating the right-hand sides of (6.85) and (6.86). This
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scheme requires that the values of the state bounds, the value of the preconditioner
C, and the order of the integration method are stored at every time point visited
during numerical integration of the state bounds. An alternative implementation is
to integrate the state bounds and state relaxations simultaneously. This was avoided
in order to facilitate comparison with the first state relaxation option discussed above,
which requires multiple integrations of the state relaxations but only one integration

of the state bounds.

It remains to compute subgradients for the state relaxations x(t;, -), x°“*(t;, -),
yU(ty, ) and yeoi(ts, -) at m(PY). First, note that y(t;,-) and y°‘(t;, -) are given
explicitly as functions of x*(t;, -) and x*(¢, -) by the iterative refinement in (8.44).
Then, it suffices to compute subgradients for x**¢(¢;, -) and x°‘(t;, -) at m(P*). From

y(ts, ) and y“*(t;, ) are computed by applying the rules

these, subgradients for y
for subgradient propagation for McCormick relaxations to the equations (8.44) using
MC++ [122].

Subgradients for the functions x*“(t;, -) and x**(¢, -) are computed by sensitiv-
ity analysis. Recall that the auxiliary system (8.43) is solved for x** and x°“* as
an explicit system of ODEs with state events. We consider first the computation of
subgradients by sensitivity analysis on an interval of time [t.1, .| during which the
mode of the auxiliary system does not change. That is, the Boolean variables 0" and
b¢¢ in (8.43), for i = 1,...,n,, are constant. In any such mode, X and x°“* evolve

according to a system of explicit ODEs with continuous right-hand side functions of

the general form

x“(t,p) = w(t, p, X (t,p), X“(t, p)), (10.12)

x“(t,p) = w(t, p,x“(t, p), X“(t, p)). (10.13)

In the case where X°(t,,-) and X°“*(t,., -) are differentiable at m(P*) and the func-

tions
we (L, -, x4, +), x“(t,+)) and  wWE(t, -, X(¢L, ), x(t, 1)) (10.14)
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are continuously differentiable at m(P*), for every t € [to1,te], it is well know that
the solutions X“*(tg, ) and X°‘(t,,, ) are differentiable at m(P%) as well. By con-
vexity (resp. concavity), these derivatives are equivalent to the unique subgradients
of X(tge, ) and X!(tg,-) at m(P*). Moreover, these derivatives can be com-
puted as the final time solutions of a sensitivity system; i.e., a system of explicit
ODEs, coupled to (10.12), whose initial conditions are the derivatives of X*¢(ty,, )
and x°“(t1,-) at m(P*) and whose right-hand side functions map the derivatives
of x¢(t,-) and x°(t,-) at m(P’) to the derivatives of the functions (10.14) at
m(P*), for any t € [t.;,tes]. However, due to the use of McCormick relaxations in the
auxiliary system (8.43), the functions in (10.14) are potentially non-differentiable at
m(P%). Therefore, we define the sensitivity system for (8.43) by specifying the initial
conditions as subgradients of x*(t,,, ) and X°“(ty,, -) at m(P*), and by defining the
right-hand sides as the functions that map a given pair of subgradients for x“:(t, -)
and x°“(t,-) at m(P%) to subgradients of the functions (10.14) at m(P*) according

to the subgradient propagation rules for McCormick relaxations [122].

A formal proof that the modified sensitivity system described above furnishes
subgradients of X“*(t, ) and X“(tg, ) at m(P*) as its final time solution is left
for future work. We note, however, that it may be possible in many cases to ensure
differentiability of X**(tg, -) and X°“*(ty, ) at m(P), in which case the validity of
our approach follows directly. In particular, it is known that X (ty,, -) and X°“*(tg,, -)
will be differentiable at m(P*) if the points in time at which the functions (10.14)
are non-differentiable at m(P*) form a set of measure zero in [ti., 5] [185]. In this
case, the derivatives of X“¢(ty,-) and X‘(ty,,-) at m(P’) are again given as the
final time solutions of a standard sensitivity system with one exception; the value of
the right-hand sides of the sensitivity system may take arbitrary values at all points
t € [tie,tae] for which the functions in (10.14) are non-differentiable at m(P*). At
points of differentiability, the functions (10.14) have a unique subgradient that is
equal to the derivative. It follows that the sensitivity approach described above will
furnish the true derivatives X*(t, ) and X°“(ty,-) at m(P*) in this case. Given

the sources of nonsmoothness in McCormick’s relaxation technique, it seems unlikely
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that the right-hand side functions of the auxiliary system, within a single mode, will
be non-differentiable other than at a finite number of points in /. An important area

for future work is to formalize verifiable conditions under which this is the case.

From the discussion above, we can derive a sensitivity system corresponding to
every mode of the auxiliary system (8.43). Whenever an event occurs during the
simulation of (8.43), there is a change in the mode of the system, and a corresponding
change in the sensitivity system. Moreover, the sensitivity values themselves may be
reset at the event time, since the final time sensitivities computed in the previous mode
will not necessarily be valid initial conditions for the sensitivity equations in the new
mode. Suppose for example that an event occurs at ¢, € I in which 0" changes. In
such an event, the right-hand side function describing :’Efv’z changes discontinuously at

t., and the equations for the sensitivities for :if”’z are changed accordingly. In addition,

cvl
i

to 1, then this event signifies that #7"(t,, m(P")) has reached the lower bound zZ(t,)

the sensitivities for o; = are reset before integration is resumed. If b{" changes from 0

and will slide along this bound to the right of .. In this case, the sensitivities for

~cv,l

" (t., ) are reset to 0 before integration is resumed. Since it was proven in Chapter

8 that 2! (t,m(P")) > zL(t) for all t € I, 0 is a valid subgradient for Z"*(¢, m(P*))
whenever 27(¢t, m(M")) = z(t). In the opposite event, where b’ is changed from 1
to 0, the sensitivities for :if”’z will already be 0, so that no reset is required. In both
cases, it can be shown that these reinitializations are consistent with the sensitivity
theory for hybrid systems developed in [67]. For all other relaxations aside from if”’é,
the corresponding right-hand side functions in the auxiliary system do not suffer

a discontinuity at t., so no changes are required either in the sensitivities or their

right-hand side functions for these relaxations.

Using the scheme outlined above, numerical integration of the auxiliary system
and the appended sensitivity system is done by the code CVODES [82], using built-
in sensitivity analysis and event detection features. Solver tolerances are given in
§10.4. Rarely, very long integration times are observed for the auxiliary system due
to chattering in the event detection scheme. To avoid this cost during optimization,

the number of events is limited to 8n,. If this number is exceeded, the lower-bounding
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procedure is aborted and the lower bound for the problematic node is not updated.
The maximum number of integration steps between events or times t; at which the
state relaxation values are required for evaluating the objective or constraints of

Problem 10.3.2 (see Remark 10.2.2 (2)) is set to the CVODES default of 500.

10.3.3 Domain Reduction

Upon successful solution of the lower bounding problem, SNOPT provides a vector
p € R™ of duality multipliers for the constraints p* < p < p%‘. The i** multiplier
is positive if the ™ lower bound is active, negative if the i*" upper bound is active,
and zero otherwise. If the node in question is not fathomed by value dominance (see
§10.3.5), then these multipliers can be used to refine the interval P’ by a standard
procedure [146]. The refinement is given by

LBD'—~UBD
pet = max (pf’g,p?’z - i 6) if p; <O, (10.15)
Hi
ULl . . Ut Lt LBDZ - UBD + € .
p; -=m\p;, P, — it ;> 0,
i
for i =1,...,n,, where LBD® is the optimal objective value for the lower bounding

problem in the current node, UBD is the incumbent upper bound, and € is the
absolute branch-and-bound tolerance (see §10.3.5). Though this refinement can be
applied iteratively, in the case studies in this chapter it is applied only once per node,

in a loop from ¢ =1 to i = n,,.

10.3.4 Generation Skipping

For many numerical examples, we find that the proposed lower-bounding procedure
often fails because the numerical integration of the state bounds fails. As discussed
in detail in Chapter 6, this failure is related to an inability to guarantee existence
and uniqueness of a solution of the original DAE model, and is especially problematic
on very wide intervals P*. When the state bounding procedure fails, a lower bound

cannot be computed. The problematic node is simply partitioned and its children are
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placed on the stack. This sequence of events is then repeated until branching produces
intervals narrow enough for the state bounding procedure to succeed, whereupon lower
bounds become available.

For some problems, this process can account for a large portion of the overall run-
time. In particular, a failed attempt to integrate state bounds can be significantly
more expensive than a successful one because the integrator may take may steps in
its attempts to succeed (the maximum number of integration steps is limited to 1000
for this reason). In such situations, it is clearly advantageous to initialize the stack
with a sufficiently fine partition of P and thereby avoid the cost of repeated failures in
the state bounding algorithm. There are two complications with this idea in general.
First, examples show that a sufficiently fine partition can be highly nonuniform.
Secondly, the required partition is not known in advance. For these reasons, it is
desirable to derive a heuristic which generates an appropriate partition dynamically.

In the algorithm below, this is optionally accomplished by a generation skipping
heuristic. Simply, if the state bounding procedure fails in a given node, then it is not
attempted for any of the children of that node out to Ngg generations, where Ngg
is a user specified integer. When such a child is popped from the stack, the upper
bounding problem is solved, the node is branched, and its children are returned to
the stack. Of course, when Ngg = 0, we recover the standard B&B algorithm. The
heuristic is off. When Ngg > 0, then P is selectively and aggressively partitioned in
areas of the search space in which the state bounding procedure has difficulties. There
is an obvious tradeoff to this heuristic. When Ngg is small, many expensive failures
of the state bounding procedure may occur with no gain of information. When Ngg
is large, aggressive partitioning may lead to a large number of nodes representing
regions of the search space on which adequate bounds could have been achieved with

many fewer nodes.

