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Abstract

Global dynamic optimization arises in many engineering applications such as parameter
estimation, global optimal control, and optimization-based worst-case uncertainty analy-
sis. In branch-and-bound deterministic global optimization algorithms, a major computa-
tional bottleneck is generating appropriate lower bounds for the globally optimal objective
value. These bounds are typically constructed using convex relaxations for the solutions
of dynamic systems with respect to decision variables. Tighter convex relaxations thus
translate into tighter lower bounds, which will typically reduce the number of iterations
required by branch-and-bound. Subgradients, as useful local sensitivities of convex relax-
ations, are typically required by nonsmooth optimization solvers to effectively minimize
these relaxations. This thesis develops novel techniques for efficiently computing tight
convex relaxations with the corresponding subgradients for the solutions of ordinary differ-
ential equations (ODEs), to ultimately improve efficiency of deterministic global dynamic
optimization.

Firstly, new bounding and comparison results for dynamic process models are devel-
oped, which are more broadly applicable to engineering models than previous results.
These new results show for the first time that in a state-of-the-art ODE relaxation frame-
work, tighter enclosures of the original ODE system’s right-hand side will necessarily

translate into enclosures for the state variables that are at least as tight, which paves the
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way towards new advances for bounding in global dynamic optimization.

Secondly, new convex relaxations are proposed for the solutions of ODE systems.
These new relaxations are guaranteed to be at least as tight as state-of-the-art ODE relax-
ations. Unlike established ODE relaxation approaches, the new ODE relaxation approach
can employ any valid convex and concave relaxations for the original right-hand side, and
tighter such relaxations will necessarily yield ODE relaxations that are at least as tight.
In a numerical case study, such tightness does indeed improve computational efficiency
in deterministic global dynamic optimization. This new ODE relaxation approach is then
extended in various ways to further tighten ODE relaxations.

Thirdly, new subgradient evaluation approaches are proposed for ODE relaxations. Un-
like established approaches that compute valid subgradients for nonsmooth dynamic sys-
tems, the new approaches are compatible with reverse automatic differentiation (AD). It is
shown for the first time that subgradients of dynamic convex relaxations can be computed
via a modified adjoint ODE sensitivity system, which could speed up lower bounding in
global dynamic optimization.

Lastly, in the situation where convex relaxations are known to be correct but subgradi-
ents are unavailable (such as for certain ODE relaxations), a new approach is proposed for
tractably constructing useful correct affine underestimators and lower bounds of the con-
vex relaxations just by black-box sampling. No additional assumptions are required, and
no subgradients must be computed at any point. Under mild conditions, these new bounds
are shown to converge rapidly to an original nonconvex function as the domain of interest
shrinks. Variants of the new approach are presented to account for numerical error or noise

in the sampling procedure.
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Chapter 1

Introduction

1.1 Motivation

This thesis considers dynamic optimization problems that are formulated as optimization
problems with embedded parametric systems of ordinary differential equations (ODEs).
These ODE systems may exhibit significant nonconvexity, and thus a local nonlinear pro-
gramming (NLP) solver may converge to suboptimal local optima when applied to such
dynamic optimization problems. Compared with suboptimal local optima, a global op-
timum represents the most desirable outcome subject to the predefined constraints, such
as the lowest operating cost or the highest production rate. Globally optimal solutions
for dynamic optimization problems are sought in engineering applications such as opti-
mal control of batch processes [10—13], optimal catalyst blending [14], and optimal drug
scheduling [15, 16]. Moreover, in several other applications, suboptimal local optima are
inappropriate and a global optimum is essential. For example, a typical dynamic parameter
estimation and model identification problem [17-19] aims to choose parameters to min-

imize the discrepancy between the prediction of a dynamic model and experiment data,
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and global optimization can confirm that a particular model is inappropriate regardless of
parameter choice. A worst-case uncertainty analysis determines the maximal possible cost
or potential safety hazard [20] based on an assessment of the probability distribution of
parameter values.

For simplicity of analysis, this thesis considers a generic nonconvex dynamic optimiza-

tion problem:

min  ¢(p) := g(ts,p,x(t7,p))
p (1.1.1)

s.t. pL <p< pU,
where p € R denotes decision variables with known bounds, ¢ : R"? — R is an objective

function based on a cost function g of appropriate domain and range dimension, and x

denotes the solution of the parametric ODE system:

X(t’p) = f(t,p,X(t,p)), Vi € (t()atf]7
(1.1.2)

x(t0,p) = Xo(P);

This ODE system will be formalized in Section 2.3. Established global optimization al-
gorithms may be classified into deterministic algorithms and stochastic algorithms. The
main types of stochastic algorithms are genetic algorithms [21], differential evolution algo-
rithms [22], and particle swarm algorithms [23], whose applications on dynamic optimiza-
tion problems are discussed in [24-26]. While these stochastic global search algorithms
are effective in certain situations, deterministic global optimization methods are guaran-
teed to locate a global optimum to within a predefined tolerance in finite computational
time. Deterministic global optimization algorithms [27-31] are typically based on branch-
and-bound frameworks, wherein upper and lower bounds of the globally optimal objective

value are evaluated. These are then refined progressively as the considered decision space
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is subdivided. Upper bounds are typically computed from local minima obtained by local
NLP solvers, and lower bounds are typically computed by minimizing convex relaxations
c® of cin (1.1.1). A convex relaxation is an auxiliary function that underestimates the
original function and is convex on the considered domain. Thus, any local minimum of
¢V obtained using local NLP solvers would also be a global minimum, which is guaran-
teed to be a valid lower bound of c¢. Tighter convex relaxations — namely relaxations
that are pointwise closer to the original function — thus translate into tighter bounds sup-
plied to branch-and-bound, and could in turn reduce the number of iterations required by
an overarching optimization method. Figure 1.1 depicts a convex relaxation and a tighter
convex relaxation of ¢ for illustration. While state-of-the-art deterministic global optimiza-
tion solvers including BARON [28] and ANTIGONE [32] are effective at solving problems
that are not dynamic, current deterministic algorithms for global dynamic optimization can
only currently solve problems with no more than around five state variables and five deci-
sion variables. Hence, there is a need in global dynamic optimization to develop efficient
and accurate computational tools for automatically generating tight convex relaxations for
dynamic systems, to ultimately extend the scope of these deterministic algorithms to prob-
lems of practical interest.

State relaxations are respective underestimators and overestimators of x in (1.1.2) whose
components are respectively convex and concave with respect to p for each fixed . State
relaxations may be used in deterministic global dynamic optimization to construct con-
vex relaxations of the objective function ¢ of (1.1.1) by various adaptations [6, 7, 33-35]
of McCormick’s relaxation method [5]. Except for bounding and convexity, state relax-

ations should have desirable tightness and convergence properties. Firstly, state relaxations
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Figure 1.1: The original objective function ¢ (solid) in (1.1.1), along with a convex re-
laxation (dot-dashed) and a tighter convex relaxation (dashed) with corresponding lower
bounds cB and ¢ of ¢ on [p", pY], respectively.

should be tight. As illustrated in Figure 1.2, tighter state relaxations for (1.1.2) will typi-
cally translate into tighter convex relaxations for ¢ in (1.1.1) [6], which will in turn translate
into tighter lower bounds in global optimization, and thus reduce the number of iterations
required in a branch-and-bound algorithm. Secondly, state relaxations should converge
rapidly to x as the domain P := [p",pV] is subdivided. The convex relaxations of ¢ will
necessarily inherit this rapid convergence [36]. Such rapid convergence can mitigate the
cluster effect [37,38], wherein a branch-and-bound method must branch many times near
a global minimum even in the best case. This notion of rapid convergence has been for-
malized as second-order pointwise convergence [36]. State relaxations may also be used
for similarly constructing lower bounding problems in global optimization for an origi-
nal problem that is more complicated than (1.1.1), such as a dynamic optimization problem
with typical path or endpoint constraints and an objective function with integral. The exten-
sion of state relaxations to parametric systems of differential-algebraic equations (DAEs)

is discussed in [39].



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

th — .\ c
/ _-=
-~ \\\~ IeadtoI
\\/\
\ ~__-~- -
\ — — -
p" pY p* pY

Figure 1.2: An illustration of how tighter state relaxations for x typically lead to tighter
convex relaxations for ¢ in (1.1.1). On the left: a solution x(tf, *) (solid) of the parametric
ODE system (1.1.2) at ¢ := 17, along with state relaxations (dot-dashed) and tighter state
relaxations (dashed).

Subgradients are useful local sensitivities for nonsmooth convex functions (analogously
for concave functions), which reduce to the usual gradients for smooth convex functions.
Subgradients of state relaxations may be used to compute subgradients of convex relax-
ations of ¢ [35]. When computing lower bounds by minimizing convex relaxations in
global optimization, subgradients are typically required by nonsmooth convex optimiza-
tion methods such as Nesterov’s Level Method and Subgradient Method [40] and general
nonsmooth local optimization methods such as bundle methods [41-43] to proceed effec-
tively. Without subgradients, an overarching global optimization method may fail to com-
pute the required lower bounds by minimizing convex relaxations. Moreover, subgradients
are useful for constructing piecewise affine relaxations by a finite combination of the cor-
responding subtangents [34,44,45], and each subtangent can be efficiently constructed by
a single evaluation of the original convex relaxation and an associated subgradient [46].
Subgradients of state relaxations are also useful in dynamic reachable set generation, for

constructing a convex polyhedral enclosure of the reachable set for x in (1.1.2) [47].
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1.2 Established relaxation methods for composite functions

This section introduces several established convex relaxation generation methods for com-
posite functions, which may be used for relaxing ODE systems’ right-hand side functions.
Such relaxations may then be embedded in approaches for computing ODE relaxations.
Established convex relaxation generation methods for composite functions mainly in-
clude natural interval extensions [48], McCormick relaxations [5], generalized McCormick
relaxations [6], «BB relaxations [9,49], and relaxations obtained using the Auxiliary Vari-
able Method (AVM) [8, 50]. These relaxation methods will be further illustrated via exam-
ples in Section 2.2. The natural interval extension [48] employs predefined upper and lower
bounds for simple arithmetic operations that are used to define the overall composite func-
tion, and constructs bounds for the composite function by propagating the bounds for these
operations. These bounds are constant on the domain of interest, and thus are trivially con-
vex and concave. Based on the underlying bounds, the McCormick relaxation method [5]
employs predefined convex and concave relaxations of intrinsic functions, and constructs
closed-form nonsmooth convex and concave relaxations for a composite function in a sim-
ilar fashion. The generalized McCormick relaxation method [6] adapts the McCormick
relaxations to better handle each composed function in a composition. The aBB relaxation
method [9,49] applies to twice-differentiable functions, and constructs convex relaxations
by adding a sufficiently large convex quadratic term to the original nonconvex function.
The AVM [8, 50] typically applies to nonconvex optimization problems. The AVM con-
structs an auxiliary convex optimization problem, by first introducing auxiliary variables to
capture any nonlinearities in the original nonconvex optimization problem, and then bound-
ing these variables by appropriate convex and concave relaxations. The optimal objective

values of this auxiliary optimization problem are guaranteed to be valid lower bounds of
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the optimal objective values of the original nonconvex problem. Moreover, Chapter 5 of
this thesis will show that the AVM may be adapted to construct convex relaxations for
composite functions as well. Other convex relaxations include piecewise-affine relaxations
constructed from subtangents [35, 44] and convex envelope which is the tightest possible
convex relaxation for a nonconvex function. Convex envelopes of certain functions [51-56]
have been proposed, but there is no established method for constructing convex envelopes

for general composite functions.

1.3 Established ODE relaxation approaches

This section summarizes established approaches for constructing either state relaxations or
state bounds that are p-invariant bounds for x in (1.1.2). These approaches may be clas-
sified into two broad categories: discretize-then-relax approaches and relax-then-discretize
approaches. Discretize-then-relax approaches may be further classified into two subclasses
based on how the ODE system (1.1.2) is handled. The first subclass [35,57-59] discretizes
the ODE system (1.1.2) into approximating equations, by approaches including the explicit
Euler method or orthogonal collocation. These equations are then relaxed using algebraic
relaxation methods such as «BB [57], the McCormick relaxation method [5], or the Auxil-
iary Variable Method [8, 60]. Most recently, Yang and Scott [59] extended the continuous-
time theory of differential inequalities to bound discrete-time nonlinear dynamic systems.
Wilhelm et al. [58] proposed a relaxation method efficient for stiff dynamic systems utiliz-
ing implicit functions [61].

The second subclass of discretize-then-relax approaches includes the methods in [62—
66], which discretize the dynamic systems using Taylor expansions which are then bounded

by various approaches. These methods originate from the high-order-enclosure (HOE)
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method [63], where bounds for Taylor expansions are propagated over . The HOE method
was extended to propagate McCormick relaxations [64], Taylor models [62], and McCormick-
Taylor models [66]. Recently, Pérez-Galvan and Bogle [67] tightened bounds for Taylor
models using interval contractors. The McCormick-Taylor method [66] has been shown to
yield state relaxations with second-order pointwise convergence [68], and this method was
applied to solve a global optimal control problem with the branch-and-lift algorithm [12].
Relax-then-discretize approaches [1,2,69-76], on the other hand, are based directly on
differential inequalities [77], since these preserve the differential equation nature of (1.1.2).
These approaches have the advantage of being able to exploit the adaptive time-stepping
and error control of numerical ODE solvers. Papamichail and Adjiman [1] extended «BB
relaxations from closed-form functions to parametric ODEs (1.1.2), with the required Hes-
sian bounds computed via numerical integration. This method was recently applied to solve
global optimal control problems with the direct multiple shooting method [13]. Baja and
Hasan [78] proposed dynamic edge-concave relaxations, which are also based on Hessian
bounding of the ODE solutions. Other methods in this class compute state relaxations
directly by solving auxiliary ODE systems, whose right-hand sides are related to various
relaxations of the right-hand side f of (1.1.2). The function f has been relaxed in these
methods using interval extension [69,73,74], affine relaxation [70-72,76], and generalized
McCormick relaxation [2,6,75]. As shown in [79], the relaxations proposed in [2] are at
least as tight as those in [75], and have second-order pointwise convergence. Other meth-
ods [71-74,76] in this class can incorporate additional bounding information from physical
or mathematical arguments, to yield significantly tighter state bounds or relaxations when
such bounding information is available. Recently, methods that combine differential in-

equalities and Taylor models have been also proposed [80,81]. Other established methods
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for generating convex enclosures of reachable sets include bounding the reachable sets by
ellipsoids [82], zonotopes [83], or polytopes [84]. The ellipsoidal calculus method was ap-
plied to account for the parameterization errors of control inputs for affine control systems

in global optimal control [12].

1.4 Scott—Barton ODE relaxation framework

This section introduces a state-of-the-art relax-then-discretize framework by Scott and Bar-
ton [2], for relaxing the underlying ODE system (1.1.2). This thesis aims to improve this
framework, to aid in lower bounding for global dynamic optimization. The Scott—Barton

framework requires furnishing the following crucial functions:

* convex and concave relaxations (x{",xg) of the initial-value function x,
» predefined p-invariant bounds (x" xY) for x,

* functions (u,0) (c.f. [2, Definitions 6 and 7]) that are modified relaxations of f.

Then, valid state relaxations (x°V,x%) for (1.1.2) are computed by solving the following

auxiliary ODE system: for each component i,

ui(t,p,x",x), if x> xk (1),
5"(t,p) =
max (&0, px ), i =), (4D

1

x;(0,p) = x;p(p)-

Dynamics of x“ are described similarly. This formulation will be formalized in Section 2.4.
Scott and Barton [2] proceeded to construct appropriate (u,0) based on the generalized Mc-

Cormick relaxations [6] of f. The generalized McCormick relaxation method [6] has been

9
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shown to be efficient for constructing useful convex and concave relaxations for compos-
ite functions [6, 35]. The resulting state relaxations of this approach will be denoted as
the Scott—Barton-McCormick (SBM) relaxations. The state-of-the-art SBM relaxation ap-
proach has the following advantages over other established ODE relaxation approaches.
Unlike general discretize-then-relax approaches, the SBM relaxation approach is able to
exploit the adaptive time-stepping and error control of numerical ODE solvers, since the
SBM relaxations are computed by solving an auxiliary ODE system. Compared with the
discretize-then-relax approaches based on Taylor models [62, 63, 65, 66], the SBM relax-
ations are more efficient and relatively simple to implement as discussed in [2]. The SBM
relaxations may also be more efficient than the a BB ODE relaxations [1], since the SBM
relaxations do not require expensive second-order sensitivity information of x. For solving
a global dynamic optimization problem, the embedded ODE system may be discretized
first, and then the resulting non-dynamic optimization problem is supplied to the state-
of-the-art deterministic global optimization solver BARON [28, 60]. However, as will be
seen in a global dynamic optimization case study in Chapter 4, this approach failed to con-
verge to a global optimum, while a branch-and-bound algorithm with the SBM relaxations
embedded successfully converged. Lastly, Schaber et al. [79] recently showed that the
SBM relaxations are guaranteed to be at least as tight as the earlier relax-then-discretize
ODE relaxations in [75]. This tightness result benefits from a general relaxation preserv-
ing dynamics nature that is exclusive for the Scott—Barton framework. However, while
the SBM relaxations exhibit these advantages, the Scott—Barton framework has the follow-
ing limitations, which impede developing new ODE relaxations that outperform the SBM

relaxations:

10



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

1. In the Scott—Barton framework, it was unknown prior to this thesis whether the tight-
ness of the original right-hand side relaxations would translate into tightness of state
relaxations. Since several recent advances [7, 34, 45, 85] have been proposed for
constructing tight convex relaxations for closed-form functions, new methods for
constructing tighter state relaxations could significantly benefit from a greater un-
derstanding of the tightness properties of the Scott—Barton framework. Establish-
ing the tightness results requires fundamental results for comparing ODE solutions
based on differential inequalities [77, 86]. However, existing ODE comparison re-
sults [39,77,79,87-89] (detailed in Chapter 3 below) are insufficient to address this

problem; new ODE comparison results must be developed.

2. Prior to this thesis, only generalized McCormick relaxations [6] were allowed to be
embedded into the Scott—Barton framework. If tighter non-McCormick relaxations
of f are available, they cannot be used in this framework to yield potentially tighter
state relaxations. It is not obvious how to embed non-McCormick relaxations into
Scott—Barton framework in its current setting, and new versatile state relaxation for-

mulation must be developed for this task.

3. Due to current limitations in convex analysis theory and nonsmooth dynamic sen-
sitivity analysis, there was previously no dynamic subgradient evaluation methods
for state relaxations in the Scott—Barton framework. As mentioned in Section 1.1,
subgradients of convex relaxations can help nonsmooth local optimizer proceed ef-
fectively. Without subgradients, an overarching global optimization method may fail

to compute the required lower bounds by minimizing convex relaxations.

11
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1.5 Goals

This thesis aims to resolve the limitations outlined in the previous section of the Scott—
Barton ODE relaxation framework [2], to ultimately improve computational efficiency of
deterministic algorithms of global dynamic optimization. Specifically, the goals of this

thesis are to:

1. Develop new results for comparing solutions of related ODE systems. Based on these
new results, develop new tightness results for state relaxations obtained using Scott—
Barton framework, to pave the way towards computing tighter state relaxations from

tighter relaxations for the original right-hand side f.