10.3.5 Algorithm Statement

The proposed B&B algorithm is formally stated below. The stack is denoted by 3,
and has elements of the form (P, LBD*, N{g) where P is a subinterval of P, LBD*
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is a lower bound on the optimal objective value of the Subproblem 10.3.1, and N&gq
is an integer related to the generation skipping heuristic discussed in the previous
section. The inputs to the algorithm are P, the absolute B&B convergence tolerance
€ > 0, the integer Ngg defined in §10.3.4, and an integer Nyg defining the mesh size
used for computing an initial upper bound using multistart. Upon successful termi-
nation, the algorithm produces an interval [UBD,UBD — €] guaranteed to contain

the optimal objective value of Problem 10.2.1, and a feasible point p* € P satisfying
o(p*,x(tr,p%), y(ts, p*)) = UBD.
Algorithm 3 (Global Dynamic Optimization with DAEs Embedded)
1. Input: P, €, Ngs, NMS-
2. Initialization
(a) Set ¥ = {(P,—00,0)}, LBD = —o0, UBD = 400, p* = m(P).
3. Multistart

(a) Solve Problem 10.2.1 to local optimality from (/Nyg)™ initial guesses on a
uniform grid over P.

(b) Set UBD to the lowest objective value found and set p* to the correspond-
ing solution value.

4. Termination

a) Delete from > all nodes , , wit > — €.
Delete f: ¥ all nodes (P*, LBD' Nés ith LBD* > UBD

(b) If ¥ = 0, terminate. If UBD = +o0, the instance is infeasible. Otherwise,

the optimal objective value lies in [UBD,UBD — €| and p* is a feasible
point satisfying ¢(p*, x(tr, p*), y(ts, p*)) = UBD.

5. Node Selection

(a) Pop and delete a node (P‘, LBD* Nfg) from 3 such that LBD* is less
than or equal to the lower bound of every other node in . Set LBD :=
max(LBD, LBD").
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6. Generation Skipping
(a) If Nig #0, go to 9.
7. Lower-Bounding Procedure

(a) Compute the state bounds X* and Y*.
i. If this fails, set Nfg := Ngs + 1 and go to 9.
ii. Set LBD" := max(LBD", [¢]*(P* X (t;), Y (ty))).

iii. (Fathom by infeasibility) If [h;]X(P%, X (t;), Y*(t))) > 0 for any i, go
to 4.

iv. (Fathom by value dominance) If LBD* > UBD — ¢, go to 4.
(b) Solve Problem 10.3.2 to global optimality.
i. If this fails, go to 9.

ii. If an optimal solution p is found, set

LBD" := max (LBD",ul,(p, x*(t;, p), x“(t, D),
ycv,f (tfv p)v ycc’z(tfv p)))
iii. (Fathom by infeasibility) If Problem 10.3.2 is infeasible, go to 4.
iv. (Fathom by value dominance) If LBD* > UBD — ¢, go to 4.

8. Domain Reduction (Optional)

(a) Refine P’ by executing the assignments (10.15) in a single loop from i = 1

to 1 = n,.
9. Upper-Bounding Procedure

(a) Solve Problem 10.3.1 to local optimality.
i. If this fails, go to 10.
ii. If a solution P is found with objective value UBD* < UBD, set

UBD := UBD" and p* := p.
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Table 10.1: Tolerances for Algorithm 3 used in numerical examples.

Task Solver abstol reltol

State integration IDAS 1x107% 1x107°7
Upper bounding problem SNOPT 1x107° 1x107°
State bounds integration IDAS 1x107% 1x1076

State relaxations integration CVODES 1x107% 1 x 1076
Lower bounding problem SNOPT 1x107° 1x107°
B&B Ale. 3 1x107% -

10. Branching

(b) Create intervals P* and P by bisecting P’ in the j** coordinate direction.
(c) Set Nf&g = Nbg = max(0, Nig — 1).
(d) Push the nodes (P, LBD', Nfg) and (P*, LBD*, N&g) onto the stack Y.

(e) Go to 4.

10.4 Numerical Examples

All numerical experiments in this section were performed on a Dell Precision T3400
workstation with a 2.83 GHz Intel Core2 Quad CPU. One core and 512 MB of memory

were dedicated to each job.

Example 10.4.1 (Mathematical Example). We first consider a mathematical exam-

ple that is highly nonlinear and nonconvex:
mierl 10z(tr, p) — y(ts, p) + 0.5sin(8p2 — 0.5) (10.16)
pE
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where (z,y) is the unique solution of

i(ty, p) = —(0.1y(ty, p) — 3pre™)(x(ty, p) — 0.5p2), (10.17)
2sin(dp; +1
0=y(ty,p) — Zsindp 4l (15 + 2po)x(ty, P), (10.18)
y(ts, p)
y(to, ) = 16415, p = (0,0.5), (10.20)
on [ x P.
Above, I = [tg,t;] = [0,1] and P = [-1,1] x [0,p5]. We will consider both

the case where p§ = 1.0 and p§ = 1.1. The objective function is plotted on the
larger interval in Figure 10-1. The objective function is clearly nonconvex and has
nine isolated local minima in both cases. The important difference between the
problem with p§ = 1.0 and that with p§ = 1.1 is that when p§ = 1.0 the global
minima is unconstrained, occurring at p* = (0.1469,0.7438) with an objective value
of ¢* = —4.6674366. In contrast, when pY = 1.1, the global minimum is constrained,

occurring at p* = (0.14155058,1.1) with an objective value of ¢* = —4.9324536.

Optimization results are given in Table 10.3. In addition to pY, several parameters
and options in Algorithm 3 were varied to investigate their influence on the overall
performance. Table 10.2 defines the shorthand used to display these results in Table
10.3. For all experiments Nys = 2 and the generation skipping heuristic was not
used (i.e., Ngs = 0). The correct optimal solution was located for every experiment
in Table 10.3. In the best cases, the proposed algorithm solved the problem in 1.33
s and 115 nodes with p§ = 1.0, and in 0.67 s and 53 nodes with p§ = 1.1. A

representative convex relaxation of the objective function is shown in Figure 10-2.

In Runs 1 and 3, the advantage of computing state relaxations is illustrated by
comparing the proposed algorithm to a simpler version in which the lower bound is
computed using only state bounds and interval arithmetic (Step 7b in Algorithm 3
is omitted). Though the cost per node increases by a factor of 4 when the full lower

bounding procedure is used, this is dramatically outweighed by a reduction in the
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Figure 10-1: Objective function for Example 10.4.1 on P = [—1,1] x [0, 1.1].

Figure 10-2: Convex relaxation of the objective function for Example 10.4.1 on P* =
[0,0.25] x [0.5,1]. This interval contains the unconstrained global solution on P =
[—1,1] x [0,1] and corresponds to the 18" node processed in Run 3 of Table 10.3.
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Table 10.2: Shorthand definitions used in Tables 10.3 and 10.4

LBP Lower bounding procedure. Either Step 7 is done
as written (R), or Step 7b is skipped (I).

DR Indicates whether domain reduction is used (Step
10.3.3 in Algorithm 3).
K Number of refinement iterations in the right-hand

sides of the auxiliary systems defining the state
bounds (K in (6.85) and (6.86)) and state relax-
ations (K in (8.43)). The same number is used for
both.

GS Integer used for the generation skipping heuristic
(Ngs in Algorithm 3).

CPU(s) Total CPU time for Algorithm 3.

Nodes  Number of nodes processed by Algorithm 3.

s/N Cost per node (CPU(s)/Nodes).

BFail Number of nodes visited by Algorithm 3 for which
the state bounding computation failed.

Rfail Number of nodes visited by Algorithm 3 for which
the state relaxation computation failed.

Table 10.3: Optimization results for Example 10.4.1.

Run pS DR LBP K CPU(s) Nodes s/N  BFail RFail
1 1.0 N 1 1 2171 74,623 0.003 5 -
2 1.0 N I 3 3259 74,623 0.004 5 -
3 1.0 N R 1 1.67 145 0.012 5 0
4 1.0 N R 3 3.18 145 0.022 5 0
5 1.0 Y R 1 1.33 115 0.012 5 0
6 10 Y R 3 2.60 115 0.023 5 1
7 1.1 N I 1 4.3 1,253  0.003 4 -
8 1.1 N I 3 6.1 1,251  0.005 4 -
9 1.1 N R 1 1.06 87 0.012 4 0
10 1.1 N R 3 192 87 0.022 4 0
1 11'Y R 1 0.67 53 0.013 4 0
12 1Y R 3 1.23 53 0.023 4 0
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required number of nodes of 3 orders of magnitude, and a reduction in the CPU time

of 2 orders of magnitude.

Comparing Runs 3 and 4, it is found that the number of refinement iterations
K has a rather significant effect on the cost per node. For this example, iterations
beyond the first do not effect the node count and are not worth the additional effort.
This observation is repeated throughout the table, and holds even in the case of an

interval lower-bounding procedure (see Runs 1 and 2).