2. Develop new state relaxation approaches by using the Scott—Barton relaxation the-
ory [2] in a new way, to yield tighter state relaxations than the SBM state relaxations
in [2] and permit tighter non-McCormick relaxations for f to be used when these are

available.

3. Develop new approaches for efficiently computing subgradients of state relaxations

obtained using the Scott—Barton framework.

4. Develop new approaches for using convex relaxations with unknown subgradients in

global optimization, by exploring derivative-free optimization technique.

5. Embed the new techniques for lower bounding into a branch-and-bound-based deter-
ministic algorithms, to obtain a new efficient implementation for deterministic global

dynamic optimization.

The long-term goal for this line of research is to develop deterministic global dynamic op-

timization algorithms that are efficient enough for engineering applications. Once the goals

12
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of this thesis are achieved, one could employ any tight convex relaxations for right-hand
sides of the underlying ODE system, to construct tight ODE relaxations using the new ver-
satile ODE relaxation formulation proposed in this thesis. Since the first approaches for
computing subgradients of state-of-the-art ODE relaxations are proposed in this thesis, one
could for the first time use these ODE relaxations in deterministic global dynamic opti-
mization to compute the required lower bounds for the globally optimal objective values.
All these efforts aim to improve computational efficiency for the lower-bounding proce-
dure in an overarching global optimization method, which would ultimately facilitate the

long-term goal.

1.6 Contributions and thesis structure

This thesis proposes novel state relaxation approaches for the original parametric sys-
tem (1.1.2), which allow using tighter non-McCormick relaxations of f for constructing
state relaxations, and guarantee to yield state relaxations that are at least as tight as the
state-of-the-art SBM state relaxations [2]. This thesis also proposes new dynamic subgradi-
ent evaluation approaches for state relaxations obtained using the Scott—Barton framework,
which show for the first time that dynamic subgradients may be computed using adjoint
sensitivity approaches [90]. These approaches may improve computational efficiency for
lower bounding in deterministic global dynamic optimization. A new Julia implementa-
tion of deterministic global dynamic optimization is being developed in collaboration with
colleagues. The work in this thesis has appeared in the published articles [3, 4], articles
currently in review [91,92], and a manuscript in preparation [93]. The contents and contri-
butions of each chapter of this thesis are summarized below.

Chapter 2 presents the notational conventions throughout this thesis, formalizes the

13
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original parametric ODE system (1.1.2), and summarizes the Scott—Barton ODE relaxation
framework [2] and the SBM relaxations, which are the actual state relaxations proposed
in [2]. Recall that the main goal of this thesis is to resolve the limitations of the Scott—
Barton framework described in Section 1.3, to improve efficiency of deterministic global
dynamic optimization.

Chapter 3, reproduced from the submitted journal article [91], presents new results
for comparing solutions of related ODE systems, which are more broadly applicable to
engineering models than previous results. By applying these results, it is shown for the
first time that in the Scott—Barton ODE relaxation framework, tighter enclosures of ODE
right-hand side functions will necessarily translate into enclosures of the ODE solutions
that are at least as tight.

Chapter 4, reproduced from the published journal article [3], proposes a new approach
for constructing useful convex and concave relaxations for the solutions of parametric ODE
systems. This new approach allows using any convex and concave relaxations for the un-
derlying ODE system’s right-hand sides, and is guaranteed to yield ODE relaxations that
are at least as tight as the state-of-the-art SBM relaxations [2]. In a global optimization case
study, the new ODE relaxations indeed lead to fewer branch-and-bound global optimization
iterations than the SBM relaxations.

Chapter 5, reproduced from the manuscript in preparation [93], describes two exten-
sions of the new ODE relaxations proposed in Chapter 4. Firstly, a new implementation
method of the new ODE relaxations is presented, which is more efficient than the imple-
mentation used in Chapter 4. By employing this new implementation, the new ODE relax-
ations may be significantly tighter, and at the same time as efficient as the SBM relaxations.

Secondly, another new ODE relaxation method is proposed based on Chapter 4, which can

14
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effectively exploit the structure of the underlying ODE system’s right-hand sides. It will be
shown that the ODE relaxations in Chapter 5 are guaranteed to be at least as tight as both
the ODE relaxations in Chapter 4 and the SBM relaxations.

Chapter 6, reproduced from the submitted journal article [92], proposes new methods
for evaluating subgradients of ODE relaxations obtained using the Scott—Barton frame-
work. These methods for the first time enable using these state-of-the-art ODE relaxations
in deterministic global dynamic optimization, to compute the required lower bounds of the
globally optimal objective values. Moreover, this work extends the efficient classical dy-
namic adjoint gradient evaluation methods to nonsmooth dynamic subgradient evaluation,
which may speed up the computation of lower bounds by minimizing convex relaxations.

Chapter 7, reproduced from the published journal article [4], proposes a new approach
for tractably constructing useful, correct affine underestimators and lower bounds of con-
vex relaxations via black-box sampling. This approach enables computing lower bounds
in global optimization using convex relaxations whose subgradients are unavailable such
as certain ODE relaxations. The resulting affine underestimators are shown to converge
rapidly to an original nonconvex function as the domain of interest shrinks, and variants
are proposed to account for numerical error or noise in the sampling procedure. Thus,
this approach essentially extends derivative-free techniques to the computation of lower
bounds in global optimization. The associated article [4] was written in collaboration with

colleagues, but Chapter 7 only presents the contributions of the author of this thesis.
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Chapter 2

Mathematical Preliminaries

This chapter summarizes mathematical background information that is used throughout this
thesis, including notational conventions, established convex relaxation methods for com-
posite functions, a formalized underlying ODE system (1.1.2), and the established ODE
relaxations by Scott and Barton [2]. Mathematical background that is specific to one chap-

ter will be introduced later in that chapter.

2.1 Notation

Throughout this thesis, scalars are denoted as lowercase letters (e.g. & € R), vectors are
denoted as boldface lowercase letters (e.g. & € R"), and the i component of a vector
& is denoted as &. The symbol el) € R” denotes the i unit coordinate vector in R”.
Inequalities involving vectors are to be interpreted componentwise. Sets are denoted as
uppercase letters (e.g. & C R"). Matrices are denoted as boldface uppercase letters (e.g.
M € R™*™) and the i row of a matrix M is denoted as m;). Let RY denote a set of

null vector, and for any v € R”, let v,.; denote the vector (v,,v,1,...,vs) for s > r, denote

16
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the scalar v, for s = r, and denote a null vector for s < r. Lower case Greek letters (e.g.
&) typically denote dummy variables standing in for analogous English-lettered quantities
(e.g. x). A dot above a quantity (e.g. X) indicates a partial derivative with respect to ¢ (e.g.
%). For any x",xV € R" with x < xV, an interval X := [x",xY] is defined as the compact
set {§ eR":xl < < XU}. For any Q C R", let IQ denote the set of all nonempty interval
subsets of Q. Superscripts “L” and “U” will be used to denote lower and upper bounds
of intervals, and superscripts “cv” and “cc” will be used to denote convex and concave
relaxations. The Euclidean norm || - || or the /-infinity norm || - || and inner product (-, )
are considered on R”. The matrix norm induced by the Euclidean norm is employed. A
sum such as ). ic; g(Jj) is understood to be 0 if the index set J is empty. The abbreviation

“a.e.” stands for “almost every” in the sense of Lebesgue measure.

2.2 Established relaxations for composite functions

This section illustrates several established convex relaxation methods for composite func-
tions via examples, including natural interval extension [48], McCormick relaxation [5],
generalized McCormick relaxation [2], aBB relaxation [9,49], and the Auxiliary Variable
Method [8, 50]. Full mathematical descriptions of these methods are somewhat cumber-
some, and are available at the cited references. These methods may be used for constructing
relaxations for the right-hand side function fin (1.1.2). Prior to this thesis, the Scott—Barton
ODE relaxation framework only allowed using generalized McCormick relaxations of f for
constructing ODE relaxations. On the other hand, the new ODE relaxation formulations
that will be presented in Chapters 4 and 5 permit all these different relaxations of f to be

embedded.
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Definition 2.2.1 (adapted from [35]). Let ¥ C R" be convex, and consider a function
h:Y — R™. Vector functions h® h°° : Y — R™ are respectively called to be convex and
concave, if for each i € {1,...,m}, h¢¥ and h$° are respectively convex and concave. More-
over, if for eachy € Y, h®(y) <h(y) and h*“(y) > h(y), then h®* and h*° are respectively

called a convex relaxation and a concave relaxation of honY.

2.2.1 Natural interval extensions and McCormick relaxations

As introduced in Section 1.3, the natural interval extension [48] and the McCormick relax-
ation method [5] compute closed-form interval bounds and convex and concave relaxations
for composite functions by propagating bounds and relaxations for simple intrinsic func-

tions. This will be illustrated in the following example.

Example 2.1. Consider a function % : (y,z) — e — (y+z)? defined on the interval [0, 1]2.
This example aims to construct lower and upper bounds A%, hY € R for h for which Al <
h(y,z) < hY, for all (y,,z) € [0,1]? using natural interval extension, and construct convex
and concave relaxations 4,1 : [0, 1]> — R for & using the McCormick relaxation method.
These methods may employ the following evaluation procedure (also known as a factored

representation) for h: for each (y,z) € [0, 1],

V] i=e,

V2 1=y +g,

sk (2.2.1)
V4 1= —V3, -
Vs = V| + V4,

and h(y,z) =vs.
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Observe that this evaluation procedure employs the following intrinsic functions:
wiir—e, wy: (rA,rB) =S A+ wsires 2, and waire —r (2.2.2)

Based on the known behavior of these intrinsic functions, bounds and convex and concave

relaxations for these functions on any interval [r~, rU]

can be easily constructed. For exam-
ple, wy attains its maximum at rU and attains its minimum at 7=, Since w; is convex, w;
is a convex relaxation of itself, and a valid concave relaxation is the secant line connecting

(rX,wi(rH)) and (XY, w; (rV)). Then, the bounds (A, AY) for 4 may be computed based on

the natural interval extension rules [48]. This computation requires computing intermediate

quantities denoted as (vljf, v}J) for each v; in (2.2.1), as follows:
v% =1, v[lj =e,
vy =0, vy =2,
o= DA =0 = WP =4
v{; = —v3y = —4, v}f = —v% =0,

Similarly, for each (y,z) € [0,1]%, the McCormick convex/concave relaxations h* (y,z) and

h°¢(y,z) may be computed based on the McCormick relaxation rules [5]. This computa-

L ,U

Vi ) and also requires computing new

tion requires the previously computed quantities (v
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Cv ,,CC

quantities denoted as (v5",v}"), as follows:
Vi =€, vi¢i=(e—1)z+1,
Vs i=y+z, V5 i=y+z,
cV . [,,cV]2 cc._ (,,U Ly/,,cc L L12
V3 =AY V3T i= (vg +vg) (V) —vy) + vzl
(2.2.3)
CV .__ CcC CC .__ CV
V4 = —V3 N V4 = _V3 y
Ve =Y 0y, veE =T 05,
cv . 4,CV cC . ,,CC
hY (y,2) :==15", h(y,z) :=§".

The McCormick relaxations have been shown to be efficient in deterministic global op-
timization [35]. The generalized McCormick relaxation method [6] is a later variant of the
McCormick relaxation method, which can better handle each composed function in a com-
position. The generalized McCormick relaxations have been implemented to automatically
execute procedures similar to (2.2.3) for any composite functions, such as in the EAGO
package [94] in Julia [95] and in the MC++ library [96]. Other variants of McCormick
relaxations include a differentiable variant [97], a variant [7] to better handle multivariate

intrinsic functions, and a tighter variant [34] via subgradient propagation.

2.2.2 BB relaxations

The aeBB relaxation method [9,49] applies to twice-differentiable functions, and constructs
convex relaxations by adding a sufficiently large convex quadratic term to the original non-

convex function. This will be illustrated in the following example.

Example 2.2 (from [33]). Consider a function % : (y,z) > z(y* — 1) defined on [—4,4]%.

The aBB relaxation method constructs a convex relaxation 4 : [—4,4]> — R of A in the
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following form:

Y (y,2) == h(y,2) +ou(y—4)(y+4) + aa(z—4)(z+4),

where o, 0p > 0. Since y,z € [—4,4], the quadratic terms a;(y —4)(y+4) and op(z —
4)(z+4) above are always less or equal than zero. Thus, A" is guaranteed to underestimate
h on [—4,4]2. The key part for constructing 4 is to find appropriate values of (o, ) so
that the Hessian of 4 is positive semidefinite at each (y,z) € [—4,4]?, which guarantees
K¢ to be convex. There are various methods [9] for computing (@, @) typically based on
estimating the Hessian of 4. Using a nonuniform diagonal shift matrix method summarized

in [9] for computing (@, &), a correct convex relaxation 4°Y may be constructed as

K (v,2) == h(y,2) + 8(y* — 16) +4(z> — 16).

A concave relaxation of / is constructed analogously. Note that the BB relaxations
only apply to twice-differentiable nonconvex functions, whereas the McCormick relax-
ations in the previous subsection apply to nonsmooth functions or even discontinuous func-

tions [98].

2.2.3 Auxiliary Variable Method

The Auxiliary Variable Method (AVM) [8, 50] is used for constructing lower-bounding
problems in global optimization, and is employed in the state-of-the-art deterministic global
optimization solver BARON [28,60]. The following example illustrates how the Auxil-
iary Variable Method (AVM) [8, 50] constructs an auxiliary convex optimization problem,

whose optimal objective values are valid lower bounds for the optimal objective values of
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an original nonconvex optimization problem.

Example 2.3. Consider minimizing the function 4 defined in Example 2.1 in Section 2.2.1
on the box [0,1]%:

min € — (y+2)*
2

st. 0<y<l, (2.2.4)

Observe that this problem is nonconvex since the objective function is nonconvex. The
AVM considers the evaluation procedure (2.2.1) of 4 and sets up new decision variables
(vi,v2,Vv3,v4,Vs) in an auxiliary optimization problem. The decision variables v; and v3 are
bounded by convex and concave relaxations of the nonlinear intrinsic functions w; and w3
in (2.2.2), respectively, and the linear expressions vo = y-+2z, v4 = —v3, and vs = v| +v4
in (2.2.1) are employed directly as linear constraints. Thus, the auxiliary optimization
problem constructed by AVM is as follows:
min Vs
YiZ;V1,V2,V3,V4,V5

st. vs =V 4y,
V4 = —V3,
va <v3 < (v) +vy)(va —vp) + vyl (2.2.5)
vy =Y+,

e<vi<(e—1)z+1,
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As established in [8, 50], the optimization problem above is convex, and its optimal ob-
jective values are valid lower bounds for the optimal objective values of (2.2.4). If we
substitute the “min” with “max” in (2.2.5), then this optimization problem is now a con-
cave maximization problem, and instead yields guaranteed upper bounds for (2.2.4).
Chapter 5 in this thesis will extend the AVM to construct convex and concave relax-
ations for composite functions, and will show that the AVM relaxations are guaranteed to

be at least as tight as the McCormick relaxations.

2.3 Underlying ODE system

This section is adapted from [3, Section 2] and formalizes the ODE process model (1.1.2)
for a generic dynamic process system considered throughout. This thesis considers deter-
ministic global dynamic optimization problems with this system embedded, and proposes
new approaches for computing convex relaxations with corresponding subgradients for the
ODE solution, for efficiently computing lower-bounding information in an overarching
global optimization method. The following definition of uniform Lipschitz continuity is

adapted from [99].

Definition 2.3.1 (adapted from [99]). Consider a function h : Y x Z — R™. The mapping
h(-,z) is said to be Lipschitz continuous on Y, uniformly over z € Z if there exists a [ > 0

so that for any y*,y2 €Y andz € Z,
Ih(y*,2) —h(y®, 2| <I[ly" =¥ .

The following assumption formalizes the parametric ODE system (1.1.2).
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Assumption 2.3.2. Let := [ty,f] C R and P := [p*,pY] C R™ be nonempty intervals, and
let D C R™ be open. Consider continuous functions Xo : P — D and f: I X P x D — R™,
Suppose that f(¢,p, -) is Lipschitz continuous on D, uniformly over (¢,p) € I x P. Consider

the following parametric ODE system:

x(t,p) =1£(t,p,x(t,p)), V€ (to,t¢],
(2.3.1)

X(to, p) =Xo(P)-
Suppose that the ODE system (2.3.1) has exactly one solution in the classical sense on /.

Definition 2.3.3. Consider the parametric ODE system (2.3.1) formalized in Assump-
tion 2.3.2. A function x : I X P — D is a solution in the classical sense of (2.3.1) on [
if, for each p € P, x(-,p) is continuously differentiable and satisfies (2.3.1) on /. A func-
tion x : I X P — D is a solution in the Carathéodory sense of (2.3.1) on I if, for each p € P,
x(-,p) is absolutely continuous on 7, X(fy, p) = Xo(p) is satisfied, and x(¢,p) =f(z,p,x(¢,p))
is satisfied for a.e. # € I. Solutions of other ODEs throughout this thesis are defined analo-

gously.

Note that if an appropriate Lipschitz extension of f is applied from the domain 7 x P X
D to I x P x R"™, then global existence and uniqueness of solutions of (2.3.1) on [ are

guaranteed by [100, Theorem 3.2].

2.4 Established ODE relaxation formulations

For reference, this section, adapted from [3, Section 3], summarizes established ODE re-

laxation formulations [2, 69] for the underlying ODE system (2.3.1). Firstly, Harrison’s
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method [69] for constructing state bounds that are p-invariant bounds for the solution tra-
jectory x of (2.3.1) is summarized. This method is widely used in dynamic state bounding.
Then, this section summarizes a general framework for constructing state relaxations for
x in (2.3.1) by Scott and Barton [2], who then specialize this framework by applying Har-
rison’s bounding method and the generalized McCormick relaxation method [6] to furnish
crucial functions in the framework. Prior to this thesis, this was the only method for fur-
nishing these functions, whereas this thesis proposes new ODE relaxation approaches in
this framework, which can yield state relaxations that are at least as tight as the relaxations

proposed by Scott and Barton [2].

Definition 2.4.1 (adapted from [2]). Functions x*V,x¢ : I x P — R"™ are called state relax-
ations for (2.3.1) on I x P if, for every 1 € I, x°V(z,-) is a convex relaxation of x(¢,-) on P,

and x°°(t, -) is a concave relaxation of x(z,-) on P.

Definition 2.4.2 (adapted from [2]). Functions xU. xVY : I — R™ are called state bounds for
(2.3.1) on I x P if x"(t) < x(t,p) < xY(¢) for all (t,p) € I x P. For each ¢ € I, denote the

interval [x"(r),xY(¢)] € R™ as X (1).

Definition 2.4.4 below formalizes a state bounding method by Harrison [69], which is
widely used in dynamic state bounding [1, 2, 13,7476, 78]. This method describes state
bounds as the unique solution of an auxiliary ODE system whose right-hand side involves

the natural interval extension [48] of the original right-hand side f in (2.3.1).

Definition 2.4.3 (adapted from [2]). For eachi € {1,...,n,}, define interval flattening func-

tions ¥l iU : R x R — R™ x R™ for which

1. rib(ERA EVAY = (ERA EVP) where éE’B = EIP’A forallk € {1,...,n,} and k # i,

and giU,B = éiL,A’
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2. phU(ELA EVAY .= (VB EYA) where é,l"B = ,}’A forallk € {1,....,n,} and k # i,

and éiL’B = EVA,

1

Definition 2.4.4 (adapted from [69]). Consider the parametric ODE system (2.3.1) for-
malized in Assumption 2.3.2. Let D C D C R™. Consider constant lower and upper
bounds xj,x; € D for the function X on P. Consider the natural interval extension [48]
f- U : I x D x D — R™ of f such that, for each t € I and [E",E"] € ID, f-(r,&",&Y) and
fU(r,E" EY) are respectively constant lower and upper bounds for f(z,-,-) on P x [E™ €Y.
Then, Harrison’s state bounding method constructs the following auxiliary ODE system:

foreachi e {1,...,n.},

Let (x&,xV) be a solution of this ODE system in the classical sense on I. Then, (x",xV)

are valid state bounds for the underlying parametric ODE system (2.3.1).

Assumption 2.4.5. Throughout this thesis, suppose that the state bounds (x",xV) are LR-
analytic (see [101, Definition 2.3]) on /. Roughly, a LR-analytic function can be repre-

sented by the combination of finitely many pieces of sufficiently smooth functions.

Observe that Harrison’s state bounds [69] formalized in Definition 2.4.4 are LR-analytic.
Since the right-hand side of Harrison’s auxiliary ODE system is abs-factorable as in [101,
Definition 2.1], the resulting state bounds are LR-analytic according to [101, Theorem 3.6].
Note that the state bounds are assumed to be absolutely continuous in [2], so that the time
derivatives (x",xV) are well-defined for a.e. t € I. The LR-analytic assumption here is a

stronger, yet widely applicable assumption, which is essential for guaranteeing solutions’
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existence of the Scott—Barton ODE system (2.4.1) below by classical results [102, Chap-

ter 2, 87].

Definition 2.4.6. Functions x',xg" : P — Rg" are called initial relaxations for (2.3.1) if x3"

and xg° are respectively convex and concave relaxations for xq in (2.3.1) on P.

Definition 2.4.7 (from [2]). Functions u,0: 7 x P x R"™ x R™ — R" describe bound pre-
serving dynamics for (2.3.1) (based on bounds X (t)) if, for any i € {1,...,n,}, any p € P,
a.e.t € I, and any functions &,E" £ : I x P — R™ such that € (¢,p),E" (t,p), E(¢,p) €
X(t)and E7(t,p) < E(t,p) < E°°(¢,p), the following holds:

1. if &(z,p) = &7V (¢,p). then u;(r,p, % (,p),§*(r,p)) < fi(z,p,&(1,p)). and

2. if &(t,p) = &5<(1,p), then o;(r,p,E" (1,p),E (t,p)) > fi(t,p. & (1,p)).

Definition 2.4.8 (from [2]). Functions u,0: /7 x P x R™ x R™ — R"™ describe convexity
preserving dynamics for (2.3.1) (based on bounds X (t)) if, for any i € {1,...,n,}, any A €
(0,1), any pA,pB € P,p:=Ap®+(1—-A)pB, a.e.r €1, and any functions E*¥,E : I x P —

R™ such that
L& (t,p) < AE™ (1,p™) + (1 -1)E% (1,pP),
2. &%(t,p) > &< (1,p*) + (1 = 1)§*(¢,p®), and

3. E%(t,q) <&*(r,q) and £ (1,q),&(t,q) € X (1), for all q € {p*,p®, p},

both of the following conditions hold:

1 if EV(r,p) = AESY(1,p™) + (1 — A)EFY (¢, pB), then

ui(t,p, € (1,9),E(1,D)) < Aui(t,p™, E% (1,p™), E<(1,p™))
+ (1= A)u(t,p®, &7 (¢,p"), £ (¢,p")), and
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2. if EC(1,p) = AEC(1,p™) + (1 — A)ES (¢, pB), then

oi(t,p,6% (1,0),£(1,D)) > Aoi(r,p*, £ (1,p"), £ (1,p))

+(1=2)0i(t,p®, & (1,p"), & (. p")).

Definition 2.4.9 (adapted from [2]). Functions u,0 : [ x P x R™ x R"™ — R"r are called

Scott—Barton right-hand side functions for (2.3.1) (based on bounds X (t)) if,
1. u and o are continuous,

2. u(t,p,-,-) and o(¢,p, -, -) are Lipschitz continuous on R™ x R™, uniformly over (¢,p) €

I x P, and

3. uand o describe both bound preserving dynamics and convexity preserving dynamics

for (2.3.1) based on bounds X (¢).
Now, the following definition formalizes the Scott—Barton ODE relaxation framework [2].

Definition 2.4.10 (from [2]). Given state bounds (x",xV) that satisfy Assumption 2.4.5,
initial relaxations (x',X°), and valid Scott—Barton right-hand side functions (u,0) in Def-

inition 2.4.9, Scott and Barton provide valid state relaxations (x°¥,x°°) for (2.3.1) as the
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unique solution in the Carathéodory sense of an auxiliary ODE system constructed as fol-

lows: for eachi € {1,...,n,},

ui(t,p,xV(t,p),x(t,p)), ifxl?"(t,p) > xg‘(t),
gi(t,p) =

max (% (1), (1, p,x% (,0),x%(1,p))), ifx§*(1,p) < 2H(1),

(

0i(t,p, X (t,p),x*(t,p)), ifx<(e,p) <xV(), 4D
xio(t,p) =

min (&' (1), 0i(1, p,x* (1,p), x(t,p))), ifx{°(r,p) > X7 (1),

\

%" (t0,p) = max(x} (10), x5 () x{°(t0,p) = min(x}’(10),x§:(p))-

The auxiliary parametric ODE system (2.4.1) with any constructions of the functions

(xt, XU,X(C)V, xo°,u,0) will be denoted as the Scott—Barton ODE relaxation framework.

Scott-Barton right-hand side functions (u,0) may be constructed by first constructing

functions (#1,0) that satisfy the following assumption [2].

Assumption 2.4.11 (adapted from [2]). Suppose that functions @,0 : [ X P x R™ x R™* —

R satisfy all of the following conditions:
1. @ and 0 are continuous,

2. a(t,p,-,-) and 6(¢,p, -, -) are Lipschitz continuous on R x R, uniformly over (¢,p) €

I x P, and

3. 1 and 0 describe bound amplifying dynamics and convexity amplifying dynamics for

(2.3.1) based on bounds X (¢), as defined in [2].

Roughly, the functions @ and 6 are respectively intended to describe convex and concave

relaxations of the composition f(¢,-,x(z,-)) on P, for each fixed 7 € I.
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Scott and Barton proceed by constructing functions (i, ) satisfying Assumption 2.4.11
using the generalized McCormick relaxation method [6]. Scott—Barton right-hand side
functions (u,0) are then constructed by composing the functions (i1,6) with the interval

flattening operations in Definition 2.4.3 as follows: for each i € {1,...,n,},

ﬂi(tvpvri7L(€CV7 écc))
oi(t,p,r"V (§,6%)).

ui(t,p,€CV,§CC)

and Oi(t7p7gcv7gcc)

(2.4.2)

Within the Scott-Barton framework, we refer to the unique solution (xV,x°°) of (2.4.1)
as Scott—Barton—McCormick (SBM) relaxations for (2.3.1) if the functions (u,0) in (2.4.1)
are defined by (2.4.2) where (@,0) are the generalized McCormick relaxations [6] of f.
Prior to this thesis, SBM relaxations were the only actual state relaxations to be established
within the Scott-Barton framework, since generalized McCormick relaxations were the
only established way to generate Scott—Barton right-hand sides.

Intuitively, in order to be useful in global dynamic optimization algorithm, the state
relaxations x*¥ and x°° must converge to x as P is subdivided. To achieve this, the functions

@i and 0 in Assumption 2.4.11 are also expected to satisfy the following assumption.

Assumption 2.4.12 (from [79]). Fora.e.t €I, any p € P, and any £V, E4 EVB geeB ¢

X (¢) such that §CV’A <& VB < écc’B < &CC’A, suppose that
i(r,p, N E°N) <u(e,p, £, E7P) <a(r,p, &7, EF) <o(t,p, £, €M),

Note that @t and 0 constructed as generalized McCormick relaxations are guaranteed to

satisfy Assumption 2.4.12 [6,79].
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Chapter 3

Comparing Solutions of Related ODEs

Using New Differential Inequalities

This chapter, reproduced from the submitted journal article [91], presents new results for
comparing the Carathéodory solutions of related ODE systems, under less stringent con-
ditions than established results. A first result provides sufficient conditions under which
one ODE system’s solutions dominate another’s. Unlike certain established results, this
result does not require differentiability of ODE solutions or a quasi-monotonicity assump-
tion [88, Definition 1.5.2] on right-hand side functions. A second result addresses ODEs
that describe bounding trajectories for an original ODE system, and provides sufficient con-
ditions under which one system of bounding trajectories is guaranteed to enclose another.
By applying this result, it is shown for the first time that the Scott—Barton framework [2] (as
summarized in Section 2.4) for constructing useful convex enclosures for the reachable sets
of a parametric ODE system has the following property: if tighter enclosures of the original
ODE right-hand side function are available, then these will translate into enclosures of the

ODE solution that are at least as tight.
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3.1 Introduction

This chapter focuses on inequalities between solutions of related ODE systems, based on
differential inequalities and inequalities between the system’s initial conditions. Such ODE
comparison results are crucial in analysis methods for ODEs, such as approaches for in-
vestigating ODE solutions’ uniqueness, stability, and continuous dependence on initial val-
ues [77,87,88,103]. Such ODE comparison results also provide theoretical justification
for reachable-set generation methods [69, 72,74, 104]. Reachable-set methods are widely
used in engineering applications such as fault detection [105], robust optimal control [106],
safety analysis [20], and state and parameter estimation [104, 107, 108]. Recently, compar-
ison results have also been used to compare competing reachable-set generation methods
in terms of tightness [79]. Our primary motivation concerns algorithms for deterministic
global dynamic optimization [19,27], which typically construct convex enclosures of ODE
reachable sets to obtain crucial bounding information. In this context, ODE comparison
results may help with developing reachable-set enclosure methods that construct less con-
servative enclosures, which would intuitively reduce the number of iterations required in
global dynamic optimization algorithms.

This work presents comparison results concerning ODE systems known to have Carathéodory
solutions [77] (C-solutions). These solutions’ derivatives are known to exist and are uniquely
determined almost everywhere in the sense of Lebesgue measure. Such ODE systems are
prevalent in applications such as hybrid dynamic systems [109, 110], Lebesgue-integrable
control systems [12, 111], and nonsmooth ODE relaxation systems [2,75]. Several estab-
lished ODE comparison results [39,77,79,87-89] are concerned with bounding C-solutions

in particular. We broadly group these results into three classes:

1. one-sided bounding results that bound C-solutions from either below or above,
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2. two-sided bounding results that bound C-solutions from both below and above si-

multaneously, and

3. bound comparison results that consider two two-sided bounding pairs and provide

sufficient conditions under which one bounding pair is guaranteed to enclose another.

Table 3.1 summarizes these established results, along with summaries of their assumptions
enforced on the original ODE right-hand sides and solutions. As shown in Table 3.1, as-
sumptions individually shared by several of these results include: whether the ODE solution
is scalar-valued, whether the ODE solution is differentiable everywhere, whether the con-
sidered solution is the maximal solution among possible non-unique solutions, whether the
ODE right-hand side (RHS) function has properties such as quasimonotonicity [88, Defi-
nition 1.5.2], satisfaction of a right-uniqueness condition [77, Equation 10.3], or a weak-
ened variant [77, Condition 6.VII(7)], and Lipschitz continuity [77, Example 11.IV]. The
results also differ based on whether strict (with < signs) or weak (with < signs) inequali-
ties between bounds and ODE solutions are obtained. As shown in Table 3.1, established
one-sided bounding results for ODE systems require either the ODE solution to be dif-
ferentiable, or require the RHS function to be quasimonotone increasing (c.f. [88, Defi-
nition 1.5.2]). However, C-solutions are typically not differentiable everywhere, and dy-
namic systems in applications do not exhibit quasimonotonicity in general [19]. Schaber et
al. [79] propose the main established bound comparison result [79, Theorem 4.14], which
is applied to show that the reachable-set enclosure method in [2] is guaranteed to yield
tighter enclosures for solutions of parametric ODE systems than the method in [75]. How-
ever, this bound comparison result requires certain stringent assumptions of the compared
bounding systems. This result requires the outer bounding system’s right-hand side to

be locally Lipschitz continuous, requires openness of important sets, and imposes certain
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stringent differential inequality assumptions, as will be detailed in Section 3.4 below. Thus,

this result is not easily extended to compare other reachable-set generation methods such

as [2,3,70-72].
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State relaxations (as described by Scott and Barton [2]) are lower and upper bounds
for solutions of parametric ODE systems, whose components are respectively convex and
concave with respect to the parameters. State relaxations are useful in global dynamic op-
timization to construct lower bounds for globally optimal objective values in deterministic
branch-and-bound approaches [27,29,31], and can also be used to construct convex poly-
hedral enclosures of reachable sets via finite combinations of their subtangents [44,47].
Tighter state relaxations will intuitively translate into tighter lower bounds supplied to
branch-and-bound, which would then reduce the number of branch-and-bound iterations
required, and thus may speed up an overarching global optimization method.

As summarized in Section 2.4, Scott and Barton [2] propose a general framework for
generating state relaxations. This framework describes state relaxations as the C-solutions
of an auxiliary ODE system, which requires furnishing certain convex and concave relax-
ations for the original ODE initial condition and RHS functions. The generalized Mc-
Cormick relaxation method [6] is then used to construct these relaxations, and has been
shown to efficiently generate useful convex and concave relaxations for composite func-
tions [6,35]. As in [3], we denote these ODE relaxations derived from the generalized
McCormick relaxations as Scott—Barton—McCormick (SBM) relaxations. However, in this
Scott—Barton framework, it is thus far unknown whether the tightness of RHS relaxations
translates into tightness of state relaxations. Since several recent advances [7, 34, 85]
have been proposed for constructing tight convex relaxations for closed-form functions,
new methods for constructing tighter state relaxations could significantly benefit from a
greater understanding of the tightness properties of the Scott—Barton framework. Estab-
lishing these tightness properties requires a new bound comparison result, because the only

established bound comparison result [79, Theorem 4.14] in Table 3.1 requires the outer
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bounding system’s right-hand side to be locally Lipschitz continuous, which is not satisfied
by relaxation systems in the Scott—Barton framework. Moreover, the stringent differen-
tial inequality assumptions and set requirements of [79, Theorem 4.14] must be relaxed to
compare the SBM relaxations [2] and the optimization-based relaxations [3] in the Scott—
Barton framework that will be introduced in the next chapter, as will be discussed later.
This work proposes a new one-sided bounding result that establishes weak inequalities
between bounds and C-solutions of ODE systems. Unlike established one-sided bounding
results, our new result does not require the ODE solutions to be differentiable everywhere,
and does not require the original RHS function to be quasimonotone increasing. Thus, this
new result is applicable to a broad class of dynamic systems in applications. Based on
this new one-sided bounding result, we then propose a new bound comparison result for
an original ODE system with C-solutions, under significantly less stringent assumptions
than the only established bound comparison result [79, Theorem 4.14]. Our new result
requires only a weakened right-uniqueness condition of the bounding systems’ right-hand
side that is weaker than the Lipschitz continuity required by [79, Theorem 4.14]. This new
result also provides more moderate differential inequality assumptions and set requirements
than [79, Theorem 4.14]. A detailed comparison between these two results will be given in
Section 3.4. By applying this new bound comparison result, we show that the Scott—Barton
ODE relaxation framework [2] has the following tightness property: if tighter convex and
concave relaxations of the original ODE initial condition and RHS functions are available,
then these tighter relaxations will necessarily translate into state relaxations that are at least
as tight, and may thereby provide tighter bounding information for deterministic global
dynamic optimization. While plausible, this tightness property was apparently previously

unknown and is revealed by our new bound comparison result. This tightness result in turn
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paves the way towards using tighter non-McCormick relaxations for constructing tighter
state relaxations in the Scott—Barton framework [2]. Moreover, this result also indicates
that it is worthwhile to seek tighter enclosure methods for closed-form functions and mod-
els from the standpoint of reachability analysis or dynamic optimization in general, since
doing so necessarily translates into superior descriptions of reachable-set enclosures for dy-
namic systems. The next chapter will propose a new ODE state relaxation approach [3] in
the Scott—Barton framework, which allows using non-McCormick relaxations of the orig-
inal RHS function to construct state relaxations. As an application of Theorem 3.5.1 of
this chapter, it will be shown that if McCormick relaxations [5] of the original RHS are
applied, then the new ODE relaxation approach [3] is guaranteed to yield state relaxations
that lie within the SBM relaxations [2]. Moreover, embedding tighter non-McCormick
relaxations in the new method will necessarily lead to state relaxations that are at least as
tight. Example 4.6 in the next chapter shows that such tightness of the new state relaxations
does indeed translate into fewer branch-and-bound iterations, which may ultimately reduce
computational effort for deterministic global dynamic optimization.

The remainder of this chapter is organized as follows. Section 3.2 formalizes Carathéodory
solutions for ODE systems. Section 3.3 presents the new one-sided bounding result. Sec-
tion 3.4 presents the new bound comparison result, which is then shown to supersede to
an established bound comparison result [79, Theorem 4.14]. As an application of these
results, Section 3.5 presents new tightness results for the Scott—-Barton ODE relaxation

framework [2].
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3.2 Background: Carathéodory solutions of ODE systems

Definition 3.2.1 (from [102]). Given A C R" and B C R™, a set-valued mapping X :A = B

is a function that maps each element of A to a subset of B.

Definition 3.2.2 (adapted from [77]). Let I := [tp,t¢] C R. Consider a set-valued mapping
X:I=2R" defineasetU :={(r,9) € xR": ¢ € X(¢)}, and let Xy € X (fo). Consider a

function f: U — R" and an ODE system:

x(t) =f£(r,x(¢)), Vre (to,tf],
(3.2.1)

X(l‘()) = Xp.

A function x : I — R" is called a Carathéodory solution (C-solution) of (3.2.1) on I if the

following conditions hold:
1. the initial condition x(fy) = X is satisfied,
2. x is absolutely continuous on /, and

3. forae.r €1, x(t) =f(t,x(1)).

3.3 One-sided bounding

The following theorem provides new sufficient conditions under which one ODE system’s

solutions dominate another’s. The subsequent results in this chapter build upon this result.

Theorem 3.3.1. Let I := [tg,z/] C R. Consider set-valued mappings X*,XB : 1 = R".
Define sets UA := {(t,E) € IxR": £ € XA(¢)} and UB := {(t,E) e IxR": € € XB(1)}.