The effect of using domain reduction is seen by comparing Runs 3 and 5. For this
example, the additional cost per node in insignificant. In general, it will be true for
dynamic optimization problems that the cost of a simple domain reduction scheme
like the one used here will be dominated by the cost of numerical integration in the
lower-bounding problem. Using domain reduction reduces the number of nodes and
the CPU time both by about 20%. The action of the domain reduction procedure can
be seen more clearly in Figure 10-3, which shows all of the nodes fathomed in Run 5
as shaded subintervals of P. Without domain reduction, these intervals would form
a partition of P upon termination of Algorithm 3. Accordingly, white space in the
figure corresponds to regions that were eliminated through domain reduction. The
global minimum is indicated by the red diamond.

Runs 7-12 in Table 10.3 are exactly analogous to Runs 1-6, except that p§ = 1.1,
and hence the global minimum is now constrained with p4 = p. In general, problems
with unconstrained solutions are more difficult for spatial-B&B algorithms because
the objective function is necessarily flat in the vicinity of such a solution. Because of
this, nodes that contain points nearby an unconstrained solution, but do not contain
the solution itself, cannot be fathomed by value dominance unless the lower-bound is
very accurate. This causes the B&B procedure to generate a large number of nodes
with diminishing interval width in the vicinity of the unconstrained solution, termed
the cluster effect [50]. The severity of this problem is known to be related to the rate

of convergence of the lower-bounding procedure.

For this example, the results in Table 10.3 indeed show that global optimization

is significantly more efficient when the global minimum lies on an active bound con-
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Figure 10-3: Intervals in the search space P = [—1, 1] x [0, 1] that were fathomed by
value dominance (shaded boxes) in Example 10.4.1 (Run 5). White space indicates
regions that were eliminated by domain reduction. The global minimum is marked
by the red diamond.

straint. This is most dramatically true when the interval lower-bounding procedure
is used. Comparing Runs 1 and 7, it is clear that the interval lower-bounding proce-
dure suffers severe clustering in the case of an unconstrained solution. Comparatively,
Runs 3 and 9 suggest that the effect of clustering is much less serious for the lower-
bounding problem using state relaxations. This lends evidence to presumption that
the state relaxations have a higher-order of convergence than do the state bounds.
Comparing Runs 9 and 11, it is seen that domain reduction reduces the number
of nodes by nearly 40% in the case of a constrained solution, as compared to 20% in
the unconstrained case. The action of the domain reduction procedure in the former

case is illustrated in Figure 10-4.

Example 10.4.2 (Kinetic Parameter Estimation with PSSA). In this example, we
consider a parameter estimation problem posed in [55]. The DAEs in this problem
model a chemical reaction network converting methanol to various hydrocarbons,
and the parameters p = (py,...,ps) to be determined are related to reaction rate

constants. The single algebraic equation in the model results from a pseudo-steady
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Figure 10-4: Intervals in the search space P = [—1,1] x [0, 1.1] that were fathomed by
value dominance (shaded boxes) in Example 10.4.1 (Run 11). White space indicates
regions that were eliminated by domain reduction. The global minimum is marked
by the red diamond.

state approximation applied to a reactive intermediate. For a detailed derivation of

this model, see [55].

The problem is stated mathematically as

min Y Y (@ — 2k, p))%, (10.21)

epr
P i=1 k=1

where, omitting arguments for clarity, (x,y) is the unique solution of

Ty = —x1(2p1 + p3 + pa) + T2y,
Ty = 1(ps + p2y) — T2y,
&3 = x1(ps + psy) + 22y,

0=2z1(p1 —y(p2 +ps5)) — 22y,

with x(tg, p) = (1,0,0), y(to, p) = 0.952 and p = (10, 10.5,0,0,0).

Above, the constants ¥ are experimental measurements of x; taken at 16 time
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points 5 in the interval I = [to,tf] = [0,1.2]. These measurements are tabulated
in [55]. In the original problem statement in [55], each p; is assumed to lie in the
interval [0, 20], so that P = [0, 20]°, and the problem was solved with the constraint
0.1 < py + ps in order to avoid singularity of g—z.

As discussed in §10.1, the method used to solve this problem in [55] is not rigorous.
Since the crucial step in the lower-bounding procedure relies on a finite sampling step,
there is no possibility for significant conservatism in the lower bound. As a result,
the method in [55] is much less computationally intensive than the method proposed
here. In particular, we find that it is not possible to solve the full five dimensional
problem with Algorithm 3 in reasonable time. On the other hand, the method in [55]
does not provide a guarantee of global optimality, and therefore it is not meaningful

to compare the performance of Algorithm 3 to the method in [55].

Here, we solve two simplified instances of the problem with Algorithm 3. In the
first, we consider the two parameter problem given by setting P = [0, 20] x [1, 20] x
[0,0] x [0,0] x [0,0] (from the results in [55], it is known that p3 = py = ps = 0 at the
global solution). In the second case, we consider the three parameter problem given
by setting P = [0,20] x [1,20] x [0,20] x [0,0] x [0,0]. We do not use the constraint
0.1 < py +ps in either case. Rather, pZ is set to 1 instead of 0 to avoid the singularity
in the model. This is because only the interval P, and not the constraint 0.1 < py+ps,
is used during the computation of state bounds. Since this computation will fail if

the index-one assumption fails in P, the interval P must be restricted.

The reader may have noted that the algebraic equation in the embedded DAEs
can be explicitly rearranged for y provided that x;(ps + ps) + x2 is nonzero. Carrying
out this rearrangement and substituting throughout the system clearly results in an
explicit system of ODEs. We only solve the problem as a DAE here because it has
been posed as a benchmark problem in this form in the literature [55]. In fact,
between the two articles which have previously presented methods for solving global
optimization problems with DAEs embedded [55, 42], this is the only problem in

which the embedded system was not written as an explicit system of ODEs.

Optimization results are shown in Table 10.4 (see definitions in Table 10.2). For
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Figure 10-5: Experimental data (green squares) and the optimal state trajectory
(yellow triangles) for x5 in Example 10.4.2, superimposed on 100 trajectories for
parameters on a uniform grid over P (red solid lines).

this example, the full lower-bounding procedure was used in every experiment, and the
global solution was correctly located in every case as p* = (5.2407,1.2176, 0,0, 0) with
objective value ¢* = 0.1069. For the two parameter problem, the best performance
in terms of CPU time required 425s. For the three parameter problem, the fastest
solution time required 8,431s (2h 20m 31s). In both cases, this was achieved with
a generation skipping heuristic, so the number of nodes is inflated. The optimal
trajectory and measured data for x, are shown in Figure 10-5, overlaid on a large

sample of feasible trajectories.

It is immediately evident from Table 10.4 that this problem is much more difficult
than Example 10.4.1, even in the two parameter case. The convergence behavior
of the upper and lower bounds for Run 2 is shown in Figure 10-6. From this plot,
one can attribute the large number of nodes required to solve this problem to two
sources. Firstly, a finite lower bound was not achieved until after 6,109 nodes were
processed. This is due to repeated failures in the state bounding procedure, of which
there were 3,053. Secondly, the rate at which the lower bounds converge toward the

upper bounds in Figure 10-6 decreases abruptly after roughly 6262 nodes have been
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Table 10.4: Optimization results for Example 10.4.2.

Run Decisions DR K GS CPU(s) Nodes s/N  BFail RFail
1 (p1,Dp2) N 2 0 293 7,611 0.078 3,053 220

2 (p1,Dp2) Y 2 0 293 7,599 0.078 3,053 221

3 (pp) Y 6 0 1200 6,725  0.178 2482 339
4 (pup) Y 2 1 425 0,067  0.047 1280 162
5  (up) Y 2 2 571 16221 0.035 1,094 133
6 (p1,Dp2) Y 2 3 604 20,037 0.030 627 92

7 (p1,p2,p3) Y 2 0 12,404 154,911 0.080 70,677 9,342
8  (pLpnps) Y 2 1 8431 211,689 0.04 33240 7,978

processed. This is due to the cluster effect, as demonstrated below.

To better understand the performance of Algorithm 3 in Run 2, it is helpful to
see the subintervals of P generated by branching during the course of the algorithm.
These are shown in Figure 10-7 and, zoomed in near the global solution, in Figure 10-
8. In both figures, the shaded boxes are nodes fathomed by value dominance, while
white space represents regions that were eliminated by domain reduction. Firstly,
these figures show that the effect of domain reduction is minimal for this problem,
which is corroborated by comparing Runs 1 and 2 in Table 10.4. These figures also
clearly demonstrate the cluster effect, which is to be expected because no constraints
are active at the global solution. From Figure 10-7, however, one also notes a very high
density of small intervals all along the pl boundary, even quite far from the solution.
The explanation for this is given in Figure 10-9, which shows nodes for which the
state bounding procedure (white boxes) or the state relaxation procedure (shaded
boxes with dashed outline) failed. From this figure, it is clear that the accumulation
of small intervals along the bottom of Figure 10-7 is not due to the cluster effect, but
rather results from repeated failure of the state bounding procedure in this region.
The state bounding procedure evidently has a very difficult time verifying existence
and uniqueness of the DAE solution in this region, though the ultimate reason for
this is not understood. Failure of the state relaxation procedure is much less frequent
and is believed to result from chattering in the event detection scheme (see §10.3.2).

To elucidate the source of the abrupt change in the slope of the lower bound curve
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Figure 10-6: Convergence of the upper (black squares) and lower (red triangles)
bounds on the globally optimal objective value for Example 10.4.2 (Run 2) as a
function of the number of nodes processed.

Figure 10-7: Intervals in the search space P that were fathomed by value dominance
(shaded boxes) in Example 10.4.2 (Run 2). White space indicates regions that were
eliminated by domain reduction. The global minimum is marked by the red diamond.
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Figure 10-8: A closer look at intervals in the search space P that were fathomed by
value dominance (shaded boxes) in the vicinity of the global minimum (red diamond)
in Example 10.4.2 (Run 2). White space indicates regions that were eliminated by
domain reduction.
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Figure 10-9: Intervals in P visited by Algorithm 3 in Example 10.4.2 (Run 2) where
either the computation of state bounds (white boxes) or state relaxations (shaded
boxes with dashed outline) failed. Intervals are plotted in the order they were visited,
so that smaller intervals cover larger intervals where failures may also have occurred.
The global minimum is marked by the red diamond.
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Figure 10-10: Intervals from the first 6,275 nodes visited by Algorithm 3 that were
fathomed by value dominance (shaded boxes) in Example 10.4.2 (Run 2). White
space corresponds to nodes remaining on the stack. The qualitative slope change in
the lower bounds in Figure 10-6 occurs at this stage in the algorithm. The global
minimum is marked by the red diamond.

in Figure 10-6, the nodes fathomed by Algorithm 3 prior to the change, which occurs
near node 6, 275, are plotted in Figures 10-10 and 10-11. From these figures, it is clear
that the reduced rate of convergence after 6,275 nodes is directly correlated with the

onset of clustering around the global solution.

Considering Figure 10-6 and the BFail column in Table 10.4, it is evident that the
repeated failure of the state bounding procedure is more problematic than the cluster
effect for this problem. From Figure 10-6, one can see that the onset of clustering
occurs only after more than 80% of the total nodes have been processed. In contrast,
the state bounding procedure failed on 40% of the total nodes. Figure 10-12 shows
that the bahavior of the problem with three decision variables (Run 7) is analogous,
with only 6% of the total node count related to clustering, and failure of the state

bounding procedure for some 46% of the total nodes.
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Figure 10-11: A closer look at intervals from the first 6,275 nodes visited by Algorithm
3 that were fathomed by value dominance (shaded boxes) in the vicinity of the global
minimum (red diamond) in Example 10.4.2 (Run 2). White space corresponds to
nodes remaining on the stack. The qualitative slope change in the lower bounds in
Figure 10-6 occurs at this stage in the algorithm.
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Figure 10-12: Convergence of the upper (black squares) and lower (red triangles)
bounds on the globally optimal objective value for Example 10.4.2 (Run 7) as a
function of the number of nodes processed.
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10.5 Conclusion

In this chapter, a deterministic global optimization algorithm for problems with semi-
explicit index-one DAEs embedded was developed. The algorithm is based on a
spatial-B&B framework and uses the sequential approach to dynamic optimization.
The lower-bounding procedure is enabled by the state bounding and relaxation tech-

niques developed throughout this thesis.

The performance of the algorithm was demonstrated on two example problems.
The first test problem was highly nonlinear and displayed multiple suboptimal local
minima. Nonetheless, the proposed algorithm was shown to locate the global solution
with only minor computational effort. By introducing a small perturbation in in
the host interval, it was shown that the performance of the algorithm is significantly
improved when the optimal solution lies on a constraint, all other things being roughly
equal. This is due to the cluster effect and is typical of global optimization algorithms.
However, the state relaxation method using relaxation preserving dynamics developed
in Chapter 8 was shown to be effective for reducing the cluster effect, at least when

compared to an interval lower-bounding procedure.

The second test problem was much more challenging. Again, the proposed algo-
rithm was able to provide a guaranteed global solution, but with significant computa-
tional expense. The cluster effect was again a source of inefficiency for this problem,
but was overshadowed by difficulties in the state bounding procedure. As discussed
in detail in Chapter 6, failure of the single-phase state bounding method is caused by
an inability to verify existence and uniqueness of a solution of the embedded DAEs on
the given interval. From experiments with the single-phase method, it is known that
the DAEs of Example 10.4.2 are particularly difficult from a state bounding prospec-
tive, though it is not clear why. Thus, more experiments are needed to determine
whether the state bounding procedure will typically be the weak link in Algorithm
3, or if Example 10.4.2 is exceptional in this regard. In any case, a more robust

bounding method should be considered a key target for future research.

In the proposed algorithm, we have implemented only one very simple form of
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domain reduction. However, it is known that efficient global optimization algorithms
rely very heavily on a variety of domain reduction techniques. Therefore, a primary
goal for future work is to implement more sophisticated domain reduction techniques,
potentially specialized to dynamic problems. Moreover, advanced techniques for com-
bating the cluster effect, such as convexity detection and the computation of exclusion

regions, should also be pursued.
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Chapter 11

Convex Relaxations for Nonconvex

Optimal Control Problems

11.1 Introduction

Consider the open-loop optimal control problem informally stated as

inf ¢p(u(ty),x(ts,u)) (11.1)

s.t. g(u(ty),x(tr,u)) <0

q(t,u(t),x(t,u)) <0, ae. te]tyty],

where U is a subset of (L'([to,t;]))™ and, for each u € U, x(-,u) is an absolutely

continuous solution of

x(t,u) = f(t,u(t),x(t,u)), ae tetoty], (11.2)

x(tg, 1) = Xo,

which is assumed unique. This problem is of general interest and has been the sub-
ject of intense research for decades [22]. Nonetheless, (11.1) is an infinite dimensional
problem and, as such, there is no general purpose algorithm for solving it to guaran-

teed global optimality. If the control functions u are approximated by a finite number
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of real parameters [173], then the resulting approximation of (11.1) can be solved to
global optimality using any of the methods described in the articles [135, 164, 104].
However, this approach may be unsatisfactory for both theoretical and practical rea-
sons. Theoretically, the solution so obtained is only globally optimal for an approx-
imate problem. Practically, it often happens that many parameters are required to

accurately approximate a single control function, making the approximate NLP large.

Based on these shortcomings, it is desirable to develop a method for solving (11.1)
to guaranteed global optimality directly in the infinite-dimensional setting. In this
chapter, we provide a crucial step towards accomplishing this through a branch-and-
bound (B&B) approach. In particular, we present a method for computing a guar-
anteed lower bound on the optimal objective value of (11.1). For finite-dimensional
optimization problems, providing a valid lower-bounding procedure is the most dif-
ficult aspect of applying the B&B framework, and is typically the key development
required to extend B&B techniques to a new class of problems. However, infinite-
dimensional problems introduce new complications, and therefore we cannot present
a complete B&B global optimization algorithm for (11.1) at this time. Specifically, we
have so far found no way to partition an infinite-dimensional set in a way that is both
exhaustive and useful for refining the lower bound computed through the procedure

given here.

To compute a lower bound on the optimal objective value of (11.1), we construct
an auxiliary optimal control problem, called a relaxation of (11.1), with the properties
(a) the optimal objective value is guaranteed to underestimate the infimum in (11.1),
and (b) it is convex in the sense that the feasible set is a convex subset of U and
the mapping taking u to the objective value is convex on this set. Because it is
convex, this relaxed problem is in principle solvable to global optimality. For example,
necessary and sufficient optimality conditions for such programs are derived in [15],
and gradient based solution methods are proposed. Supposing that such a solution
can be obtained, this procedure generates a guaranteed lower bound on the solution
of (11.1). In [15], conditions were also studied under which (11.1) can be guaranteed

to be convex, based on arguments similar to those presented in §11.5. In contrast,
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the method presented here is not used to verify convexity, but rather to construct a
convex optimization problem which underestimates a given instance of (11.1), even

when (11.1) is nonconvex.

By analogy to the global dynamic optimization methods presented in [135, 164,
104] (and the method for semi-explicit index-one DAEs presented in Chapter 10), the
proposed lower-bounding procedure depends on the ability to compute state bounds
and a form of state relaxations for the embedded control system (11.2). It has already
been shown in Chapter 3 that state bounds for (11.2) can be computed without the
need for control parameterization. The main result of this chapter is that the same is
essentially true for state relaxations. By a suitable reinterpretation of McCormick’s
relaxation technique, it is shown that convex and concave relaxations of the solutions
of (11.2) on a convex subset of L*([to,tf]) can be derived and evaluated computation-

ally by exactly the same techniques already developed in Chapter 7.

11.1.1 Basic Approach

Let I = [to,tf] C R, let U C R™ be compact, and let U : I — IR™ be a continuous
mapping such that U(t) = [ul(¢),uY(t)] c U, Vt € I. In the remainder of this

chapter, the set of admissible controls is defined by
U={uec (L'I)™ :u(t) € U(t) ae in I} (11.3)

and is assumed nonempty. It is trivial to verify that U is a convex subset of the
vector space (L*(I))™. Finally, let D C R™ be open and suppose that the mappings
in (11.1) have the form ¢ : U x D — R, g: Ux D — R%, and q: I x U x D — R".
Assumptions regarding the control systems (11.2) are discussed in §11.5. We note

here that the solution has the form x: I xU — D.
In order to construct a convex underestimating program for (11.1), convex under-
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estimating functions are derived for the mappings

USur— Fy(u) = o(ulty),x(ty,u)), (11.4)
U ur— Fg(u) =g(u(ty),x(ts,u)), (11.5)

and the family of mappings
U ur— Fqu(u) = q(t, u(t), x(t,u)), (11.6)

for a.e. t € I. Defining the relaxed program with these convex underestimators in
place of the mappings above, both convexity and the desired underestimation property

follow from standard arguments [84, 15].

11.2 McCormick Relaxations on Vector Spaces

Convex relaxations for the mappings (11.4), (11.5) and (11.6) will be derived using
McCormick’s relaxation technique (see Chapter 2). The novelty in the present appli-
cation is that these functions are not defined on R™, but rather on ¢, which is a subset
of the function space L'([to,¢s]). To treat this case, it is shown here that the basic
properties of McCormick relaxations are preserved when one considers an arbitrary
vector space in place of R”. Considering the form of the mappings (11.4), (11.5) and
(11.6), we are particularly interested in extending the composite relaxation technique
of §2.7.2 to the case where the inner function is defined on an arbitrary vector space.