A

Consider functions x*,xB : I — R”. Define a function X : I — R” so that for each 7 € I and
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each i € {1,...,n}, %(¢) := min(x2(¢),xB(¢)). Consider vectors x € X2 (1), x5 € XB (o)

l 1

such that X(")* < Xg. Consider functions f* : U” — R" and f2 : UB — R". Suppose that the

following conditions hold:
.1 ForeachrcI,x*(¢),%(t) € X(¢) and xB(¢) € XB(1).

[.2 There exists a Lebesgue integrable function k : I — R U {+o0} so that for any i €

{1,....,n},ae.t €1, and any €, &' € XA(¢) for which & < &',
S E) = 121,8) <k()[1E = &loo-

1.3 For any i € {1,...,n}, ae. t €1, any EA e XA(t), and any EP ¢ XB(t) such that
EM=EP and ER < E°,
A B
8% < f7 (1,87,

1.4 The functions x* and x® are C-solutions on / of the following ODE:s:

XA () =21, x2 (1), x(to) =xb,

Then,
xA(1) <xB(r), Vrel (3.3.1)

Proof. Since XOA < Xg by construction, (3.3.1) holds at # := ;. We proceed by showing that
xA(t) < xB(t), forall ¢ € (to,t/].

To arrive a contradiction, suppose that there exists 7 € (fo, 7] for which xB(7) < x2(F)
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for some i € {1,...,n}, and thus define
t1 :=inf{t € (to,17] : Ik € {1,...,n} for which xE(r) < x2(r)} € 1. (3.3.2)
Define a function & : I — R” for which
8(t) :=x*(t) —xB(r). (3.3.3)

According to Condition 1.4, x” and xB are absolutely continuous on 7, and thus, & is con-
tinuous on 1. Applying Lemma 3.3.4 and 3.3.5 in [39] to 8 and 1, we obtain the following.

Let 1 € R" be a vector whose components are all equal to 1. Consider the function k in
Condition 1.2. It holds that #; < t7, and, for any 74 € (,¢¢], there exist j € {1,...,n}, € €
R, an absolutely continuous and non-decreasing function p : [t,24] — R whose derivative

a.e. on [t1,14] is denoted as p, and scalars 1,13 € [t1,4] with t, < 3 such that

0<p(t)<e, Vrelt,tl, (3.3.4)
p(t) >k(t)p(r), ae.telt,t, (3.3.5)
XA —p(O1<xP(r), Vrenn), (3.3.6)
X} (1) = x} (n), (3.3.7)
X3 (13) = x3(13) — p(13), (3.3.8)
X)) <xp), Ve (b,n). (3.3.9)

According to (3.3.7) and (3.3.9), for all € [t,13), x]]3(t) < x?(t), and thus

%i(t) =x2(t), Vt€ln,n). (3.3.10)
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By construction of X, for all 7 € [t,,#3), we also have
%(r) <xB(r). (3.3.11)

Then, since (3.3.10), (3.3.11), Condition 1.1, and Condition 1.3 hold, it follows that
[ xP() > fAe,%(1), ae.t€n,n) (3.3.12)

Now, for each k € {1,...,n} and each 7 € [t,,#3), one of the following cases will occur.

1. I xB(r) > x2(¢), then % (t) = x2(¢) and
F(t) —x2(1) =0, (3.3.13)
2. If xB(1) < x2(1), then % (¢) = xB(¢); moreover, since (3.3.6) holds,
0 < x2(1) —xc(t) < p(2). (3.3.14)
The following inequality follows from (3.3.13) and (3.3.14):
(1) = x2(1) || < p(2), Vi€ [12,83). (3.3.15)

Now, for each t € [t2,13), since %(¢) < x*(¢) according to the construction of &, the following

inequality holds according to Condition 1.2,

FALKW) 2 FAEXAN) — KO A1) X0y 2.t € [12,13).
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Combining this with (3.3.12) yields
FPExB @) = e xA0) — k(@) [xA (1) = k(1) |, ae. t € [12,13).

Applying (3.3.15) yields

FPExP@) > e x1) —k(tp(t), ae. t€[n,1).

Since p(t) > k(t)p(t) fora.e. t € [fp,13] according to (3.3.5), rearranging the above inequal-
ity yields,

e xA(0) = P, xP(1) - p(t) <0, ae. 1€ [n,n].

Since Condition 1.4 holds, Theorem 3.1 in [87] implies that (xJA(t) —x]j3 (t) — p(t)) is de-

creasing with respect to ¢ on [t,#3], which in turn implies
X} (13) = x5 (13) — p(13) < x}(12) — x5 (12) — p(12). (3.3.16)

However, according to (3.3.7) and (3.3.8), X]A(l3) —x];’ (13) —p(t3) =0and x?(tz) —x? (1) =

0. Then, (3.3.16) becomes p(t;) < 0, which contradicts (3.3.4). Thus, 7 cannot exist. [

Remark 3.3.2. Condition 1.2 is a mild assumption that is implied by f with right-uniqueness
conditions (such as [77, Theorem 6.IX]). Unlike the established one-sided bounding results
for Carathéodory ODE systems summarized in Table 3.1, Theorem 3.3.1 requires neither
the quasi-monotonicity assumption on f* or f8 nor differentiability of x* and xB. On the
other hand, Theorem 3.3.1 has a new domain requirement formulated as Condition I.1.
From our experience, this requirement is typically satisfied by dynamic models of engi-

neering processes.
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3.4 Bound comparison

Based on Theorem 3.3.1, the following theorem provides new sufficient conditions under

which one dynamic bounding pair is guaranteed to enclose another.

Theorem 3.4.1. Let I := [tg,t;] C R. Consider set-valued mappings C*,CB : I = R".
Define sets D* := {(t,9,¥) €I xR" xR": ¢,y € CA(t)} and DB := {(t,¢,y) € I x
R" xR": ¢,y € CB(¢)}. Consider functions v* w”, vB wB : I — R". Define functions

¥,W : I — R" so that for each i € {1,...,n} and each ¢ € I, % := min(v2(¢),v3(¢)) and

1

Wi := max(wh(¢),wB

B(t)). Consider vectors v, wf € CA(to) and v§,vE € CB(ty) so that

& <v8 <wP <w. Consider functions d-*,dV* : DA — R" and d“B,dY'B : DB — R".

Suppose that the following conditions hold:

II.1 For each ¢ € I, it follows that v2(¢),w”(¢),¥(t),w(t) € CA(¢) and vB(r),wB(t) €

CB(1).

I1.2 There exists a Lebesgue integrable function k : I — R, U {+eo} so that for any i €

{1,..,n},ae.t €1,and any ¢, y,¢’, ¥’ € CA(¢) for which ¢ < ¢' <y’ <y,

(1.0 W) —d (1,0, 9) <k(D)(|9" — Bl + W — ¥]l),
and dUA(t¢w> UAz¢ V) <k(t)(|¢'— @l + W — V)

1.3 Forany i€ {1,..,n},ae. t €l any ¢*, y” € CA(¢), and any ¢B y® € CB(r) such
that 9" < ¢° < y® <y,

(a) if 9 = 9P, then ;" (1, 9%, y®) > d;"* (1, y*), and

(b) if yA = yPB, then d"® (¢, 98, yB) <d™ (1,92, yP).

44



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

II.4 Forallt €1,

I1.5 The functions v*,vB, w?, wB are C-solutions on 7 of the following ODE:s:

VA(I) _ dL’A(Z,VA(I),WA(I)), VA(I()) _ VOA?

WA = dUA (e vA (1), WA (), wh(tp) = wh,

(3.4.1)
VB(r) = adbB(r,vB (1), wB (1)), vB(to) = v,
wB(t) =dYB(e,vB (1), wB(r)), wP(1p) =ws.
Then, the following inequalities hold:
vA(r) < VB(t) <wB(r) <wh(r), Vrel (3.4.2)
Proof. Since Condition I1.4 holds, it only remains to be shown that for all r € I,
vA() <vB(r) and wA(r) > wB(r). (3.4.3)
Define functions x*,xB : I — R?" so that for all 7 € I,
K1) 1= (A0, ~wA0) and % (1) = (B0, —wP(0)
To prove (3.4.3), it suffices to show that
x2(1) <xB(r), Wrel (3.4.4)

45



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

Define set-valued mappings X, XB : I = R?" so that for each ¢ € I,

XAt):={(¢,—¥) eR™: ¢,y € C*(t), and ¢ < y},
and X°(1):={(¢,—y)ER™: 9,y €C°(1), and ¢ < y}.

Define sets UA := {(¢,€) € IxR?>": E € XA(t)} and UB := {(t,€) c I xR?: & € XB(1)}.
Define functions A : UA — R?" and 8 : UB — R?" so that, with & := (¢”,—y?) and

gB = (¢B,—IIIB), for each (t,&A) € UA and each (t,&B) cUB,

A (1, E%) 1= (@A (r, 92, wh), —dUA (r, 92, wh)),

and £5(r, %) := (d“B(r, 9", yP), —dUB(r, 9B, yP)).

Define a function %(¢) : I — R?" so that for each i € {1,...,2n}, % := min(x2(¢),x3(1)).
To prove (3.4.4), we proceed by showing that all conditions of Theorem 3.3.1 are satisfied
with (x*,xB 4 f8) as defined above.

Since Condition II.1 and I1.4 hold, for each ¢ € I, x*(t) € X*(¢) and xB(¢) € XB(¢).

Note that by construction of X,

For each € I, since Condition II.4 holds, it follows that ¥(z) < w(¢). Furthermore, since
¥(1),W(t) € CA(t) according to Condition I1.1, %(¢) € X*(¢). Thus, Condition 1.1 is satis-
fied.

Consider any i € {1,...,2n}, ae. r € I, and any & &' € XA(1) so that &' > E. Define

0. v, 0 ¥ cCAt)sothat & := (¢, —y)and & := (¢’,— ). According to the definition
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of the /-infinity norm,

1"~ & |0 = max([|9" — @ lec. [ ¥ — ¥/|o),

and thus

2k(1)[18" — &lleo > k(1) (19"~ loo+ W — ¥'[|). (3.4.5)

Since &,&" € XA(r) and &' > &, we obtain ¢ < ¢’ < y’ < y. Combining Condition II.2
with (3.4.5) then yields

FHe, 8 = fA(1.8) < 2k(1)[18" — &

Thus, Condition 1.2 is satisfied.
Consider any i € {1,...,2n}, a.e.t € I, any E* € XA(¢), and any E® € XB(¢) for which
EA = EB and E® > E*. Define ¢, yA € CA(t) and @B, yB € CB(r) for which &* =
(¢, —y?) and EP = (0B, —wB). It follows that ¢* < ¢B < yB < yA. Moreover, since
Condition II.3 holds,
1P(0.6%) > f1.87).

Thus, Condition 1.3 is satisfied.
Let x) := (v}, —w) and x{ := (v§,—wP). Since Condition IL5 holds, it follows that
x4 € X2 (1), x5 € XB(19), and x < x§. Thus, the functions x* and xB are C-solutions on

I of the following ODE:s:

XA (1) =21, x2 (1)), xP(t0) = x5,

xB(r) =8(1,x5(r), xB(r)) =x§.
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Thus, Condition 1.4 is satisfied. Hence, Theorem 3.3.1 yields (3.4.4). ]

Remark 3.4.2. Condition II.1 is a mild assumption that is satisfied if, for each ¢, C(¢) is

an interval and CB(t) is a subset of CA(¢).

To the authors’ knowledge, the only previous bound comparison result was proposed

by Schaber et al. ( [79, Theorem 4.14]). Theorem 3.4.1 has less stringent assumptions

than [79, Theorem 4.14] in the following respects:

1.

[79, Theorem 4.14] requires the right-hand side functions (d*,dY*) of the ODEs
in (vA,w?) in (3.4.1) to be locally Lipschitz continuous. Theorem 3.4.1 instead
requires Condition I1.2, which is satisfied if (d“* ,dY4) obey a less stringent right-

uniqueness condition [77, Theorem 6.1X].

[79, Theorem 4.14] requires ||w”(¢) — vA(t)]|- to be increasing with respect to ¢,
and requires (VB(t) > vA(z)), and (WA(¢) > wB(¢)). Instead, Theorem 3.4.1 has no
requirement on |[w” () — vA(t) ||, only requires vE(¢) > v(¢) if vB(¢) = vA(¢), and

only requires W () > w2 (¢) if w(t) = wB(¢), as shown in Condition I1.3.

[79, Theorem 4.14] assumes the sets C* and CB in Theorem 3.4.1 to be open, equal,
and independent of ¢. On the other hand, Theorem 3.4.1 permits C* and C® to be

distinct and not necessarily open.

The next section shows that, due to these less stringent assumptions, Theorem 3.4.1

applies to the ODE relaxations given by [2].
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3.5 Tightness results for ODE relaxations

Based on the new bound comparison theorem (Theorem 3.4.1), this section presents new
tightness results for a state-of-the-art ODE relaxation framework by Scott and Barton [2]
summarized in Section 2.4. The Scott—Barton framework constructs convex and concave
relaxations for solutions of parametric ODE systems with respect to parameters, to ulti-
mately provide bounding information to algorithms for deterministic global dynamic op-
timization [19,27]. In this context, tighter ODE relaxations translate into tighter bounds
for globally optimal objective values, and would thus reduce the number of iterations re-
quired in these algorithms. Such results could not be obtained using Schaber et al.’s estab-
lished bound comparison result [79, Theorem 4.14]. The reason is that [79, Theorem 4.14]
requires the outer bounding system’s right-hand side to be locally Lipschitz continuous,
while the right-hand side of the framework (2.4.1), as shown in [2, 3], only satisfies a
right-uniqueness condition ( [102, §10, Theorem 1]) that is weaker than the Lipschitz con-
tinuity. Moreover, as discussed in Section 3.4, Theorem 3.4.1 has less stringent differential
inequality conditions and set requirements than [79, Theorem 4.14]. These less stringent
conditions do indeed help compare the established state relaxations (c.f. [3, Section 5.5])
in the framework. However, this comparison cannot be done based on the differential in-
equality conditions and set requirements of [79, Theorem 4.14].

Thus, the following new tightness result of the Scott—Barton framework (2.4.1) is devel-

oped based on Theorem 3.4.1. Suppose that there are two considered choices for (xg", X(C)C,XL, xY,u,0

in (2.4.1); call these (XBV’A,XSC"A,XL’A,XU’A,UA,OA) and (XSV’B,XSC’B,XL’B,XUvB,uB,oB),
and denote the resulting state relaxations as (x4, x“A) and (x*VB,x°®B), respectively.
Theorem 3.5.1 below shows that if the state bounds (xB,xYB) lie within (x4 xU4), if

s : B _ccBy i .o A _cc,A . .
the initial relaxations (X(C)V’ ,X(C)C’ ) lie within (xgv’ ,X(C)C‘ ), and if the functions (u”,0*,u®, 0B
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satisfy a condition that resembles Condition II.3 in Theorem 3.4.1, then the state relaxations

(x¢v:B x¢B) are guaranteed to lie within the state relaxations (x4, x°¢4).

Theorem 3.5.1. Consider state lower bounds x*,x"B : I — R"x and state upper bounds
xUA xUB . I — R™ for (2.3.1) on I x P that are absolutely continuous, and suppose for
all t € I that x"4(¢) < xMB(r) < xYB(r) < xYA(r). For each t € I, denote the intervals
(XA (1), xUA(¢)] and [x2B(¢),xUB(r)] as XA(¢) and XB(¢), respectively. Consider initial

convex relaxations x;, ", X, "~ : P — R™ and initial concave relaxations x; ", x; " : P —

R"« for (2.3.1), and suppose for all p € P that x5 (p) < x5 (p) < x5°®(p) < x5 (p).

Consider functions u,0®,uP, 0B : I x P x R™ x R™ — R™, and suppose that the following

conditions hold.

M1 The functions (u®,0%) and (u®,0B) are Scott—Barton right-hand side functions for

(2.3.1) as in Definition 2.4.9 based on bounds X*(¢) and XB(¢), respectively.

1.2 Forany i€ {1,...,n},any p € P, ae.r €1, any >, w* € XA(¢), and any ¢5, yB €

XB(1) such that ¢ < ¢B < yB < yA,
(a) if 9 = 9B, then ul (1, p, ¢, y*) < ub(1,p, 9", yP),
(b) if y = w8, then o™ (1,p, 0*, W) > 0B (t,p, 9°, yP).

Let (x*VA,x°4) be a solution of (2.4.1) with

L U cv cc (LA JUA _cv,A _cc, A A A
(X X 7X0 7X07u70) T (X X 7X0 7X0 50 )
Let (x*'B,x“B) be a solution of (2.4.1) with
L U cv cC (LB JUB _cvB _ccB B B
(X7, X7, X5, X0 ,1,0) i= (X7, X7, X)Xy ,W0,00).
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Then, (x°V4,x°¢4) and (x*V'B,x*B) are both valid state relaxations for (2.3.1) on I x P.

Moreover, for any (¢,p) € I x P,

xVA(1,p) <xVB(1,p) <x*B(1,p) <x*A(t,p). (3.5.1)

Proof. Since Condition III.1 holds, [2, Corollary 1 and Theorem 3] imply that both (x*V:4, x¢¢:A)
and (x'B, x°“B) are valid state relaxations for (2.3.1) on I x P. Throughout the remainder
of this proof, consider any fixed p € P. The inequality (3.5.1) will be demonstrated by

verifying all conditions in Theorem 3.4.1 with the following substitutions: for all # € I,

VA(t) = XCV’A(t,p), WA(I) = XCC’A(t,p),

(3.5.2)
vB(t) :=xVEB(r,p), wB(r):=x%B(r,p).
Since Condition III.1 holds, [2, Lemma 1] implies that for all 7 € I,
xA(t,p),x A (t,p) € XA (1),
(3.5.3)

and  x*B(z,p),xB(1,p) € XB(r).

Furthermore, since for each ¢ € I, X”(¢) is an interval and XB(r) C X*(¢), Remark 3.4.2

implies that Condition IL1 is satisfied with (X*,X®) in place of (CA,CPB).

LA xUA LB yUB)

Since ( are absolutely continuous on /, they are differentiable

almost everywhere. Thus, there is a zero-measure subset / C I for which the deriva-

LA gUA LB 3UB

tives X are well-defined on /\7 and for which 7 € I. Define functions
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ut, 02 1 I x R™ x R™ — R™ so that for each i € {1,...,n,} and (£, 9, ) € I x R™ x R™,

;

ul(t,p, 0, V), if ¢ >xA()and s e I\],
ury(1,0,%) 1= max (2 (0),ub(1,p, 8, W), if & <x-A()andrel\],

0, if rel,
> (3.5.4)

oM, p, 0, W), ity <xPA(r)andr e \],

opi(t,0.¥) := ¢ min (V4 (1), 00 (1, p. 6, W), if v >2VA(0) andr e N,

0 if rel

\

Define functions uB, 0B : I x R x R™ — R™ so that for eachi € {1,...,n,} and (¢, 9, y) €
I x R"™ x R, uEi(t, ¢,y) and oEi(t, @, y) are defined by (3.5.4) except with
(uB., 0B, uB, oB LB xJB

r,irOrip Ui 0 X X

: A A A A LA UA
) in place of (uy;, 00y, ui*,07,x,7", x;77).