Let V be a vector space. Clearly, convex combinations of the elements of V' are
well-defined. Then, convexity of a subset C' C V is defined in the standard way.
Moreover, convexity and concavity of functions mapping C' into R are defined by the

standard inequalities. Relaxations in this context are defined as follows.

Definition 11.2.1. Let V be a vector space, let C' C V' be convex, and let h, h¢’, h :
C — R. The function h® is called a convex relazation of h on C if h is convex on

C and h®¥(v) < h(v), Yv € C. Similarly, h* is called a concave relaxation of h

422



on C if h* is concave on C' and h*(v) > h(v), Vv € C. The terms convex and
concave relaxation will also be used for vector functions when these conditions hold

componentwise.

The definition of a composite relaxation from §2.7.2 can now be extended to

functions on V.

Definition 11.2.2. Let @ C R™ and w : Q — R™. For any Y C @, functions
Uy, Oy : R™ x R™ — R are called convexr and concave composite relaxations of w
on Y if the following condition holds: For any vector space V', and convex C' C V,
and any y,y®,y“: C — R™ with y(C) C Y, convex and concave relaxations of the

composite function
C>vi— h(v)=w(y(v)) (11.7)
on C are given by the composite mappings

C 35 vi— h?(v) = uy(y“(v),y“(v)) (11.8)

C 3 v h“(V) = 0w (y"(v),y“(Vv))

provided that y* and y®® are, respectively, convex and concave relaxations of y on

C.

When y is L-factorable and Y is an interval, composite relaxations can be readily

obtained from a natural McCormick extension as follows.

Theorem 11.2.3. Let Q C R™ and let w : Q — R™ be L-factorable with natural
McCormick extension {w} : Q — MR™. For any Y € 1Q) such that Y is represented
n Q, the functions Uy, 0y : R™ x R™ — R™ defined by

Uy (2%,2%) = {W}C”(MC(yL, yY, 2z, z%)), (11.9)

OW(ZCU, ch) = {W}CC(MC(yL, yU’ ch’ ch))’

are composite relaxations of w on Y.
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Proof. Choose any vector space V', any convex C' C V, and any y,y“’,y*“: C' — R™
such that y(C) C Y and y® and y“® are, respectively, convex and concave relaxations
of y on C. For any v € C, these hypothesis ensure that y(v) < y“(v) and
y(v) € YN[y (v),y“(v)]. Then, applying Lemma 2.7.3 with the definitions X :=Y,

X 1= y(x%), x° = y®(v) and x° := y°(v) gives the inequality

Uw (Y (v), y*(v)) S w(y(v)) < ow(y™(v), y*“(v)). (11.10)

Then, using the definitions (11.7) and (11.8), the functions h® and h* underestimate

and overestimate h on C', respectively.
Next, choose any (A, vy, va) € [0,1] x C' x C and let vz = Avy + (1 — A\)va. By
hypothesis,

y©(vs) < Ay“(vi) + (1 = N)y“(va),

y“(va) 2 Ay“(vi) + (1 = A)y“(va),

and Y N [y (v;),y(vi)] # 0, for all i € {1,2,3}. Then, applying Lemma 2.7.4 with
the definitions X := Y, x§¥ := y“(v;) and x5 := y*(v;), for i € {1,2,3}, gives the

inequalities

Uw (Y7 (v3), y(v3)) < Auw(y™(v1), y(v1)) + (1 = Nuw (¥ (va), y*(v2)),

0w (Y™ (v3), ¥y(vs)) = Aow(y™(v1), y(v1)) + (1 = A)ow(y™(va), y“(v2)).

Therefore, the functions h® and h® defined by (11.8) are convex and concave on C,

respectively. O

Remark 11.2.4. Since the previous theorem holds for any L-factorable outer func-
tion, it holds for the simple cases where the outer function is any of (+,R%* R),
(x,R% R) or (u, B,R) € L. Thus, the previous result establishes that McCormick’s
relaxation rules for these basic operations are applicable in an arbitrary vector space

without modification.
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11.3 Relaxing the Objective and Constraints

In this section, the results of §11.2 are applied to compute relaxations of the functions
(11.4), (11.5) and (11.6), under the assumption that convex and concave relaxations
of x(t,-) on U are available for every ¢t € I (see §11.5). The following assumptions are

required.

Assumption 11.3.1. Functions x%,xY : I — R" are available such that x(¢,u) €

X(t) = [xH(t),xY(t)], V(t,u) € I xU, and X(t) C D, Vt € I.

Assumption 11.3.2. The functions ¢, g, q and f are L-factorable with natural
McCormick extensions {¢} : € — MR, {g} : &€ — MR", {q} : D — MR"™ and
{f} : D — MR"™. Moreover, the interval U(t;) x X(ts) is represented in £ and, for

every t € I, the interval I x U(t) x X(t) is represented in D.

Of course, the state bounds of Assumption 11.3.1 can be computed using any of
the methods presented in Chapters 3 and 4. Using Assumption 11.3.2, we now derive
a convex relaxation for the mapping Fg ;. Define the function ug : I xU xR xR —

R"* by

uy(t, p, 2, z°) = {q}*(MC(t,t,t,t), MC(u”(t),u” (¢), p, p), (11.11)
MC(x5(t),xY(t), 2z, 2°)).

From Theorem 11.2.3, we have the following lemma.
Lemma 11.3.3. For any ¢, 9 : I x U — R™ and any t € I, the function
U(t) xU 3 (p,u) — uq(t, p, ¥ (1, 1), (¢, u))
s a convex relaxation of
Ut) xU > (p,u) — q(t, p, x(t,u))
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on U(t) xU, provided that ¥ (t,-) and ¥°“(t,-) are, respectively, conver and concave

relazations of x(t,-) on U.

Proof. The set R™ x L!(I) is a vector space, and for any fixed ¢t € I, the set U(t) xU
is convex. Then, the result follows from Theorem 11.2.3 using the definitions @) :=

IxUxD, hi=q, V:=R™ x LY(I),C:=U(t) xU, Y = [t,t] x U(t) x X(t), and

U(t) xU > (p,u) — y(p,u) = (¢, p, x(t,u)),
U(t) xU > (p,u) — y“(p,u) = (¢, p, ¥ (t,n)),

U(t) xU > (p,u) — y*“(p,u) = (t,p, ¥ (t,u)).

Theorem 11.3.4. For any ¥, ¥ : I x U — R™ and a.e. t € I, the mapping
U ur— Fgi(u) = ug(t, u(t), (1, u), =(t, u))

is a convez relaxation of Fqr on U, provided that ™ (t,-) and ¥“(t,-) are, respec-

tively, conver and concave relazations of x(t,-) on U.
Proof. Choose any (A, ug,uz) € [0,1] x U x U and let uz = Auy + (1 — A\)uy. Clearly,
us(t) = Auy(t) + (1 — Nue(t) for all ¢t € I. For a.e. ¢t € I, uy(t),us(t),us(t) € U(t),

and hence Lemma 11.3.3 shows that

uCI(t’ u3(t)> wcv(t> LI3), wcc(ta LI3)) S)‘uol(t u; (t)a wcv(ta u1)> ¢c0(t’ ul))
+ (1 = Nug(t, us(t), P (f, uz2), (¢, uz))

and uq(t, u;(t), Y=t w), Y(t,w)) < q(t,u;(t),x(t,v;)) for all i € {1,2,3}. O

It is not difficult to see that relaxations of F, and Fg can also be constructed by
analogous procedures. Thus, the task of deriving a convex underestimating program
for (11.1) has been reduced to that of deriving convex and concave relaxations for the
end-point map of the control system (11.2). That development occupies the remainder

of the chapter.
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11.4 Relaxing Integral Functionals

Let U, U(t) and U be defined as in §11.1.1. In this section, relaxations of the functional
t

Usur— H(u) = / h(s,u(s))ds, (11.12)
to

are considered, where h : I x U — R". Though no integral functionals appear in
(11.1), the development in this section is required for relaxing the end-point maps
of control systems in §11.5. Indeed, integral functionals have not been included in
(11.1) because they can be treated by augmenting quadrature variables to the control
system (11.2). For the benefit of §11.5, the following lemma is stated for a more

general functionals than above.

Lemma 11.4.1. Let h : [ x U x U — R"™ and suppose that the mapping t —
h(t,u(t),u) is in (L*(1))" for everyu € U. If, for a.e. t € I, the mapping

U(t) xU > (p,u) — h(t,p,u)
is convex on U(t) x U, then the mapping
t
Usur— H(u) = / h(s,u(s),u)ds

to

s convexr on U, for everyt € I.

Proof. Choose any (A, ug,uz) € [0,1] x U x U and let uz = Auy + (1 — A\)uy. Clearly,
us(s) = Auy(s) + (1 — Nuy(s) for all s € I. For a.e. s € I, the hypothesis on h and
the fact that u;(s),us(s) € U(s) imply that

h(s,u3(s),u3) < Ah(s,ui(s),u;) + (1 — A)h(s, us(s), us).