Now, we show that the functions (u,02) satisfy Condition IL.2 of Theorem 3.4.1 in
place of (d-#,dYA). Consider any i € {1,...,n}, anyt € I\, and any ¢, y,¢’, y' € X2 (1)
such that ¢/ > ¢;. Since u?(t,p,-,-) is Lipschitz continuous on R™ x R™, uniformly over

(t,p) € I X P, there exists k > 0 so that the following conditions are satisfied.

1. If either ¢; = xiL’A (1) and ¢ = x{-"A(t), or ¢; > xiL’A (t) and ¢/ > x{-"A(t), then
ugi(t, 8. 9) —upy(t, 8", W) < k(19— ¢+ W — ¥']|ec). (3.5.5)
2. If ¢ = x{f’A(t) and ¢/ > x{-"A(t), then

u(6, 8", W) —ufy(t,0,¥) = ul (£,p, ', W) —max (572 (1), ul (1,9, 0, ¥)).
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Thus,

(a) if i-*(1) < ul(,p, 9, W), then

k(||¢—¢’||m+||y/—y/’||m),

(3.5.6)

(b) if 5(1) > u(1,p, 9, W), then

rz 7¢ 'I’/ _urz 7¢ V’)E (’p¢ II/) LA([)
<ute,p. ¢ W) —ul(tp.0y) (57
<k(I¢—9'll+ 1w —¥).

Combining (3.5.5), (3.5.6), and (3.5.7) shows that, for all ¢,y,¢’, ' € XA(¢) such that
¢i/ 2 ¢la
uby(t, 0" W) —uli(t.0,9) <k(|¢ — ¢'[|o+ W — ¥||o). (3.5.8)

A similar argument shows that, for each i € {1,...,n}, t € I\I, and ¢,y,¢', ¥ € X2(¢)

such that y; > v/,

opi(t, 9, W) —opi(1, 0", W) < k(|0 — ¢+ ¥ — ). (3.5.9)

Since (3.5.8) and (3.5.9) hold, the functions (u?,0) (with p fixed) satisfy Condition II.2
in place of (d-4,dYA).

Now, we show that the functions (u?, 0 uP,0P) satisfy Condition 1.3 in place of

(@bA,dVA, d“B dUB). Consider any i € {1,...,n.}, any r € I\I, any ¢* y* € XA(r),

and any %, yPB € XB(r) such that ¢* < ¢® < B < y* and ¢* = ¢2. We now consider
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several cases separately.

1. If o > x}’A(t) and o8 > xl-“’B (1), then

uty(t, 0™, W) = ul(t,p, 0™, y?),

and MEi(l,¢B7WB) u?(t7p7¢BawB)'

Since Condition III.2 holds, it follows that
(1, 0%, W) <upi(t, 0%, yP). (3.5.10)

2. If g = x®(r) and o8 > x}’B (1), this implies that x{-"A(t) > x}’B (t) which contradicts

1

the assumption x-A(r) < xMB(r) < xYB(r) < xYA(¢). Hence, this case does not

occur.

3. If o > x}’A(t) and 9B = xl-“’B (1), then

urA,i(tu ¢A7 II,A) = MiA(t7p7 ¢A7 .I,A)J

and M5i<f, ¢B, WB) = max(x?”B (O?u? (tapa ¢B7 WB))

Since Condition III.2 holds, it follows that
upi (1, 0%, 9™) <upi(t, 0%, yP). (3.5.11)
4. If oA = x}’A(t) and 9B = xﬁ-"B (1), then

(e, 0™, w™) = max(iA (1), ul (1, p, 97, ™)),
and  uP;(t, 9%, w®) = max(:;" (1), ub (¢, p, 95, yP)),
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Since ¢ = ¢2 by assumption, it follows that xﬁ”A(t) = xg”B

(). Moreover, since
xLA (1) < xB(7) for each 7 € I by assumption and since tr € 1sot #ty, it follows

that x4 () < £ (r). Combining this with Condition I1L.2 yields
uly(t, 0%, yt) <ubi(t, 0%, yP). (3.5.12)

Combining (3.5.10), (3.5.11), and (3.5.12) shows that, for all §*, y* € XA(¢) and 92, yB ¢

XB(t) such that ¢* < ¢® < yB < y* and ¢ = 92,
urA,i(t7 ¢A7 II,A) < MI]?:i(t7 ¢B7 II,B)

A similar argument shows that, for all ¢*, y* € X2(¢) and ¢B, y® € XB(r) such that

0% <¢” <y’ <y and y = yP.

O?,i(t?q)A? WA) > OEi(ta ¢B7 II,B)

Thus, the functions (u?, 02, uP, oP) (with p fixed) satisfy Condition I.3 in place of

(dL"A, dU’A, dL’B 7 dU"B).

cv,A’ch,A) cv,B7ch,B)

Next, since it has been shown at the beginning that both (x and (x

are valid state relaxations for (2.4.1) on I x P, it follows that for all ¢ € I,

xVA(t,p) < x(f,p) < x“A(t,p)

and xVB(r,p) <x(r,p) < xB(zr,p).

Thus, (xVA, x¢¢A x¢V:B x¢¢B) satisfy Condition I1.4 in place of (vA, w?, vB, wB).
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Finally, it is observed that

max (x;" (t0),x07" (p)) < max(x;® (10),x5" (p)) < x0,(P)

< min(x;"® (1), CCB(p)) < min(x;"*(1p), CCA(P)),

and observe that (x*VA(-,p),x“A(-,p),xVB(-,p),x*B(-,p)) are the C-solutions on I of

the following ODEs. For each i € {1,...,n,}, forall ¢ € (9,17],

.cv,A A LA A
i) = upy (6,9, XA (1), x4 (1,p)), X7 (t0,p) = max(x;" (10), %0 (),
KA (2,p) = o (1,9, XA (1,p), xA(1,p),  x{™(t0,p) = min(x;"* (10), ng,A<p)),
.cv.B B L.B B

55 (1,p) = upy (1,0, X B (1,p), xR (2,p)), X" (0, p) = max(x; (t0),xg 7 (),

.cc,B B . . UB B
5 (t,p) = opi(t,p,xVP (1,p),x°P (1, p)), fC (fo,p) = min(x; " (0), x5 (P));

Thus, Condition IL5 is satisfied with (u?, 02, uB, o) with p fixed in place of

(@44, aYA, d%B dY'B). Hence, Theorem 3.4.1 applies with the substitutions (3.5.2). [

Remark 3.5.2. The theorem above will be applied to show that the state relaxation method

in [3] that will be introduced in the next chapter has the following tightness properties:

1. If McCormick relaxations [5] of f are applied in this method, then the resulting state

relaxations are guaranteed to lie within the SBM relaxations [2].

2. Embedding tighter relaxations for f in this method will necessarily lead to state re-

laxations that are at least as tight.

As mentioned in Section 2.4, the Scott—Barton right-hand side functions (u,0) in (2.4.1)
may be constructed via (2.4.2) where the functions (i1,6) satisfy Assumption 2.4.11. The

following corollary provides sufficient conditions under which one method for furnishing

56



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

(@, 6) ultimately leads to state relaxations (x°V,x) that lie within the relaxations by another

method, through (2.4.2) and (2.4.1).

. : A _cvB _cc,A _ccB
Corollary 3.5.3. Consider functions (x4, xMB xUA xUB) and (X(C)V‘ ,XSV’ ,X(C)C’ ,X(C)C’ )

A A 5A A B B 5B sB.

and intervals X (¢) and XB(¢) as in Theorem 3.5.1. Consider functions u®, 0*,a*,6*,u®, 0B, i, 6" :

I X P x R™ x R"™ — R"™ for which the following conditions hold.

IV.l Assumption 2.4.11 is satisfied with (i1,6) := (@*,0”) and X := X*, and with (1,6) :=

(iB,68) and X := XB.
IV.2 Foranyi€ {l,...,n},ae.t€l,anyp € P,any ¢,y € XA(t), and any ¢', ' € XB(¢)

suchthat ¢ < ¢’ <y’ < wand ¢;= ¢/ = ¥ =y,

IZZ-A(t’p, ¢7 II,) < ﬁ?<t’p’ ¢,’ .I,/)’
(3.5.13)

and 02(1,p,0,¥) > 32 (t,p, 9", ¥').

IV.3 (2.4.2) holds with (u,0,1,d) := (u®,0*,d",6") and with (u,0,1,0) := (uB, 0B, i, 05).

Let (x°VA,x°4) be a solution of (2.4.1) with

L JU (cv cc (LA JUA _cv,A _cc, A A
(x7, X7, X0, X0 ,W,0) 1= (X7, X0 X L Xg 7,0, 00,
Let (x°V:B x°¢B) be a solution of (2.4.1) with
L JU (cv cc . (JLB JUB _cv,B _ccB B
(x7,x",X0 , X0 ,W,0) 1= (X7, X7 X5 ,Xy LW ,00).

Then, the functions (u*,0%) and (u®,0P) are Scott-Barton right-hand side functions, and

satisfy Condition III.2 in Theorem 3.5.1. The solutions (x°¥"A,x°®4) and (x*"B, x°*B) are
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both valid state relaxations for (2.3.1). Moreover, for any (¢,p) € I x P,

XA (1, p) <xVB(1,p) <xFB(1,p) <xA(t,p).

Proof. We proceed by showing that the functions (u®,0?,u®, 0B) satisfy Conditions III.1 and I11.2

of Theorem 3.5.1. Then, the claimed results follow from Theorem 3.5.1.

Considerany i € {1,...,n,}, any p € P, and a.e. t € I. Consider any ¢, ™ € X*(r) and
0", y® € XB(1) for which ¢* < ¢® < y® <y and ¢ = 9F. Let (9, 9) :=r""(¢*, y*)
and (¢',y') := r't(¢® yPB). By construction of r'l',¢; = w; = ¢, and ¢/ = v/ = ¢P.

Moreover, since q)l-A = iB, it follows that

0 =90/ =y =y

Also by construction of r’, for all k € {1,...,n} and k # i, o = 02, Wi = Y2, oL = 98,
and W, = w2, and thus, ¢ < ¢L < WL < vy, 0,y € XA(1), and @',y € XB(¢). Then,
since (3.5.13) holds, it follows that

@ (1,p,9,¥) < (1,p,9",¥),
which implies that
@ (r,p,0 (92, yh)) < (1,p,0" (9%, ).
Combining this with Condition I'V.3 yields

ul(t,p, 9™, W) <ul(1,p, 9%, yP).
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A similar argument shows that, for any ¢,y € X2 (¢) and any ¢, y® € XB(r) such that

0% < 0" <y® <yhand yi = yP,

ol (t,p, 9, y*) > 0B (1,p, 08, ¥5).

Thus, the functions (uA,oA,uB,OB) satisfy Condition III.2 in Theorem 3.5.1. Moreover,

since Condition IV.1 holds, [2, Lemma 10 and Lemma 11] imply that the functions (u*,0%)
and (uB,0B) are valid Scott-Barton right-hand side functions based on XA () and XB(¢),
respectively. Thus, Condition III.1 in Theorem 3.5.1 holds, and the claimed results follow

from Theorem 3.5.1. O]

As shown in [2], if valid state relaxations (x°V,x°) for (2.3.1) are considered, and
if we have functions (ii,0) as in Assumption 2.4.11, then for a.e. r € I, the mappings
a(z,-,xV(t,-),x“(t,-)) and o(¢, -, x (¢, -),x(¢,-)) are respectively convex and concave re-
laxations of the composition f(z,-,x(z,-)) in (2.3.1) on P. Such functions (@1,0) are called
relaxation functions for f in [79]. The following theorem shows that under both Assump-
tions 2.4.11 and 2.4.12, tighter relaxation functions (i, 6) will necessarily ultimately trans-

late into state relaxations that are at least as tight through (2.4.2) and (2.4.1).

A B A B
L,A)XL,B7XU,A7XU7B) cv, cv, cc, cc, ) and

Theorem 3.5.4. Consider functions (x and (x5 7,X, X, X,

A A 5A A B B 5B =B.

intervals X (¢) and XB(¢) as in Theorem 3.5.1. Consider functions u®, 0*,@*,6*,u®, 0B, P, 6" :

I x P x R™ x R"™ — R" for which the following conditions hold:

V.1 Assumption 2.4.11 is satisfied with (i, 8) := (@*,6*) and X := X*, and with (,6) :=

(i®,08) and X := XB,

V.2 Assumption 2.4.12 is satisfied with (,6) := (@*,6*) and X := X4,
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V.3 forae.t €1, any p € P, and any @', y' € XB(z),

i (r,p, 9", ¥) <iP(r,p, ¢, ¥,

and 0%(t,p, 9", ¥) >o6"(r,p, ¢, y),

(3.5.14)

V.4 (2.4.2) holds with (u,0,ii,0) := (u*,0”,ii*,6") and with (u, 0,1, 0) := (u®, 0B, i®, o").

Then, the functions (u?,0”) and (u8,08) are Scott-Barton right-hand side functions, and
satisfy Condition III.2 in Theorem 3.5.1. The solutions (xVA x©AY) and (x°V'B,x°“B) are

both valid state relaxations for (2.3.1). Moreover, for any (z,p) € [ X P,
XCV,A(Z_7p) < Xcv,B (t,p) < ch,B (t,p) < XCC’A(I,[)).

Proof. Noting that Condition IV.1 of Corollary 3.5.3 is satisfied, we proceed by showing
that under Conditions V.2 and V.3, the functions (i*,8*,@®,6%) satisfy Condition IV.2 of
Corollary 3.5.3. Then, the claimed results follow from Corollary 3.5.3.

Consider a.e. t €I, any p € P, any ¢,y € XA(¢), and any ¢,y € XB(¢) such that
¢ < ¢’ <y < w. Since Condition V.2 holds and XB(z) C X2 (¢),

i*(1,p, ¢, ¥) <ui(,p,¢", ) and 0°(1,p,0,¥)>0%(1,p,0¥).
Moreover, since (3.5.14) holds,

it (t,p, 9, ¥) <i(t,p, ¢, y) <a®(r,p. 9", ¥,
and *(t,p,9,¥) > 6"(t,p, ¢, y') > 8°(1,p, 9, y).

Thus, Condition IV.2 holds. ]
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3.6 Conclusions and future work

New comparison results have been provided for ODE systems with Carathéodory solu-
tions. These new results have less stringent requirements than established results and are
thus more broadly applicable. Theorem 3.3.1 provides sufficient conditions under which
one ODE system’s solutions dominate another’s. Unlike certain established results, The-
orem 3.3.1 does not require differentiability of ODE solutions or the quasi-monotonicity
assumption on right-hand side functions, and thus is desirable for dynamic models of en-
gineering processes. Based on Theorem 3.3.1, Theorem 3.4.1 provides sufficient condi-
tions under which one dynamic bounding pair necessarily encloses another. This result
has less stringent assumptions than the only established bound comparison result [79, The-
orem 4.14], and is useful for comparing competing reachable-set generation methods in
terms of tightness. By applying Theorem 3.4.1, it was shown in Section 3.5 that a state-of-
the-art framework (2.4.1) [2] for generating convex relaxations for solutions of a noncon-
vex parametric ODE system (2.3.1) has the following tightness property: if tighter initial
relaxations (x§',x5¢), tighter state bounds (x~,xY), and tighter right-hand side relaxations
(@,0) are available, then these relaxations in (2.4.1) and (2.4.2) will necessarily translate
into state relaxations that are at least as tight for the original ODE solutions. This result is
beneficial for developing new methods for formulating tighter ODE relaxations, aiding in
furnishing tighter bounding for deterministic global dynamic optimization and constructing
tighter convex enclosures of reachable sets. In particular, Theorem 3.5.1 is applied to show
the desirable tightness properties of a new ODE relaxation formulation proposed in [3], as
will be seen in the next chapter.

Future work may involve seeking new relaxation methods for furnishing tighter (i, )

in Assumption 2.4.11, since doing so will always yield tighter ODE relaxations through
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(2.4.2) and (2.4.1), as shown in Theorem 3.5.4. Extending the ODE-based results of this

chapter to systems of differential-algebraic equations may also be possible.
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Chapter 4

Optimization-Based Convex Relaxations

for Nonconvex Parametric Systems of

ODEs

This chapter, reproduced from the published journal article [3], proposes novel convex
and concave relaxations for the solutions of parametric ODE systems in the Scott—Barton
framework [2], to aid in furnishing bounding information for deterministic global dynamic
optimization methods. These relaxations are constructed as the solutions of auxiliary ODE
systems with embedded convex optimization problems, whose objective functions employ
convex and concave relaxations of the original ODE right-hand side. Unlike established
relaxation methods, any valid convex and concave relaxations for the original right-hand
side are permitted in the approach, including the McCormick relaxations [5] and the BB
relaxations [9,49]. By applying the tightness results of the Scott—Barton framework devel-

oped in Chapter 3, it is shown that tighter such relaxations will necessarily translate into
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at least as tight relaxations for the ODE solutions, thus providing tighter bounding infor-
mation for an overarching global dynamic optimization method. Notably, if McCormick
relaxations are employed in the new approach, then the obtained relaxations are guaranteed
to be at least as tight as the state-of-the-art SBM relaxations [2] based on generalized Mc-
Cormick relaxations. The new relaxations converge rapidly to the original system as the
considered parametric subdomain shrinks. Several examples are presented for comparison
with established ODE relaxations, based on a proof-of-concept implementation in MAT-
LAB. In a global optimization case study, the new ODE relaxations are shown to lead to

fewer branch-and-bound global optimization iterations than the SBM relaxations.

4.1 Introduction

This chapter considers the generic nonconvex dynamic optimization problem (1.1.1) with
embedded the underlying ODE system (1.1.2) that is formalized in Section 2.3. As intro-
duced in Section 1.1, state relaxations (as in Definition 2.4.1) are fundamental in determin-
istic algorithms of global dynamic optimization. Tighter state relaxations will necessarily
translate into tighter convex relaxations of the objective function ¢ in (1.1.1), thus provid-
ing tighter lower bounds in global optimization. Such tightness may improve computa-
tional efficiency of an overarching global optimization method, by reducing the number of
iterations required by deterministic branch-and-bound algorithms [27-29,31]. Since cur-
rent deterministic algorithms for global dynamic optimization can only solve problems of
modest size, improved techniques must be sought for computing tighter state relaxations
efficiently, to ultimately extend the scope of these algorithms to problems of practical in-

terest.
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Established approaches for constructing either state relaxations or p-invariant state
bounds for x in (1.1.2) may be classified into two broad categories: discretize-then-relax ap-
proaches and relax-then-discretize approaches. The discretize-then-relax approaches [35,
57-59,62-64,66,67] first discretize the original ODE system (1.1.2) using methods such as
Euler method, orthogonal collocation, and Taylor expansion, and then the resulting equa-
tion system is bounded by different approaches. The relax-then-discretize approaches [1,
2,69-71,73-76,78,108,112], on the other hand, directly handle the original dynamic sys-
tem, and typically compute valid state relaxations by constructing and solving an auxiliary
ODE system, whose right-hand side is derived from various bounds or relaxations of the
original right-hand side f. Compared to the discretize-then-relax approaches, the relax-
then-discretize approaches have the advantage that they are able to exploit the adaptive
time-stepping and error control of numerical ODE solvers. Refer to Section 1.3 for a thor-
ough review of established state relaxation approaches.