Since this holds for a.e s € I, linearity and monotonicity of the integral imply that,
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for any t € I,
t

[ s wstsdwds <2 [ Do) mpds + (1= 3) [ s wale),wds

to to to

The result follows since uj,uy € Y and X € (0, 1) are arbitrary. O

Lemma 11.4.1 will be used in its full generality in §11.5. For the moment, consider
the functional H as defined in (11.12), with h : I x U — R™. Suppose further that
h is L-factorable with natural McCormick extension {h} : L — R", and that U(t) is

represented in KC for every t € I. Finally define the function uy, : I x R"™ — R" by
wn(t, p) = {h}(MC(t, 1,1, £), MO(u(t), u” (1), p, p)). (11.13)

Then, we have the following corollary of Lemma 11.4.1.

Corollary 11.4.2. Suppose that the mapping t — h(t,u(t)) is in (L*(I))"™ for every
u € U. Then the mapping

Usu+— H"(u) = /t un(s,u(s))ds (11.14)

to

s convex a convex relaxation of H on U.

Proof. For any t € I, convexity of uy(t, -) on U(t) follows from Theorem 2.7.10. Then,
the result follows from Lemma 11.4.1, provided that the mapping ¢ — uy (¢, u(t)) is
in (L*(I))" for every u € U.

Since U is continuous, uy, is continuous by Corollary 2.7.11. Choosing any u € U,
it follows that ¢ — un(t,u(t)) is measurable (see [8]). Furthermore, uy is bounded
on I x U, which implies that ¢ — uy(#, u(t)) is bounded almost everywhere on I, and

hence it is integrable on I. O
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11.5 State Relaxations for Control Systems

Let U, U(t), U and D be defined as in §11.1.1, and consider the control system (11.2),
where f : I x U x D — R". The following assumption holds throughout this section.

Assumption 11.5.1. f is continuous on I x U x D and, for every compact K C D,

JLk € R, such that

||f(t,p,Z) - f( Py, 2 )Hl < LKHZ - Z||17

for every (t,p,z,2) € I x U x K x K.

Under Assumption 11.5.1, it can be shown by standard methods that there exists
a closed interval I’ C I such that, corresponding to each u € U there exists a unique,
absolutely continuous solution of (11.2) on I’. It is assumed that such a solution
exists on all of I; that is, there exists a unique mapping x : I x U — D satisfying
(11.2) a.e. in I for every u € U. The objective of this section is to derive relaxations
for the family of mappings X;(u) = x(¢,u) on U, for each t € I. It will be shown
that these relaxations are given by the solutions of a suitable auxiliary control system
which can be generated using McCormick’s relaxation technique. The development
here is analogous to the development of state relaxations for parametric ODEs using
relaxation amplifying dynamics in Chapter 7. The development of a relaxation theory
based on relaxation preserving dynamics for control systems is left for future work.
Let ug,0¢ : I x U x R™ x R™ — R™ be defined by
we (¢, p, 2%, 2°) = {f}*(MC(t, t,t,t), MC(u*(t), u" (¢
MC(xE(t), xY (¢
of(t, p,z,2%) = {£}(MC(t, ¢, t,t), MC(u*(¢),u" (t), p, p),
MC(x"(t), xY (t), 2z, 2)).

The following properties of these functions will be required below.
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Corollary 11.5.2. For any ¥, 4% : I xU — R™ and a.e. t € I, the functions

U(t) xU > (p,u) — ue(t, p, v (t,u), ™ (t,u))
Ut) xU 3 (p,u) — og(t, p, (¢, u), p“(t,u))

are, respectively, convex and concave relaxations of
U(t) x U 3 (pyu) — £(t, p,x(t,))

on U(t) xU, provided that ¥ (t,-) and ¥(t,-) are, respectively, convex and concave

relazations of x(t,-) on U.

Proof. The result follows from Theorem 11.2.3, arguing exactly as in the proof of

Lemma 11.3.3. ]

Corollary 11.5.3. us and o¢ are continuous on I x U x R™ x R™  and 3L € R,

such that

||uf(ta P, z, Y) - uf(ta P, ia y)||1+||0f(t, P, ZaY) - Of(t7 P, ia y)Hl

< Lz =zl + ly = yllh)
for all (t,p,2,y,2,y) €I x U x R x R"% x R"% x R",

Proof. The result follows from Corollary 2.7.8 using an argument analogous to that

in Lemma 7.6.7. U

Now, define the auxiliary control system by

X“(t,u) = ue(t, u(t), x"(t,u), x“(t,u)), x“(to,u) = xo, (11.16)

x“(t,u) = og(t, u(t),x(t,u),x“(t,u)), x“(ty,u) = Xo,

for a.e. t € I and every u € Y. The main result of this section is the following:
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Theorem 11.5.4. The auziliary system (11.16) has a unique solution (x°V,x°) on
all of I XU, and x(t,-) and x“(t,-) are, respectively, convex and concave relazations

of x(t,-) on U, for everyt € I.

According to the previous theorem, the desired relaxations of the endpoint map
X, are given by XV (u) = x“(t,u) and X(u) = x“(t,u), V(t,u) € I xUU. Combining
these relaxations with the analysis in §11.1.1 and 11.3, the desired relaxation of (11.1)

are readily derived.

11.5.1 Proof of Theorem 11.5.4

Preliminaries

Theorem 11.5.5. Consider the ODEs (11.2) and suppose that £ is continuous on
I x U x R™ and 3L € Ry such that

||f(t,p,Z) - f(t>p>i)||l < LHZ - 2||1?

for every (t,p,z,2) € I x U x R™ x R"™. Given any x° : I x U — R™ such
that x°(-,u) is absolutely continuous on I for any u € U, the sequence of successive

approximations defined recursively by

x" () = xq +/ f(s,u(s), x*(s,u))ds (11.17)

to

satisfies the following conditions:
1. For each u € U, each x* exists and is absolutely continuous on I,

2. For each u € U, the sequence {x*(-,u)} converges uniformly on I to an abso-

lutely continuous limit function x(-,u) satisfying (11.2) uniquely.

Proof. Fix any u € U. By hypothesis, x°(-, u) is absolutely continuous on /. Suppose
this is true of x*. Continuity of f and measurability of u and x*(-,u) imply that

f(-,u(-),x"(-,u)) is measurable (see [8]). Since this function is also bounded a.e. on
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I, it is integrable and hence (11.17) defines x**1(-,u) as an absolutely continuous

function on I. Induction shows that this property holds for all k£ € N.

Define v(t) = ||f(¢, u(t), x*(t,u)) — £(¢,u(t), x°(t,u))|: and let 5 = ess sup,c;7(t).
The assumption that U(t) C U for all t € I, with U compact, along with the conti-
nuity of f, x! and x°, ensures that 7 is finite. It will be shown that

FLF(t — to)*

I ) — X w)ly <

(11.18)

for all t € I and every k € N. For k =1, (11.17) directly gives

[x%(t,u) — x'(t,u)|; < / 1£(s,u(s), x'(s,u)) — £(s,u(s),x’(s,n))||1ds

<At —ty), Viel.

Supposing that (11.18) holds for some arbitrary k, the Lipschitz condition on f gives

t
[x*2(tu) = x" ' (u)| < L [ %" (s, ) — xF(s,u)||1ds,

to

’7LIH-1 /t .
< —— | (s—tg)"ds,

5Lk (t— to)k+1

< I.
S T Ity 0 S

Thus, induction proves (11.18). Now, for any n,m € N with m > n, expansion by

the triangle inequality and application of Equation (11.18) gives

~— JLF(t; —to)
Ix™ (£, 1) — x"( tu||1gz7 Lfk' o) (11.19)
k=n

for all ¢ € I. But



and hence

LAy = to)* _
nlglgoz i =0, (11.20)

which implies by (11.19) that the sequence {x*(-,u)} is uniformly Cauchy on I. Con-
tinuity implies that this sequence converges uniformly to a continuous limit function

x(-,u) on [I.

Next, it is shown that x is a solution of (11.2) on I x U. For any u € U, the

Lipschitz condition on f gives,

|| / s (s) (s, wyds — [ s (), xts, ]

to

< L/ |x*(s,u) — x(s,u)||1ds, Vte€l,
to

so uniform convergence of {x*(-,u)} to x(-,u) on I implies that

t

lim [ f(s,u(s),x"(s,u))ds :/ f(s,u(s),x(s,u))ds, Vtel.

k—o00 to to

Then, taking limits on both sides of (11.17) gives

x(t,u) = xq +/ f(s,u(s),x(s,u))ds, Vtel,

to

which implies that x(-, u) is absolutely continuous and solves (11.2). Uniqueness of x
now follows (for each fixed u € U) by a standard application of Gronwall’s inequality

(Proposition 1, Ch. 2, Sec. 4, [14]). O

Proof

Choose any vectors xZ xV € R™ such that x* < x(t,u) < xY, V(t,u) € I x U.
Under Assumption 11.3.1, such vectors certainly exist. Let x®(¢,u) = x and

x0(t,u) = xY, V(t,u) € I x U, and consider the successive approximations defined
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recursively by

t
Xcv’k+1(t, u) = X + / llf(S, u(S), XCU,k(Sa u)a XCQk(Sa u))ds, (1121)

to

t
ch,k—i—l(t’ u) = xg + / Of(S, u(S), XCv,k(S’ u), XCCJi‘(S’ u))dS-

to

Note that us and of are defined on I x U x R x R™ and Lipschitz on all of R™ x R"
uniformly on I x U by Corollary 11.5.3. Thus, Theorem 11.5.5 may be applied to
(11.16), which shows that the successive approximations x®* and x°“* in (11.21)

exist and, for each fixed u € U, converge uniformly on I to the unique solutions of

(11.16), x°(-,u) and x°“(-, u).

Next, note that x9(¢, -) and x**9(¢, -) are trivially convex and concave relaxations
of x(t,-) on U, respectively, for each fixed ¢ € I. Suppose that the same is true of
x* and x°“*. Then, by Corollary 11.5.2,

U(t)xU > (p,u) — uf(t,p,xcv’k(t, u),xcc’k(t,u))

U(t) x U 3 (p,u) — og(t, p, xVF(t, u), x*(t, u))
are, respectively, convex and concave relaxations of
U(t) xU 3 (p,u) — £(t, p,x(t,u))
on U(t) xU, for all t € I. Lemma 11.4.1 shows that
t
U>u |—>/ ue (s, u(s), x%(s,u), x"(s,u))ds
t
Ot
U>u »—>/ o¢(s,u(s),x"(s,u),x*(s,u))ds
to

are, respectively, convex and concave on U, for every fixed ¢ € I. Then, (11.21) shows

that x“F*1(¢,.) and x**+1(¢,.) are, respectively, convex and concave on U for every

fixed t € I.

Now, considering the under and overestimating properties of the functions ug and
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or described above, for any u € U and a.e. s € I, we have

ue(s,u(s), xF(s,u), x%(s,u)) < f(s,u(s), x(s,u)),

< o¢(s,u(s), x*(s,u), x"(s,1)).

Combining this with integral monotonicity,

t

/tuf(s,u(s),x“”k(s,u),xcc’k(s,u))ds§/ f(s,u(s),x(s,u))ds,

0 to

t
< / o¢(s,u(s), x (s, u),x*(s,u))ds,

to

for all (t,u) € I x Y. Then, (11.21) shows that

t
Xk H1(¢ 1) < xq +/ £(s,u(s), x(s,u))ds < x“**1(t,u), V(t,u) el x U,

to

which, by the integral form of (11.2), gives
xRt u) < x(t,u) < xF(t ), V(t,u) el xU.

Therefore, by induction, x“**(¢,-) and x°¥(¢, ) are, respectively, convex and concave
relaxations of x(t,-) on U, for each fixed t € I and every k € N.

k¥ converge pointwise to the

It was shown above that, as k — oo, x** and x°
unique solutions of (11.16) on I x U. Then, taking limits, it is clear that x(¢,-)
and x“(t, ) are, respectively, convex and concave relaxations of x(¢,-) on U, for each

fixedt € I.

11.6 Conclusions

A method has been presented for computing a rigorous lower bound for the non-
convex optimal control problem (11.1). In particular, a constructive procedure was
described, based on natural McCormick extensions, which produces a convex op-

timization problem whose solution is guaranteed to underestimate the infimum in
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(11.1). Supposing that this convex program can be solved to global optimality, using
for example the methods described in [15], a guaranteed lower bound on the infimum
in (11.1) is obtained. Computing guaranteed lower bounds is a crucial step required
by branch-and-bound global optimization algorithms. Thus, the method developed
here provides a key ingredient required for branch-and-bound global optimization of
nonconvex optimal control problems. Finally, the proposed lower bounding technique
is distinguished from previous work in that it does not require control parameteri-
zation. The derived relaxations are valid in the original space of admissible control

functions.
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Chapter 12

Concluding Remarks

The work in this thesis has addressed two problems of broad interest concerning the
behavior of nonlinear differential-algebraic process models subject to a range of per-
missible process inputs. In contrast to classical methods for treating such problems,
the methods herein provide information that is global in nature. The first problem
addressed was that of enclosing the set of all possible solutions of a given DAE model
subject to a range of permissible input functions and/or model parameters. This anal-
ysis is useful in nearly any application in which process disturbances and/or model
uncertainties are of significant concern, and has numerous practical applications in
process control. The second problem addressed was that of solving optimization prob-
lems constrained by differential-algebraic equations to guaranteed global optimality.
Such optimization problems arise in the design and control of transient processes, as

well as in the important area of parameter estimation for dynamic process models.

12.1 Summary of Contributions

12.1.1 Algorithms

The most immediate and tangible results of this thesis are the algorithms that have
been developed for the tasks outlined above. In Chapters 3 and 4, the full-space
bounding (FSB) and reduced-space bounding (RSB) methods were developed for com-
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puting time-varying interval bounds on the solutions of explicit ODE models subject
to a permissible set of input functions and/or model parameters. These methods ex-
tend a standard bounding technique which is known to be very efficient but also very
conservative. For problems where it is possible through physical insight to provide
an a priori convex polyhedral enclosure of the ODE solutions, the FSB and RSB
methods are able to achieve a dramatic reduction in the conservatism of the result-
ing bounds by exploiting this information at a fundamental level within the bounding
procedure. These methods are implemented using only efficient interval computations
and a state-of-the-art numerical integration routine, so that improved enclosures are
achieved without sacrificing the computational efficiency of the original method. Fi-
nally, it was demonstrated that the class of problems for which the required a priori
information is available is by no means small or insignificant. Rather, it contains
the important class of systems that can be regarded as describing fluxes through a
network, notably including models of chemical reaction kinetics. For such systems, a
priori physical information can be obtained and exploited easily and automatically

by a simple matrix analysis.

In Chapters 5 and 6, the two-phase and single-phase methods were developed
for computing interval bounds on the solutions of systems of nonlinear semi-explicit
index-one DAEs subject to a range of model parameters. Again, an efficient numerical
implementation of both methods was developed using an interval Newton type method
and a state-of-the-art numerical integration routine. Numerical case studies for these
algorithms demonstrate that they are capable of producing results with the same
efficiency that makes differential inequalities methods for ODEs attractive. Moreover,
as compared to the ODE methods, the methods developed for semi-explicit index-one
DAEs provide very reasonable bounds, especially considering the fact that, at present,
no a priort physical information is used in their computation. Thus, these methods
extend the efficient class of differential inequalities based bounding techniques to

systems of DAEs for the first time.

In Chapter 7, two algorithms were presented for computing nonlinear convex and

concave relaxations of the parametric solutions of nonlinear ODEs. For both methods,
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relaxations are computed through the numerical solution of an auxiliary system of
ODEs that is derived efficiently and automatically using the generalized McCormick
relaxation technique developed in Chapter 2. Comparing these methods, the superior
method was found to be method using relaxation preserving dynamics (RPD). Com-
pared to the state-of-the-art relaxation method in [164], the RPD method was shown
to provide significantly tighter relaxations. In Chapter 8, the methods of Chapter
7 were extended to handle systems of nonlinear semi-explicit index-one DAEs, pro-
viding convex and concave relaxations for the solutions of such systems for the first

time.

In Chapter 9, a further algorithm was developed for enclosing the solutions of
parametric ODEs and semi-explicit index-one DAEs, in this case within a convex
polyhedral set rather than an interval. It was shown that the resulting enclosure
can be significantly sharper than the interval enclosures produced by the methods
of Chapters 3-6. On the other hand, obtaining a valid enclosure from this technique
has previously only been possible through the global solution of several potentially
nonconvex dynamic optimization problems, which is prohibitively expensive in general
[39, 41]. Using the relaxation techniques developed in Chapters 7 and 8, the proposed
algorithm is able to provide a guaranteed convex polyhedral enclosure while solving

only convex dynamic optimization problems.

In Chapter 10, a deterministic global optimization algorithm was developed for
problems with semi-explicit index-one DAEs embedded. This algorithm is based on a
standard spatial branch-and-bound framework, where the lower bounding procedure
is enabled by the relaxation techniques developed in Chapter 8. Aside from intractable
methods based on a total discretization approach, this is the first method capable of
solving optimization problems with DAEs embedded to guaranteed global optimality.
The algorithm has been demonstrated for several numerical case studies and shown

to perform comparably to state-of-the-art methods for optimization problems with

ODEs embedded.
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12.1.2 Theoretical Contributions

The objective of this thesis has always been to develop practical numerical meth-
ods for practical engineering problems. Even so, the final result is largely a piece of
abstract mathematical analysis. Throughout this analysis, certain results, computa-
tional techniques, and basic principles have emerged that marked turning points in
the thesis and seem to be significant contributions in their own right. A significant
effort has been made throughout the thesis to present these ideas in the most general
and broadly applicable way possible. To be sure, this has robbed some chapters of
a degree of clarity and intuition that they might otherwise have had. On the other
hand, it has also simplified matters in several places where distinct variations of a
method could be proven by application of the same result, or where methods for
ODEs and DAEs could be derived by a unified abstract development. However, the
primary motivation for this generality is that global dynamic optimization is a field
in flux. While many of the numerical results presented herein are promising and rep-
resent significant advances over the state-of-the-art, it is nonetheless clear that much
work remains to be done before these methods can be routinely applied to practical
engineering problems. Thus, it is worthwile to point out some of the fundamental
theoretical contributions of the thesis that, as the field progresses, may prove to be

useful beyond the specific methods that have so far been derived from them.

The first of these contributions is the abstract development of McCormick’s relax-
ation technique in Chapter 2, leading to the notion of a natural McCormick extension,
or equivalently, a generalized McCormick relaxation. The fundamental contribution
of this analysis is the ability to construct relaxations of multivariate compositions
(§2.7.2). This capability is essential for the proposed numerical implementation of
the relaxation theories for ODEs and DAEs developed in Chapters 7 and 8. Fur-
thermore, it is essential for making use of these relaxations for constructing convex
underestimating programs in the context of global dynamic optimization. Notably,
this procedure permits one to compute relaxations of non-factorable functions by a

fairly direct application of McCormick’s technique. As another example of this, gen-
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eralized McCormick relaxations have also been used to compute convex and concave
relaxations for the solutions of implicit systems of nonlinear algebraic equations [169].
On the whole, this procedure extends the reach of McCormick’s relaxation technique,
and hence global optimization, to the important class of optimization problems in

which the objective and constraints are implicitly defined by the solutions of an em-

bedded model.