This chapter proposes a new relax-then-discretize approach for relaxing the ODEs (1.1.2),
in which the right-hand side of the relaxations” ODE system includes embedded convex op-
timization problems. These optimization problems employ bound constraints and convex
and concave relaxations for the right-hand side f. This approach is based on the Scott—
Barton ODE relaxation framework [2] as summarized in Section 2.4, but constructs very
different auxiliary right-hand side functions from [2] to satisfy the framework’s require-
ments. While the Scott—Barton method [2] is based on generalized McCormick relaxations
of the original right-hand side f, our new formulation is compatible with any valid convex
and concave relaxations for f, including affine relaxations, the BB relaxations, the Mc-
Cormick relaxations, or even the pointwise tightest among multiple relaxations. Moreover,

tighter such relaxations of f will always yield tighter state relaxations for (1.1.2), which
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incentivizes seeking tighter relaxations for closed-form functions to help relax dynamic
systems. Furthermore, if McCormick relaxations of f are applied, then the new state relax-
ations are at least as tight as the SBM relaxations [2]. Numerical examples also suggest that
when aBB relaxations [9] are used for f in the new approach, significantly tighter relax-
ations may be obtained compared to the primary established method for generating «BB
state relaxations [1]. Moreover, the new state relaxations inherit second-order pointwise
convergence from the supplied relaxations of f, and thus help to avoid the cluster effect in
branch-and-bound-based algorithms.

We note that several established dynamic bounding methods also employ embedded
optimization problems, such as the methods in [72, 76], which are based on earlier theo-
retical results [74, 77, 89] involving differential inequalities. In particular, our formulation
becomes similar to a formulation by Singer and Barton [76] in the special case where we
adopt affine relaxations of convex relaxations of f; their method’s justification relies heavily
on these relaxations being affine. The right-hand side convex optimization problems in our
new approach also resemble those in an approach for constructing state bounds by Harwood
et al. [72]. Both our approach and the approach of [72] require furnishing convex relax-
ations of f as objective functions, but have different decision variables and different goals
(computing state relaxations versus computing state bounds). Neither approach appears to
be a special case of the other.

We also note that the right-hand sides of our new auxiliary ODE system superficially re-
semble multivariate McCormick relaxations [7, Theorem 2] of the composition f(¢, -, x(z, -))
combined with interval flattening operations [2, Definition 11]. However, as will be dis-
cussed in Section 4.2, our result is not a direct consequence of [7, Theorem 2]. Since

we do not know a priori that our relaxations are valid and convex, we cannot satisfy the
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assumptions of [7, Theorem 2] when proving our relaxations’ validity.

The remainder of this chapter is organized as follows. Section 4.2 formulates the new
approach based on the Scott—Barton framework summarized in Section 2.4. Section 4.3
establishes its useful theoretical properties, including continuity of the new auxiliary right-
hand side, existence and uniqueness of solutions, bounding, convexity, tightness, and con-
vergence properties. The approach of this chapter is also compared to the following es-
tablished approaches: the SBM approach [2], the primary dynamic aBB relaxation ap-
proach [1], and the Auxiliary Variable Method [50]. In Section 4.4, a proof-of-concept
implementation of the new approach in MATLAB [113] is outlined, and several numer-
ical examples are described for comparison with the established approaches. A problem
instance of (1.1.1) is solved to global optimality in Julia [95], both with the new state
relaxations and the SBM relaxations. In this instance, our new ODE relaxations require

significantly fewer iterations in branch-and-bound.

4.2 New state relaxation formulation

This section presents a new approach for constructing useful state relaxations for the ODE
process model (2.3.1) formalized in Section 2.3, to ultimately furnish bounding information
to help solve the nonconvex optimization problem (1.1.1) to global optimality. Beneficial
properties of this formulation will then be established in Section 4.3. This approach utilizes
the Scott—Barton framework (2.4.1), but constructs new u and o functions as optimal-value
functions (in the sense of e.g. [114]) for parametric convex optimization problems. The new
approach requires functions ¢V and £ that satisfy the following assumption. Constructive

methods to satisfy this assumption are discussed subsequently.
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Assumption 4.2.1. Suppose that functions £V ¢ : [ x P x R™ — R’ satisfy all of the

following conditions:
1. £V and f°° are continuous,

2. fV(t,p,-) and £°°(z,p,-) are Lipschitz continuous on R", uniformly over (¢,p) €

I x P, and

3. for a.e. t € I, the functions f*¥(z,-,-) and f(z, -, -) are, respectively, convex and con-

cave relaxations of f(¢,-,-) in (2.3.1) on P x X (¢).

Remark 4.2.2. Several established convex relaxation approaches produce functions (f°V, f¢)
that satisfy Assumption 4.2.1, including certain affine relaxations, the BB relaxations [9],
the McCormick relaxations [5], or the pointwise tightest among certain multiple relax-
ations defined as follows. Suppose that multiple convex relaxations f¥-! V.2 . fV* and
concave relaxations f<¢! 6.2 X that satisfy Assumption 4.2.1 are available. For each
i € {1,...,n,}, pointwise tightest relaxations (f*""™"", °™ ") are then defined so that for

1

eachtel,peP,and & € X(1),

ficv,multi(t’p’g) - max(ficv’l(t,p,&),f,-cv’z(t,p,ﬁ),...,fl—CV’k(t,p,«‘.::))
and £ (2, p, &) := min(f7! (1,0, &), £77 (1,0, &), oo [N (1,0, E)).

4.2.1)

These relaxations are readily confirmed to satisfy Assumption 4.2.1. Lipschitz continuity
on the full space R™ may be enforced by passing to an appropriate Lipschitz extension.
Although convex/concave envelopes (the tightest possible relaxations) of f(z,-,-) are not
typically available, they may be used here as well in principle. This approach will be

illustrated in Example 4.5.
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With Assumption 4.2.1 satisfied, define a function v : R x R" x R" — R"™ g0 that for

allic {1,...n.} and o, & E c R™,

vi(0, &, %) 1= 3l(04+ 1)E — (0 — 1)E]. (4.2.2)

Intuitively, v;(et, ", E) is a linear combination of £ and €, weighted in a particular
way based on the value of @. The key step of our formulation is the following. Con-
struct functions u and o, for use in the Scott—Barton framework (2.4.1), so that for all
ic{l,...,n}and (t,p,E, E) € I x P x R™ x R™,

ui(tapagcvvgcc> ‘= min iCV(t7p7V<a,§CV7§CC>) SubjeCt to o; = —1,

oec[—1,1]"

(4.2.3)

nd oo,V ES) = max (. p.v(@. £ £)) subject 0 = 41,

We will show in Section 4.3 below that this new choice of (u,0) always yields valid state
relaxations, and that these are tighter than the SBM relaxations when McCormick relax-
ations of f are used to construct (f<,f¢). Observe that the nonlinear programs defining u;
and o; above are, respectively, bound-constrained convex minimization and concave maxi-
mization problems that are always feasible. Overall, our new dynamic relaxation approach
is to solve the auxiliary ODE system (2.4.1) with u and o defined in (4.2.3) to yield valid

state relaxations for (2.3.1); this validity will be established in Section 4.3.

Remark 4.2.3. If the pointwise tightest relaxations (foV:multi fee:multh) congidered in Re-

mark 4.2.2 are applied in (4.2.3), then the nonsmooth “max” and “min” functions in (4.2.1)
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may be eliminated in (4.2.3) by introducing an extra decision variable, as follows:

ui(tp.§7,67) = seR anel%gl 1) 5

subjectto  fi " (t,p,v(et, %, E)) <5, Vme{l,... k},
o = _13

Oi(t’p’gcv’€CC) = seR (ilé?i(l 1] s

subjectto £ (t,p,v(e,ET,E)) >5, Vme {1,...,k},

o; = +1.

In the special case where &CV < &CC in (4.2.3), observe that (4.2.3) may be reformulated

as
wi(t,p,EV,E) = min  fV(¢,p, &) subjectto & = £,
§E[§CV7€CC}
4.2.4)
and o;(t,p,EY,E) Eé r?ayz (t,p, &) subject to & = EF.
6[ CV7 CC}

However, since numerical ODE solvers typically assume that the domain of the right-
hand side function is an open set [72], these solvers may attempt to evaluate infeasible
perturbations of (4.2.4) during integration of (2.4.1). On the other hand, the optimiza-
tion problems in (4.2.3) are always feasible by construction. Thus, the formulation (4.2.3)
may be beneficial during numerical implementation. The following example illustrates this

point.

Example 4.1. Under Assumption 4.2.1, let xo(p) = p for each p € P. Then, to construct
Scott-Barton ODEs (2.4.1), it is natural to define x;'(p) = x¢°(p) := p. Thus, the exact
solution of (2.4.1) with (4.2.4) embedded is well-defined according to Section 4.3 below,

and will have xV(z,p) ~ x°°(t,p) when ¢ & fy. As a result, during numerical integration of
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the relaxation ODEs (2.4.1) at t = 1y, an implicit ODE solver may attempt to evaluate the
right-hand side functions (u;,0;) at éjc" > éjcc for some j # i, and thus cause infeasibility
of the optimization problems in (4.2.4). On the other hand, the formulation (4.2.3) remains

feasible.

Observe that if valid state relaxations (x°V,x°°) are employed in (4.2.3) in place of the
dummy variables (£, £), the optimization problems in (4.2.4) would become multi-
variate McCormick relaxations [7, Theorem 2] of the composition f(z,-,x(z,-)), composed
with the flattening operations of Definition 2.4.3. However, it is not obvious from [2]
or [7] that this approach would yield valid state relaxations for (2.3.1). In [2], general-
ized McCormick relaxation method is the only method that is established to furnish valid
Scott—Barton right-hand-side functions, and thus construct valid state relaxations in the
Scott—Barton framework (2.4.1). In [7], multivariate McCormick relaxations are only ap-
plied to build relaxations for closed-form composite functions, and their correctness does

not translate directly into correct state relaxations for (2.3.1).

Remark 4.2.4. By inspection of (4.2.4), in the special case where n, =1, uand 0 in (4.2.3)

reduce to closed-form functions:

u(t,p,6,8%) = f(t,p,&%)  and  o(t,p,¢*, &%) = f“(1,p,6%).  (4.2.5)

This formulation shows that if there is only one state variable, unlike established methods
[2,64,66,75] that propagate x°V and x°° in a coupled system, our new approach constructs
xV and x*° independently of each other. Thus, if only x°" is of interest, then only xg* and

<" are required, and there is no need to construct xg° or f°° to compute x".

Remark 4.2.5. Consider the special case where n, = 1. In light of [79, Remark 5.4],
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generalized McCormick relaxations #8MC, 68MC : [ x P x R™ x R™ — R™ for f may be

applied to construct (fV, f°¢) in Assumption 4.2.1 by setting

fOp8) = (1,p.E,8) and  f(1,p,§) ==V (1,p,&, )

(with notation as in [79]). With this choice of (fV, ), our new approach (2.4.1) with
(4.2.5) embedded reduces to the SBM method described in Section 2.4. Nonetheless, it is

not apparent from [2] that x*¥ and x°“ are decoupled in this case.

Remark 4.2.6. For n, > 1, evaluating (u,0) in (4.2.3) ostensibly involves handling con-
vex optimization problems by NLP-based methods. However, if the original right-hand
side function f(z,-,-) is quadratic for each 7 € I, and if aBB relaxations [9] are applied
for (f<V,£°¢), then the optimization problems in (4.2.3) become bound-constrained convex
quadratic programming problems, which have closed-form solutions that could in principle

be computed a priori.

4.3 Properties of new state relaxations

This section establishes the following useful properties of the auxiliary ODE system (2.4.1)
with (4.2.3) newly embedded, under Assumption 4.2.1. Each of the following properties

essentially follows from a corresponding condition in Assumption 4.2.1.

* The right-hand side functions u and o defined in (4.2.3) are continuous, and u(z, p, -, -)

and o(z,p, -, -) are Lipschitz continuous on R"™ x R, uniformly over (¢,p) € I x P.

* The auxiliary ODE system (2.4.1) with (4.2.3) embedded has exactly one solution

(x®Y,x%), which is guaranteed to lie within the predefined state bounds (x",xY).
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This unique solution is also a valid state relaxation for x in (2.3.1).

« In this approach, tighter state bounds (x",xY) and tighter relaxations (x§',x5) and
(f°V,£°°) necessarily translate into tighter state relaxations (xV,x°). If McCormick
relaxations are used to construct (fV, ), then the new state relaxations are guaran-

teed to be at least as tight as the SBM relaxations [2].

* The new state relaxations (x¥,x) inherit second-order pointwise convergence from
(fV,£¢), and thereby avoid the cluster effect [37,38] in branch-and-bound methods

for deterministic nonconvex optimization.

This section then concludes by discussing how the approach of this chapter compares to

established state relaxation methods.

4.3.1 Continuity

In this subsection, Proposition 4.3.1 will show that the functions u and o given by (4.2.3)
are continuous. Proposition 4.3.2 will then show that the functions u(¢,p, -, -) and o(¢,p, -, )

are Lipschitz continuous on R™ x R, uniformly over (¢,p) € I x P.

Proposition 4.3.1. Under Assumption 4.2.1, the functions u and o defined in (4.2.3) are

continuous.

Proof. Consider any fixed i € {1,...,n,}. Since f{" is continuous according to Assumption
4.2.1 and since v is also continuous as shown in (4.2.2), the mapping (¢,p, &, &, E)
f(t,p,v(a, &, E%)) is continuous. Moreover, since the feasible set of the optimization
problem of u; in (4.2.3) is nonempty and independent of (¢,p, ", &), u; is continuous
according to Berge’s Maximum Theorem [115, p116]. That the function o is continuous

can be proved similarly. [

73



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

Proposition 4.3.2. Under Assumption 4.2.1, the functions u(¢,p,-,-) and o(¢, p, -, -) defined

in (4.2.3) are Lipschitz continuous on R™ x R, uniformly over (¢,p) € I x P.

Proof. Consider any fixed i € {1,...,n,} and (¢,p) € I x P. According to Assumption 4.2.1,

there exists > 0 independent of i, ¢, and p, so that for any &*, &8 € R,

(D, €M) — £V (1,p, EP)| < 1)|EM — EP|... (4.3.1)

By construction of v in (4.2.2), for each m € {1,...,n,}, & € [—1,1]™, and

gcv,A7€cV,B7€cc,B7€cc,A c Rnx, we have:

A A B B A B A B
[v(er 8 )~ v(@ EP 6P o < 674 — 6Vl 4 67 — &

|oo~

4.3.2)

Combining (4.3.1) and (4.3.2), for any @ € [—1,1]" and EV* EVP gCB goh c i,

£ (2. p, (0, EXVRECR)) — 1V (1, pv(a, EVBLECP))
(e e A A ]

Moreover, since the function fV(¢,p,v(:,-,-)) is continuous, Theorem 2.1 in [116] shows

that for any gcv,A’ gcv,B’ gcc,B’ écc,A c Rn",

|ui(t’p’€cv,A7écc,A> _ui(t’p’gcv,B’gcc,B)‘ < l(chv,A_gcv,BHm+ chc,A_gcc,BHoo)
(4.3.3)
Since the choice of (¢, p) was arbitrary, (4.3.3) holds for any (z,p) € I x P.
That o(z,p,-,-) and the other u(z,p,-,-)s are Lipschitz continuous on R™ x R™ uni-

formly over (¢,p) € I X P can be demonstrated similarly.
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4.3.2 Existence and right-uniqueness

In this subsection, Theorem 4.3.3 establishes existence on / x P of solutions of (2.4.1) with
(u,0) defined by (4.2.3), and these solutions are guaranteed to lie within the predefined
state bounds (x-,xY). Theorem 4.3.4 subsequently establishes right-uniqueness for these

solutions.

Theorem 4.3.3. Under Assumption 4.2.1, for each p € P, the ODE system (2.4.1) with p
fixed and with (u,0) defined by (4.2.3) has at least one solution (xV(-,p),x*°(-,p)) on I,

which satisfies X (¢,p),x*°(¢,p) € X (¢) for each ¢ € I.

Proof. Consider a sufficiently large interval X := {& € R : x < & <X}, for which X (¢) C
X for each ¢ € I. Consider a function m : R" — R for which, for any ¥ € R™, m(¥y)
returns the componentwise median value of the collection {x,X,¥}. Thus, the function m

maps R™ into X. Define functions @1,6 : / x P x R™ x R™ — R’ as the compositions:

a(t,p, &, &%)

and 6(l‘,p’€cv7gcc)

u(t,p,m(§%),m(§%))
o(r,p,m(§"),m(§%)),

Now, we establish global existence of solutions of (2.4.1) with the substitution (u,0) <
(@,0). It will be shown subsequently that the solutions shown to exist for (i, 6) must also
solve (2.4.1) directly.

Consider any fixed p € P throughout. Since x- and xV are LR-analytic, the derivatives
%I and xV exist and are continuous except at finitely many discontinuities on /, according to
Theorem 3.12 in [101]. Moreover, since the function m is Lipschitz continuous and maps
R™ into X, @ and 6 inherit the continuity of u and o established in Proposition 4.3.1, and

are globally bounded. Thus, (i,0) are piecewise continuous in the sense of Filippov [102],
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which implies that (2.4.1) with (u,0) < (@,0) is a differential inclusion system whose
solutions may be alternatively described following the approach of §4, [102]. Since @ and
0 are globally bounded, global existence then follows from applying [102, §7, Theorem 1]
on a sufficiently large neighborhood of the initial value (xg*(p), X (P))-
Since the functions (i, 6) are continuous, [2, Lemma 1] implies that any solution (x*V(-,p),x*(-,p))
of (2.4.1) with the substitution (u,0) < (@,0) must satisfy x(¢,p),x*°(t,p) € X(¢) for
each ¢t € I. Furthermore, by construction of the m function, these solutions must also be

solutions of (2.4.1) with (u,0) as defined in (4.2.3). O

Theorem 4.3.4. Under Assumption 4.2.1, for each p € P, the ODE system (2.4.1) with p

fixed and with (u,0) defined by (4.2.3) has right-uniqueness of solutions on /.

Proof. Consider any fixed p € P. Since the functions u and o have the uniform Lipschitz
continuity established in Proposition 4.3.2, it is readily verified that the overall right-hand
side functions of (2.4.1) satisfy the sufficient condition for right-uniqueness established

in [102, §10, Theorem 1]. ]

Remark 4.3.5. Along a solution trajectory of the ODE system (2.4.1), the derivatives x{"
and x° may respectively switch between the u; and “max” cases and between the o; and
“min” cases depending on whether the solutions (x§¥,x{¢) are on or strictly within the state
bounds (x},xy) With these discontinuities present, (2.4.1) may only be expected to have
right-uniqueness, even though the functions u and o are Lipschitz continuous. We note
that if these switches do not occur, then (2.4.1) will indeed have standard “both-sides”

uniqueness according to classical uniqueness results for ODEs such as [99, Theorem 1.1].
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4.3.3 Bounding of original ODE solution

Theorem 4.3.7 below shows that the solutions x*¥ and x°° of (2.4.1) with (u,0) defined
by (4.2.3) are, respectively, valid underestimators and overestimators of the solution x

of (2.3.1). Recall that bound preserving dynamics were defined in Definition 2.4.7.