Among the most important theoretical contributions of this thesis are the general
comparison theorems of Chapter 3 (Theorems 3.5.1 and 3.5.4). From these results,
we have developed very effective bounding procedures for parametric ODEs whose
solutions are known to lie within convex polyhedral sets. However, Theorems 3.5.1
and 3.5.4 address a much broader issue. In particular, the conditions of these the-
orems formally delineate valid and invalid uses of arbitrary auxiliary information in
the context of differential inequalities bounding techniques. The use of redundant
information to refine conservative approximations is a well-established tenet of global
optimization and rigorous computing at large, and the numerical results of Chapter
4 clearly demonstrate that this tool is no less essential for dynamic problems. What
instead seems unique to dynamic problems is that the distinction between valid and
invalid uses of such information, at least with regards to differential inequalities, is
complicated to the point of mathematical pedantry. Thus the utility of Theorems
3.5.1 and 3.5.4 is that they allow one to check the validity of putative new bounding
techniques with the relative ease of verifying a few simple conditions. A particularly
useful incarnation of these conditions was presented in §3.6.1, where simple criteria
are established for a valid use of efficient interval computations to exploit an arbitrary
a priori enclosure. Among other applications, this suggests an avenue for exploiting
nonlinear solution invariants in dynamic models using, for example, interval Newton

type methods as in Chapter 5.

The final broadly important theoretical contribution of this thesis is the formu-
lation of the conditions of relaxation amplifying dynamics (RAD) and relaxation
preserving dynamics (RPD). Of course, these conditions underly the novel relax-

ation methods for ODEs and DAEs developed in Chapters 7 and 8. However, these
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conditions provide important insights beyond the implementations given here. The
conditions of RAD have been shown to result in relaxations which accumulate con-
servatism and become in a sense more convex (or concave) as integration proceeds.
These properties in turn result in unnecessarily weak relaxations and, at least empir-
ically, a poor rate of convergence. Interestingly, these properties are a direct result
of precisely the same conditions from which the method derives its validity in the
first place. Thus, the conditions of RAD are illustrative of two fundamental issues for
global optimization that are unique to dynamic problems and have not been previ-
ously understood. On the other hand, the conditions of RPD correct these problems
and result in very satisfactory relaxation techniques. The conditions through which
RPD type relaxations are guaranteed to underestimate and overestimate the function
of interest are derived from standard arguments in the theory of differential inequal-
ities. On the other hand, the principle through which the RPD conditions impart
convexity and concavity on the resulting relaxations is entirely novel and has not
previously been exploited by any method. As such, it provides a new principle for
relaxing the solutions of dynamic systems that can be used to motivate and analyze

future methods.

In both the state bounding theory of Chapter 3 and the relaxation theory of
Chapter 7, the fundamental results have been proven for an arbitrary absolutely
continuous function. That is, these results do not require that the function to be
bounded or relaxed is a solution of a particular type of dynamic system. Though we
have proposed complete methods only for systems of ODEs and semi-explicit index-
one DAEs, the fundamental principles may be applied directly to the solutions of
more complex systems including fully implicit DAEs, high-index DAEs, and hybrid
discrete-continuous dynamical systems. Deriving practical computational methods
from these conditions then only requires that one can construct appropriate auxiliary
systems. For this task, it seems very likely that generalized McCormick relaxations

will again prove to be a useful tool.
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12.2 Outlook

It is difficult to appraise the state-of-the-art in reachability computations for nonlinear
dynamic systems. Mostly, this is because the literature has historically developed into
several pockets that remain largely isolated from one another. The most prominent
of these are the literature on Taylor methods, originally developed for the purposes
of validated numerical integration, the literature on differential inequalities, which
were used only as a mathematical tool until fairly recently, and the literature in the
process control community, where methods are largely rooted in linear systems theory
and applied to nonlinear systems through the extensive use of local linear approxima-
tions. Because they are based on quite distinct ideas, these classes of methods each
come with a unique list of advantageous and disadvantages with respect to accuracy
and computational efficiency that make an intuitive comparison difficult. Moreover,
given the lack of communication between these literatures and the complexity of
implementing some of the available methods, there have been no adequate numeri-
cal comparisons between these classes of methods, and unfortunately too few good

comparisons even within them.

What does seem to be generally agreed upon is that it is extremely difficult to
compute accurate global information about the solutions of nonlinear dynamic mod-
els. In all the available literature, there are almost no examples demonstrating a
reasonably sharp enclosure for a nonlinear system with more than three state vari-
ables and three uncertain parameters. Even for small systems, computing very sharp
enclosures can require exorbitant computational effort. With the methods developed
in this thesis, we have demonstrated accurate bounds on the solutions of substantially
larger models subject to larger uncertainty. While these results represent significant
advances, the models considered here are still a far cry from the size and complexity

of those arising in many important applications.

Fortunately, there are many avenues for future research. Among these, probably
few would be as enlightening as simply taking stock of the available methods and un-

dertaking extensive numerical comparisons. Again, the classes of methods described
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above are based on fairly distinct ideas, and it is reasonable to suspect that such a
comparison would enable one to incorporate the advantageous features of each into
a new generation of methods. For example, the enabling features of early Taylor
methods are the use of high-order Taylor series expansions of the states with respect
to time, and effective control of the wrapping effect through, for example, Lohner’s
method [130]. Neither of these techniques has ever been leveraged in the context of

differential inequalities, though it it seems very likely that they could be.

If there is one contribution of this thesis that should resonate throughout the field,
it is the observation that using redundant information in a bounding technique can
have a profound impact on the quality of the resulting enclosure. As we have men-
tioned previously, the use of redundant information to refine conservative approxima-
tions is a well-established and highly successful technique in the areas of constraint
propagation and global optimization. However, to our knowledge, it has not been
previously been used in the context of reachable set computations. The dramatic
effect of using such information in the methods of this thesis makes a compelling case
that similar methods will be a key ingredient for addressing larger and more complex
models in the future. There are several topics to explore in this regard, such as the
existence of other important classes of systems that we have not considered for which
a priori information is readily available, and the question of whether or not it is ef-
fective to augment a system artificially with additional redundant equations in order

to obtain a sharper enclosure through similar methods.

At the outset of this thesis, the state-of-the-art in global dynamic optimization
was undoubtedly the method of Singer and Barton [164], which has been demon-
strated to solve problems with up to three state variables and three decision variables
in reasonable computational time. Since then, there as been quite a lot of activity. In
addition to the methods developed in this thesis, impressive new methods for com-
puting enclosures and relaxations of the solutions of ODEs have been proposed by Lin
and Stadtherr [105, 104] and Sahlodin and Chachuat [151, 150]. When implemented
in a complete global optimization algorithm [104], the method of Stadtherr and Lin

has been shown to outperform that of Singer and Barton for some but not all test
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problems, and has been shown to solve one problem with up to five decisions.

Unfortunately, the improved bounding and relaxation methods for ODEs devel-
oped in this thesis have not yet been implemented in a complete optimization algo-
rithm. However, compared to the methods used in [164], the bounding and relaxation
methods developed here have been shown to be much tighter, which is expected to
result in a significantly improved global optimization algorithm. Because they were
developed only very recently, the methods of Sahlodin and Chachuat [151, 150] have
also not yet been demonstrated within a global optimization algorithm. Furthermore,
they have not been compared to the improved relaxation methods of this thesis,
though they have been shown to compare very favorably to the method Stadtherr
and Lin [105]. Thus, a fair assessment of the field at present is that there are many
interesting and potentially powerful ideas available, and too few useful metrics and

numerical comparisons by which to understand them and direct future efforts.

With the results of this thesis, global dynamic optimization methods have been
extended to problems with semi-explicit index-one DAEs embedded for the first time.
However, like existing methods for ODEs, the practical applicability of this method
is limited to very small problems. Thus, much work remains to be done before this

method can be applied to most problems of practical interest.

There are several target areas for future research in global optimization of ODEs
an DAEs. In the case of DAEs, an obvious task is to extend the bounding methods
based on a priori enclosures developed here to the case of DAEs. This alone should
lead to a substantial improvement in the performance of the global optimization

algorithm of Chapter 10.

Following the work in [30], there has recently been a renewed interest in the
convergence rate of lower bounding procedures, which can have a very significant effect
on the overall run-time of a spatial B&B algorithm. The issue of convergence rate
has been almost completely ignored in the literature on global dynamic optimization
to date, and at present there is no convergence rate analysis available for any of the
available techniques. These analyses are therefore a primary target for future research

in understanding and improving the available global dynamic optimization methods.
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Another important area for future work is to develop effective constraint propaga-
tion and optimality based range reduction techniques for global dynamic optimization
problems. For standard NLPs, these methods have revolutionized modern methods,
which could not otherwise address practical problem instances. Such methods have
been employed in the algorithms of Singer and Barton [164] and Lin and Stadtherr
[104], but not nearly to the same extent. A related criticism of the field, and partic-
ularly of this thesis, is that the problem of enclosing and/or relaxing the solutions of
the embedded dynamic system has largely been treated in isolation from the rest of
the optimization problem. Certainly, these computations are the weak point of the
available algorithms and account for their limited applicability. On the other hand,
effective algorithms for standard NLPs suggest that all of the available information
in a problem should be brought to bear in all aspects of the lower bounding compu-
tation. Why then, has as it always seemed appropriate to bound all solutions of the
embedded dynamic system when we are only interested in those that are feasible and
potentially optimal? This and other similar questions deserve serious consideration

moving forward.
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