Lemma 4.3.6. Under Assumption 4.2.1, the functions u and o defined by (4.2.3) describe

bound preserving dynamics for (2.3.1).

Proof. Consider any i € {1,...,n,}, any functions &, E : Ix P — R™, ae. t €1,
and any p € P satisfying the conditions of Definition 2.4.7. First, assume that &;(¢,p) =

EV(t,p). Since ' (1,p) < E7(r,p), (4.2.3) may be reformulated as (4.2.4), which yields

Mi(tapaécv<tap)7gcc(t7p)) = ov min e icv<l7p7C) SUbjeCt to Cizéicv(tap)'
gel&™ (1.p),E™ (1.p)]
4.3.4)

Since &;(r,p) = &7V (¢, p) and E'(r,p) < &(1,p) < & (¢, p), it follows that & (,p) is feasi-
ble in the optimization problem in (4.3.4), and thus u; (¢, p, & (t,p), & (¢,p)) < /¥ (t,p, & (,p)).

Furthermore, since the function f{¥(z,p,-) is a convex relaxation of fj(z,p,-) on X(¢) and

since §(1,p) € [§(¢,p), 6% (1,p)] S X (1),
ui(t,p, &% (1,p), 6% (1,p)) < f7"(1,p, & (1,p)) < fi(1,p, & (1,p))-
If we instead assume that &;(¢,p) = £°(¢,p), it can be proved similarly that
0i(t,p, £ (1,p),§%(1,p)) = £i(t,p,§(1,p))-
Thus, the functions u and o describe bound preserving dynamics for (2.3.1). U
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Theorem 4.3.7. Suppose that Assumption 4.2.1 holds. Let (x°V,x°) be a solution of (2.4.1)
with u and o defined by (4.2.3). Let x be a solution of (2.3.1). Then, for all (z,p) € I x P,

x%V(t,p) < x(t,p) < x°(t,p).

Proof. According to Lemma 4.3.6, the functions u and o describe bound preserving dy-
namics for (2.3.1). Since, moreover, Proposition 4.3.2 holds and the right-hand side f of

(2.3.1) is Lipschitz continuous, the claimed result then follows from [2, Corollary 1]. [

Note that according to Theorem 4.3.7 above, the optimization problems in (4.2.4) are

always feasible along a solution trajectory of (2.4.1) with (4.2.3) embedded.

4.3.4 Convexity

This subsection shows that the solutions (x°V,x°) of (2.4.1) with (4.2.3) embedded are,
respectively, convex and concave with respect to p. Combined with the results of Sec-
tions 4.3.2 and 4.3.3, this shows that candidate relaxations deriving from (2.4.1) with (u, o)
defined by (4.2.3) are indeed valid state relaxations for the original ODE system (2.3.1).

Recall that convexity preserving dynamics were defined in Definition 2.4.8.

Lemma 4.3.8. Under Assumption 4.2.1, the functions u and o defined by (4.2.3) describe

convexity preserving dynamics for (2.3.1).

Proof. Consider any i € {1,...,n,},ae.t €I, any p*,pB € P,any A € (0,1), p := Ap* +
(1—2)p®, and any functions €Y, : I x P — R™ as satisfying the conditions in Defini-

tion 2.4.8. Firstly, assume that

EX(1,0) = A& (1,p%) + (1= 2)E(r,p").
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Since €< (t,q) < E“°(t,q), for all q € {p*,p®,p}, the reformulation (4.2.4) of (4.2.3)

yields

ui(t,q,E%(1,q),€(r,q)) = min _ f¥(t,q,&) subjectto & = £ (r,q).
Eel&™ (1.9).6 (1,.q)]
(4.3.5)

Let g*’A, 5*’]3 € R™ be optimal solutions of the optimization problems in (4.3.5) at q := p*

and p®, respectively, and define { := A& wA 4 (1— l)é*’B. Then, we have

AE (t,p™) +(1-2)E (1,p%) < &

and A& (1,p%) +(1-2)&7 (1,0°) = G-

Moreover, since

E7 (1) < AE”(1,p") + (1-2)E7 (1,p")

and  EV(1,p) = A& (1,p™) + (1 - 2)& (1,p°)

by assumption, it follows that

§7(r,p) <& and &7(1,p) =0

Similarly, it can be shown that § < E°(¢,p). Thus, § is feasible in the optimization prob-

lem in (4.3.5) at q := p, which implies that

ui(t,p, & (t,9),6(1,p)) < f7¥(t,p, ).

Since for a.e. t € I, f£¥(t,-,-) is convex on P x X(¢) and [ (t,q),E(¢,q)] C X(¢), for
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each q € {p”,p®,p} and a.e. 7 € I, it follows that

ui(t,p, &% (1,0),6“(1,p)) < /7 (1,0, 8),
<AL (™ EVN) (1= ) 2 (1, pB, E7P)
- A‘ui(t7pA7gcv(t7pA)>€CC(t>pA))

+ (1= A)ui(t,p°, &7 (1,p°), £ (¢,p")),

as required.
If we instead assume that (¢, p) = AE(¢,p™) + (1 — A)EC(¢,pB), then an analogous
concavity is established for o;(t,-,E"(¢,-), E“(¢,-)). Thus, the functions u and o describe

convexity preserving dynamics for (2.3.1). [

Theorem 4.3.9. Suppose that Assumption 4.2.1 holds. Let (x°¥,x°°) be a solution of (2.4.1)
with u and o defined by (4.2.3). Then, for each i € {1,...,n,} and each t € I, x{"(¢,-) is

convex on P and x{°(¢,-) is concave on P.

Proof. According to Lemmata 4.3.6 and 4.3.8, the functions u and o describe both bound
preserving dynamics and convexity preserving dynamics for (2.3.1). The claimed result

then follows from Proposition 4.3.2 and [2, Theorem 3]. O

4.3.5 Tightness

This subsection shows that if tighter relaxations of f are employed in (4.2.3), then the
auxiliary ODE system (2.4.1) with (u,0) defined by (4.2.3) is guaranteed to yield tighter
state relaxations for the ODE system (2.3.1). A procedure is presented for embedding any
functions (@,0) satisfying Assumptions 2.4.11 and 2.4.12 into the new approach. Doing

so is shown to yield state relaxations that are at least as tight as those obtained by solving
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(2.4.1) with (2.4.2) embedded. Hence, if McCormick relaxations are used in (4.2.3), then
the new state relaxations are at least as tight as the SBM relaxations [2].

To begin, we reproduce the following tightness result concerning the Scott—Barton ODE
relaxation framework (2.4.1) from Theorem 3.5.1 in Chapter 3. Suppose that there are two
considered choices for (u,0) in (2.4.1); call these (u®,0*) and (u®,0P), and let us label
quantities relating to each with “A” or “B” superscripts. Proposition 4.3.10 below provides
sufficient conditions under which the resulting relaxations (x°V-8,x°*B) are guaranteed to

cv.,A’ ch,A)

be at least as tight as (x . This result is then specialized to the particular choice

(4.2.3) of (u,0).

Proposition 4.3.10 (from [91]). Consider state lower bounds x™* xB : I — R and state
upper bounds xUA, xYB : I — R" for (2.3.1) that are absolutely continuous, and suppose
for all ¢ € I that x14 (1) < xMB(¢) < xYUB(r) <xYA(¢). For each ¢ € I, denote the intervals
(XA (1), xUA(¢)] and [x2B(¢),xVB(¢)] as XA(r) and XB(t), respectively. Consider convex

. A B . A _ccB
relaxations x(c)v’ ,X(C)V’ : P — R™ and concave relaxations X(C)C’ ,XSC’ : P — R™ for the

initial-value function x in (2.3.1), and suppose for all p € P that XSV’A(p) < X8V7B(p) <

XSC’B (p) < XSC’A (p). Consider functions u®, 0%, uB,08 : I x P x R™ x R™ — R™, and sup-

pose that the following conditions hold.

I. The functions (u®,0*) and (u®,0®) are Scott—Barton right-hand side functions as in

Definition 2.4.9 based on bounds X (¢) and XB(¢), respectively.

IL. For any i € {1,...,nc}, any p € P, ae. t € I, any E<* E°* € XA(¢), and any

gcv,B’gch GXB(I) such that gcv,A < gcv,B < gcc,B < gcc,A’
(a) if éich _ gich’ then u?<t7p7€cv,A,€0c,A) S u? (t’p7€CV,B7€CC,B)’
(b) if éicc,A _ gicc,B’ then OiA(t,p’gcv,A’gcc,A) > 0?(t7p7§cv,B7§cc,B).
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Let (x*VA,x°4) be a solution of (2.4.1) with

U XL,A’XU7A cv,A CC’A,uA,OA).

(xt x X5 X0, 1,0) 1= ( XX

Let (x*V:B x°¢B) be a solution of (2.4.1) with

B B
U XL7B,XU7B cv,B 6 ,uB,oB).

(XL,X , X0 X0, 1,0) 1= ( Xy X

Then, (x°¥*,x°“A) and (x*"B,x*B) are both valid state relaxations for (2.3.1). Moreover,

for any (r,p) € I X P,
XCV,A(t7p> < XCV,B (t,p) < XCC,B (t,p) < XCC,A(t’p)'

Based on this proposition, the following theorem provides an inclusion monotonicity
result for the approach of this chapter, showing essentially that tighter bounds and relax-

ations for f and x( in (2.3.1) translate into tighter state relaxations for (2.3.1).

Theorem 4.3.11. Consider functions (x4, xB xUA xU:B) and (X(C)V’A,XEV’B,XSC’A,XSC’B)
and intervals X (¢) and XB(¢) as in Proposition 4.3.10. Consider functions

fovA oA foviB geeB . 1o px R™ — R™, and suppose that the following conditions hold.

I. Assumption 4.2.1 is satisfied both with (f¢¥,f¢) := (fVA f4) and X (1) := X2 (¢),
and with (fV,£¢) := (£VB f<¢B) and X (1) := XB(¢).

II. Foranyt €I,p € P,and € € XB(¢),
8 (1,p, &) < VB (1,p, &) <18 (1,p, &) <F°M1,p,§).
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Consider the function v defined in (4.2.2). Define functions u®,0*,u®, 0B : I x P x R™ x

R™ — R™ so that, for each i € {1,...,n,} and each (¢,p,E,E) € I x P x R™ x R™,

ul(t,p, €, E%) = fnin] S p,v(a, €Y EF)) subject to a; = —1,
ac[—1,1]nx

o (t,p,E,EY) = max, S (1, p,v(a, Y, E)) subject to o = +1,
ac[—1,1]nx

up (t,p, €, E€) = Fﬁlnl] IR p,v(a, E EC)) subject to a; = —1,
ac[—1,1]=

and oP(1,p,E,EY) = r[nax] fiCC’B(t,p,V(a,&CV,'écc)) subject to a; = +1.
ae[—1,1]m

Let (x*VA,x°4) be a solution of (2.4.1) with

L U cv cc (LA JUA _cv,A _cc, A A A
(x7,x7,X0 , X0 ,W,0) 1= (X7, X0 X L Xg 7,0, 00,
Let (x*V:B x°¢B) be a solution of (2.4.1) with
L U cv cc _ (JLB JUB _cvB _ccB . B B
(x7,x7,X0 , X0 ,W,0) 1= (X7, X7 X5 ,Xy LW ,00).

Then, (x*V*,x°“4) and (x*VB,x°*B) are both valid state relaxations for (2.3.1). Moreover,

for any (z,p) € I X P,

XCV,A(t7p) < XCV,B (t,p) < ch,B (t,p) < XCC’A(I,p).

Proof. We proceed by verifying all conditions of (u®,0”,uB, 0®) in Proposition 4.3.10.

Since Assumption 4.2.1 applies to (f¥'4,£4) and (f*V'B, £°¢:B)_ since Propositions 4.3.1 and 4.3.2
hold, and since Lemmata 4.3.6 and 4.3.8 apply with (u,0) := (u®,0*) or (u,0) := (u®,05),

Condition I in Proposition 4.3.10 is satisfied. Thus, (x4, x°¢A) and (x°'B,x°*B) are valid
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state relaxations for (2.3.1).
Consider any i € {1,...,n,}, any p € P, and a.e. t € I. Consider any EVA gt ¢ XA(t)
and EP £ ¢ XB(r) such that

gcv,A < §CV7B < écc,B < écc,A and g.CV’A _ écv,B‘ (4.3.6)

1

Then, according to the reformulation (4.2.4),

min M1, p, &) subject to & = EP, (4.3.7)
éE[é‘:V"A,gCC"A]

min P (2,p, €) subject to & = EVP. (4.3.8)
ée[gcv.B_‘écc,B]

A gccA
ul(t,p, E0LECN

and u?(tjpjgcv,B’écc,B)

Since (4.3.6) holds, the feasible set of the optimization problem in (4.3.8) is a subset of

the feasible set of the optimization problem in (4.3.7). Furthermore, since fiCV’A (t,p,§6) <

f.CV’B(t,p,é) for all & € XB(¢), it holds that uiA(t,p,écv"A,écc"A) < u?(t,p,écv’B,gcc"B).

1

Similarly, if we consider any £ E<“* € XA(¢) and E7P P € XB () such that

gcv,A < éCV,B < écc,B < écc,A and g.cc,A _ 5.007B

l 1 ?

it is readily verified that

A A B B
O;A<t7p7§cv 7§CC ) ZO?(t)I)’gCV 7§CC )‘

Thus, Condition II in Proposition 4.3.10 is satisfied. O]

Remark 4.3.12. Theorem 4.3.11 implies that if the convex/concave envelopes (i.e. the
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tightest possible relaxations) of xo and f(¢,-,-) for all € I are available, then these en-
velopes will translate into the tightest possible state relaxations generated by the new ap-
proach in this chapter. Note that these envelopes for x¢ and f will not necessarily translate

into envelopes for x.

The following corollary shows that any functions i and 0 that satisfy Assumptions 2.4.11 and 2.4.12
can be embedded into the new ODE relaxation approach, and that doing so always yields
state relaxations that are at least as tight as those obtained by the approach by Scott and
Barton [2] of solving (2.4.1) with (2.4.2) embedded. Note that this corollary does not spec-
ify any particular choice of (@1,0). Corollary 4.3.15 then shows that our new relaxations are
at least as tight as SBM relaxations when (@1,0) are specialized to generalized McCormick

relaxations.

Corollary 4.3.13. Consider functions (XSV’A,XSV’B,X(C)C’A,X(C)C’B) as in Proposition 4.3.10,

with X4 := X and XB := X (where X was described by Definition 2.4.2). Consider func-
tions ©,0 : [ X P x R™ x R™ — R™ that satisfy Assumptions 2.4.11 and 2.4.12. Consider
the interval flattening functions r" and r"'Y for each i € {I,..,n,} from Definition 2.4.3.
Consider the function v defined in (4.2.2). Define functions u,0*,uB, 08 : I x P x R x

R™ — R so that, for each i € {1,...,n,} and each (¢,p,E",E) € I x P x R"™ x R™,

lzi(t7p7ri7L(§Cv7 écc))7
3i(t,p,r"(£7,8%)),

frlin] ﬁl(l7p7v(a7gcv7gcc)7v(a7gcv7§cc)) SUbjeCt tO (xl = _17
ac|—1,1]m

ul(t,p, €, E%) :
o (t,p,E,EY) :

up (t,p,E,E) :

and oB(r,p,E,EY) = ael[lza;xl]nx oi(t,p,v(0t,ET EC), v(a,EY E)) subject to a; = +1.
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Define functions fV,f¢ : I x P x R — R™ for which

fcv(l’,p’€> ::ﬁ<t7p7€7€> and tcc<t7p7€) = 6(t’p’€7é) (4'3'9)

Let (x4 x°“A) be a solution of (2.4.1) with (x§,x{¢,u,0) := (X(C)V’A,XSC’A,uA,OA). Let
(x*v:B x¢“B) be a solution of (2.4.1) with (xg", X, 1,0) = (XSV’B,XSC’B,uB,oB). Then,
(uB, 0B) are the special case of (4.2.3) with (f*V,£°¢) given by (4.3.9), this choice of (f°, f*°)
satisfies Assumption 4.2.1, and (x°V4,x°4) and (x°V'B,x*B) are both valid state relax-

ations for (2.3.1). Moreover, for any (¢,p) € I X P,

XCV,A(t7p) S Xcv,B (t,p) S ch,B (t,p) S XCC’A(t,p).

Proof. We proceed by verifying all conditions of (u®,0”,uP,0®) in Proposition 4.3.10

with X4 (¢) = X5B(t) := X (¢). Since the functions ii and 6 satisfy Assumptions 2.4.11 and 2.4.12,
it follows that for a.e. ¢t € I, the mappings u(z,-,-,-) and 6(z,-,-,-) are relaxation functions
for f(z,-,-) on P x X(t) as defined in [79, Definition 5.3 and Remark 5.4]. Then, according

to Lemma 2.4.11 in [39], £ and f*° defined in (4.3.9) satisfy Assumption 4.2.1. Thus, u®
and oP are indeed the special case of (4.2.3) with (4.3.9) embedded, and are Scott—Barton
right-hand side functions as in Definition 2.4.9, according to Propositions 4.3.1 and 4.3.2
and Lemmata 4.3.6 and 4.3.8. According to Lemmata 10 and 11 in [2], u? and o” are
also Scott—Barton right-hand side functions. Hence, Condition I in Proposition 4.3.10 is
satisfied, and (x**,x°¢A) and (x°V-B,x°B) are valid state relaxations.

Next, we verify Condition II in Proposition 4.3.10. Consider any i € {1,...,n,}, any
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p P, and ae. € I. Consider any £ £™ EVB £°B ¢ x(4) such that

écv,A < écv,B < gcc,B < écc,A and gicv,A _ gicv,B. (4.3.10)
SOVA pocAl . y .
Let (EX" E") i= pil (E9A EA). According to Definition 2.4.3 of rL,
é.cv,A _ é'cc,A _ ‘SF:V,A
R ’ L 4.3.11)
§;V’A = &;V’A, and é;C’A = §;C’A, Vje{l,..,n} and j #i.

Since E'® < £°“® | according to the reformulation (4.2.4),

(6,0, 67, E%) = min @(r,p,€, &) subject to & = E7.
ge[gcv,B7€ccB}

Let § be an optimal solution of the optimization problem above. It follows that " < B <

E*B < £ and ‘g’i*7B = e’;iCV7B. Moreover, since (4.3.10) and (4.3.11) hold,

£c

,B B A A
éi* — giCV — éicv é — éCC

GUh= gt <t g <Gt =GN vie {1 nd and j#£ .
scv,A zcc,A

& A * £ CC,A . .
Thus, &~ < &8 < §CC . Since Assumption 2.4.12 holds for (@1,8) and & &

scv,A pcc,A 5 *B £*B
(7p€ 5 )Sui(tvpvg / 7& )7
. 2 P i L/gcv,A gccA “e :
Since (§ " ,& ) :=r"H(E", ) by definition, it follows that

ﬂi(t7p7ri,L(€cv,A7gcC,A)) < u}s(t7p7€cv,B7€cc,B)’
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which implies that

A A B B
u?(tapagcw 7&007 )Su?(t7p7§CV7 7§CC7 )

.CC7A _ 5.cc,B

; ., it can be verified that

Similarly, if we instead assume &
A A B B
o (t,0,6",E€%) = 0P (1,0,677, 657,

Thus, the claimed result follows from Proposition 4.3.10. [

Remark 4.3.14. The corollary above applies the same state bounds (x%,xV) to both re-
laxation systems “A” and “B”. We remark that, as a straightforward extension of Propo-

sition 4.3.10 and Corollary 4.3.13, the following tightness result holds. Consider state

LA xL.B yUA yUB)

bounds (x as in Proposition 4.3.10, and, informally, consider a method

for constructing appropriate (i1,6) that permits any choice of state bounds. Suppose that

xbB xUB) XL,A,XU.,A)'

we construct (@3,6%) based on ( and construct (@i*,6”) based on (

Then, using (ii®,68) in our new ODE relaxation approach will necessarily lead to state

relaxations that are at least as tight as those obtained by using (ii*,6") in the Scott-Barton

method [2].

The following corollary shows that if £ and f°° in Assumption 4.2.1 are constructed
using McCormick relaxations, then the state relaxations obtained by the new approach are

guaranteed to be at least as tight as the SBM relaxations [2].

Corollary 4.3.15. Consider the setup of Corollary 4.3.13, except with (i1,06) chosen to be

the generalized McCormick relaxations [6] (@M€, 68MC) for f. Then, (xVA,x°¢A) and
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(x°v:B x°“B) are both valid state relaxations for (2.3.1). Moreover, for any (¢,p) € I x P,

XA (1, p) <xVB(1,p) <xFB(1,p) <xA(t,p).

Proof. According to Section 4.2 in [2] and Theorem 2.4.32 in [39], Assumptions 2.4.11
and 2.4.12 are satisfied with (i1,6) := (iiM€,52MC). The claimed result then follows from

Corollary 4.3.13. [

Observe that (u*,0”) in Corollary 4.3.15 come from the SBM method, while (u®, 0®)
come from our new relaxation method (4.2.3) with £V (¢, p, &) := M (¢, p, &, &) and £ (¢,p, &) :=
0MC(r p,E,E). Note that by this definition, (f",f°) are standard McCormick relax-
ations [5] of f and satisfy Assumption 4.2.1. Moreover, the tightness result presented in
Remark 4.3.14 also applies here, where the generalized McCormick relaxation method is

used for constructing (i, 6) based on any state bounds.

Remark 4.3.16. Theorem 4.3.11 and Corollary 4.3.15 together show that, if relaxations
that are at least as tight as McCormick relaxations [5] of f are embedded into our new ap-
proach, then our new ODE relaxations are guaranteed to be at least as tight as the SBM
relaxations [2]. Thus, our ODE relaxation approach may reduce the number of iterations
required by an overarching global dynamic optimization method. Example 4.6 in Sec-
tion 4.4.2 shows that this is indeed the case for a particular case study. We expect that such

a reduction would benefit an overall deterministic global dynamic optimization algorithm.

4.3.6 Convergence as domain shrinks

In this subsection, we show that state relaxations obtained by the new approach converge

pointwise quadratically (in the sense of Bompadre and Mitsos [68]) to the solution x of
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(2.3.1) as the parametric domain P is subdivided, provided that the supplied relaxations of
xo and f converge analogously. In order to explicitly describe this dependence on paramet-

ric domain, we introduce the following extended notation for this subsection.

1. For any Q C R", let IQ denote the set of all nonempty interval subsets of Q.

2. For any P € 1P, let x3 (t,p) and X3 (¢, p) denote state relaxations for (2.3.1) at any

(t,p) on I x P, and let x¢5(p) and x°

0.F 0 p(p) denote convex and concave relaxations of

the initial value function xo on P, respectively.

3. Forany P € IP, let ng(l) and xg (1) denote LR-analytic state bounds for (2.3.1) at any

t € I based on P, and denote the interval [x}(7), x5 (1)] as X (; P).

4. Assume for simplicity that D is sufficiently large and there exists a compact D C
D so that for all t €  and P € TP, X(t;P) C D. Let fy denote the original ODE
right-hand side function f from (2.3.1) on the domain 7 x W, where W € [P x ID.
Correspondingly, let fj; and f};; denote relaxations that satisfy Assumption 4.2.1 on
W. Denote the lower and upper bounds of W as wt € R™*+"% and wU € R,
respectively. Then, let wid(W) := max{w} —w} : 1 <i <n,+n,} denote the width

of W.

5. Letup and o3 denote the functions u and o with P replaced by P € IP.

In the language of [79], the following theorem shows that if the inclusion functions

{XII:,,XE} perp have at least first-order convergence in P, uniformly on /, if the scheme of

CvV

estimators {x07 5

ce o . .
Xo, 5} perp has second-order pointwise convergence in P, and if the scheme
of right-hand side relaxations {f};, £}y, c;p.p has second-order pointwise convergence in
P x D, uniformly on I, then the scheme of state relaxations {X%V, X%C} perp has second-order

pointwise convergence, uniformly on /.
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Theorem 4.3.17. Suppose that Assumption 4.2.1 holds with each P € IP in place of P, and

suppose that all of the following conditions are satisfied.

I. For some &y > 0, for all P € IP and pE< P,
Ix55(P) — X6 5(P) [l < KoWid(P)?. (4.3.12)
II. For some &; > 0, for all W € IP x ID and (¢,p, &) € I x W,
1655 (1.2, &) — 157 (1,9, ) |l < rewid(W)2. (4.3.13)
1. For some kg > 0, forallt € I and P € IP,
wid(X (t;P)) < kgwid(P). (4.3.14)
IV. For some [ >0, forallt € I, p € P, and §A,§B eD,
I£(.0.&%) ~£(1,0.8") | < 11E" 7)o (4.3.15)

Consider any solution (X%V,X%c) of the ODE system (2.4.1) with (4.2.3) embedded, with P

in place of P. Then, for all ¢ € I, P cIP, and pE< P,
X5 (1,p) — x5 (£,p) [l < (Ko +2(t — to) kemax(1,k3)) exp((ty —to))wid(P)?. (4.3.16)

Proof. Consider any fixedi € {1,...,n.},t €I, P€IP, and p € P throughout. Since (4.3.13)
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holds, for any 7 € [to,#] and € € X (7;P),

j(:%XX(T;P)(Tupug) - l'(:}gxx(f;ﬁ)(fapué) S KfWid(ISXX(T;ﬁ))z

= kymax (wid(P), wid(X(’c;ﬁ)))z.

Furthermore, since (4.3.14) holds, for any 7 € [ty,¢] and & € X(1;P),

CC CcV . ~ . ~ 2
fl'715><x(1-;f>)(77p7§) _f,'7]3><x(»;;]3)(77p7§) < Kymax (Wld(P)7W1d<X(T’P))>
< kymax (wid(P), kgwid(P))> (4.3.17)

= Kpmax (1, Ké)wid(ﬁ)z.

Consider any nonempty interval [, €] C X (t;P). Denote particular optimal solutions
of the optimization problems of ; 5(7,p,§*',§*) and 0, 5(T,p, EV EC)in (4.2.4) as E

and €, respectively. Then,

Oivp(r’p’é(w’écc) - ui,ﬁ(f>pagcvaécc) = ZS%XX(T;p)(Tapa &*,05) - ic,l\;XX(T;P)(Tapag*’ui)
- ;%XX(T;P)(T’p"s*’Ui)—Jci,ﬁxx(r;ﬁ)(f,l%g*’o")
* (fi’PXX(T;P)(T’p’é*M) o IS}’XX(T;P)(T7P7€*7W))

+ (fipox(ep) (5P E7") = fi prex (o) (1.0, 671)).
(4.3.18)

Combining (4.3.15), (4.3.17), and (4.3.18), we have that for any 7 € [to,#] and any [E", E°] C
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X(t;P),

0; p(7,p, &%, %) —u; p(7,p, &, %) < i (z:p) (TP, £ — if;xx(r;ﬁ)(fapaé*’oi)
+ ( i(,:l%xX(r;ﬁ (T’p’g*%) o IF%XX(T;IS)<T7P7€*7W))
+ (fi»PXX(TP ( P g Ol) zP><X(TP ( 7p7€*7ui))

< 2kpmax(1, x3)wid(P)? +1]| % — £|w.
(4.3.19)

Now, we obtain the convergence properties of {xg,xg} perp using the Gronwall-Bellman

Inequality (as presented in [100, Lemma A.1]). Expressing (2.4.1) in integral form yields:

t

( 7p> ( 7p) = x()lp(p) Bvl p(p) + ( ,’P(Tvp) —XE\},(T,p))dT

)

< xo.,5(P) =07 5(P)
t

+ (0,5(7,p,x5 (7,p), X5 (T,p)) — u; (7, 0, X5 (7,p), X5 (7,p)) ) dr.
0
(4.3.20)

Since Theorem 4.3.3 shows that [x3'(7,p), x5 (7,p)] C X(t;P) and since (4.3.19) holds,
combining (4.3.19) and (4.3.20) yields

t

xicp(t,p) —xf})(t,p) < x(c)C P(p) 0717P(p) + (ZKfmax (1, Ké)wid(ﬁ)z)dr

Ty

+ [ ) - x (w.0) )
0

Furthermore, since (4.3.12) holds, since x5’ (#,p) > x3'(#,p) as shown in Theorem 4.3.7,

and since the inequality above holds for any i € {1,...,n,},

x5 (7, 0) = x5 (1, ) [l < (K0 +2(t7 — t0) Kpmax(1, k5)) wid(P)*

t
+ [ (s (w.p) ~ x5 (e.p) ) e
0
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Applying the Gronwall-Bellman Inequality yields

x5 (1, p) = x5 (1, P) oo < (K0 +2(1 —t0) Kymax(1, &5)) exp(l(t —10)) wid(P)*

< (Ko +2(tf —to) kemax(1,x3)) exp(I(t; —to))wid(P)?.

This convergence property will be illustrated in Example 4.2 in Section 4.4.

Remark 4.3.18. The inequality (4.3.19) shows that the functions (u,0) described by (4.2.4)
have the (1,2)-convergence property of [79, Definition 5.15]. This property was originally
established for the generalized McCormick relaxations [6]. Since this beneficial conver-
gence property also holds for our new (u,0), it follows immediately that all benefits of the
SBM relaxations [2] established in [79] also hold for our new optimization-based state
relaxations. These benefits include: (a) a potentially smaller convergence prefactor of
(x°V,x%) in (4.3.16), which could aid branch-and-bound convergence, and (b) that the
relaxations (x¥(z,-),x°°(¢,-)) could get tighter over time ¢ under appropriate conditions.
These follow directly from proofs of analogous results in [79], except with the SBM (u, o)

functions replaced by our new (u,0) defined in (4.2.4).

Remark 4.3.19. If McCormick relaxations are used for (¢, ) in Assumption 4.2.1, then
the quadratic pointwise convergence of our new state relaxations is directly implied by
combining Corollary 4.3.15 and [79, Corollary 5.21]. Corollary 4.3.15 shows that the new
state relaxations are at least as tight as the SBM relaxations [2] whose quadratic pointwise
convergence was established in [79, Corollary 5.21]. However, Theorem 4.3.17 applies
even when non-McCormick relaxations are used for (f<,f°) such as oBB relaxations.

This theorem newly demonstrates that quadratic pointwise convergence of (f¢V,f°¢) will
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translate into quadratic pointwise convergence of (x°,x°).

4.3.7 Comparison to established relaxation methods

In this subsection, we compare our new ODE relaxation approach (namely (2.4.1) with
(4.2.3) or (4.2.4) embedded) to established ODE relaxation approaches. Firstly, we com-
pare the new approach to the SBM method [2] based on strength of assumptions, tightness,
computational complexity, and difficulty of implementation. Then, we present a formula-
tion that embeds BB relaxations [9] of f into our new approach, which we compare to
the dynamic aBB relaxations proposed by Papamichail and Adjiman [1]. We choose these
particular comparisons since these established methods are also based on differential in-
equalities and interval bounds, and are the most similar to our new method. This similarity
enables relatively straightforward apples-to-apples comparisons in which we may assume,
for example, that all approaches have access to the same interval bounds [x"(¢),xV(¢)] for
(2.3.1). Lastly, we discuss how our new approach compares with the class of discretize-

then-relax approaches.

Comparison to the SBM method

Our new approach ((2.4.1) with (u,0) defined in (4.2.3)) has less stringent assumptions on
relaxations of the original right-hand side f than the SBM method [2]. While the SBM
method only admits generalized McCormick relaxations [6] of f to construct Scott—Barton
right-hand sides (u,0), our new (u,0) formulation (4.2.3) admits any convex and concave
relaxations of f that satisfy Assumption 4.2.1, such as McCormick relaxations [5], «BB
relaxations [9], affine relaxations, the pointwise tightest among multiple relaxations, and

convex Cl’lVClOpCS.
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Corollary 4.3.15 shows that our new state relaxations are at least as tight as the SBM
relaxations [2], when Assumption 4.2.1 is satisfied by applying McCormick relaxations [5]
to f. Thus, embedding our new state relaxations into a branch-and-bound procedure for
global optimization will yield less conservative lower bounds of global optimal objective
values of (1.1.1), which we expect will translate into fewer branch-and-bound iterations
required to reach global optimality. Moreover, Theorem 4.3.11 shows that tighter relax-
ations of f will always translate into tighter relaxations for x in our new approach, which
incentivizes seeking tighter relaxations for closed-form functions in order to relax dynamic
systems. As will be shown in Example 4.6 in Section 4.4.2, embedding convex envelopes
of the original right-hand side f in our new ODE relaxation approach may significantly
reduce the number of branch-and-bound iterations, compared to the SBM relaxations, in a
global dynamic optimization instance of (1.1.1).

Regarding computational complexity, the SBM method [2] constructs Scott—Barton
right-hand sides (u,0) in (2.4.1) as closed-form functions, while our new approach con-
structs new (u,0) as optimal-value functions (4.2.3). When these are evaluated naively
using numerical NLP solvers, evaluating relaxations in our new approach will generally
be more computationally expensive than the SBM relaxation method, as will be seen in
Example 4.4. However, the computational efficiency of our new approach may be further
improved. For example, the optimal solutions in the formulation (4.2.3) (as opposed to
(4.2.4)) at a time ¢ may still be optimal in the near future. Thus, warm-started optimiza-
tion could be particularly useful in this setting. Since the optimization problems in (4.2.3)
and (4.2.4) are convex, the ODE system (2.4.1) with (4.2.3) or (4.2.4) embedded can be
reformulated as an equivalent nonlinear complimentarity system (NCS), using a Karush-

Kuhn-Tucker complementarity reformulation of (4.2.3) or (4.2.4). In principle, this NCS
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could be solved with efficient NCS solvers such as SICONOS [117]. We expect that, if
active constraints and optimal solutions in (4.2.3) or (4.2.4) are managed during integra-
tion analogously to integrators such as DFBAlab [118], then an optimal implementation of
our new approach would be roughly as efficient as the SBM method for evaluating state
relaxations. Furthermore, since our new relaxations are tighter in general, we expect that
our new approach would ultimately lead to less computational time in deterministic global
dynamic optimization.

Implementation of the SBM method requires ODE solvers and a generalized McCormick
relaxation package such as the C++ library MC++ or EAGO [119] in Julia [95]. A naive
implementation of our new approach that solves the optimization problems in (4.2.3) nu-
merically will additionally require a convex NLP solver such as IPOPT [120], fmincon in
MATLAB for smooth (f¢¥,f°°), or Nesterov’s level method [40] for nonsmooth (f°V, ).
This would be a significant computational expense. Currently, EAGO in Julia is the only
open-source branch-and-bound global optimization library in which custom relaxations
may be used, but a stripped-down version of IPOPT is currently the only NLP solver avail-
able in JuMP [121] in Julia. An active-set tracking approach as discussed in the previous

paragraph would remove the need and computational expense of the NLP solver.

Comparison to dynamic aBB relaxations

In this subsection, we summarize an established «BB dynamic relaxation method by Pa-
pamichail and Adjiman [1], and then consider applying our new approach by embedding
BB relaxations [9] of the original right-hand side f into (4.2.3) and (2.4.1). These ap-

proaches are then compared.
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The aBB class of relaxation methods applies to twice-differentiable nonconvex func-
tions, and constructs valid convex relaxations by adding a convex quadratic term with suf-
ficiently large curvature to the original nonconvex function. Papamichail and Adjiman [1]
describe a variant of BB relaxations that relaxes ODE solutions x of (2.3.1) as follows.

For each i € {1,...,n,} and each p € [p",pY], define

p

XV(tg,p) :==xi(tp,p) + Y. & (Pm— Ph) (Pm— Py (4.3.21)

m=1

where the coefficients Ot{ yeeey a,ip are ultimately determined so that for each p, the Hessian
matrix of x{" (7, p) with respect to p is positive semidefinite. To compute appropriate co-
efficients @', Papamichail and Adjiman [1] first compute interval bounds of of the Hessian
matrix of x;(tf,-) on P by applying Harrison’s bounding method [69] to the second-order
sensitivity system of x with respect to p, as summarized in [13, Appendix]. With these
bounds, appropriate @' values in (4.3.21) are then computed using the Scaled Gerschgorin
Theorem (see [9, Theorem 3.13]). In this chapter, Papamichail and Adjiman’s relaxation
method will be referred to as the PA method.

Our new approach provides another way to use BB relaxations to generate state relax-
ations, as follows. Instead of constructing state relaxations directly using BB relaxations
as in (4.3.21), we construct aBB relaxations fV(z,-,-) and (¢, -, -) for the original right-
hand side f(z, -, ) for each ¢ € I as follows, according to the approach of [9]. Consider the
oBB parameters o™, @y : 1 — R and @™, @™ : I — R™ for each i € {1,...,n} as

functions of 7, to be determined subsequently. Then, for each i € {1,...,n.}, each ¢ € I,
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each p € [p*, pY], and each & € [x"(¢),xY(¢)], define

S0, 8) = fit,p.&) + Z n (1) (P — P (P — PY)

+ (L o h@x%—&mo,
(4.3.22)

f(t,p.8) = fit,p, &) — Za&fﬁ m— D) (P — Py

(Zam 3WM%—&@»

If the BB parameters @/(r) := (3" (1), @y (¢), @™ (¢), €k (r)) in (4.3.22) are com-
puted for each ¢ by the Scaled Gerschgorin Theorem as described in [9] based on the in-
tervals [p&,pY] and [x"(r),xY(¢)], then f¥(z,-,-) and f(z,-,-) are aBB relaxations of
fi(t,-,+) on P x X(t), and we may then obtain state relaxations in our new approach by em-
bedding (4.3.22) into (4.2.3), which is then embedded into (2.4.1). We may also compute

( lCV lCV lCC lCC

t-invariant o BB parameters o' := op .0y ,0p 0 )by asimpler approach, when the
original right-hand side function f in (2.3.1) is z-invariant. First, we compute state bounds
x" and xY for (2.3.1) on I using Harrison’s bounding method. Then, uniform state bounds
X,X € R™ are chosen so that x < x"(¢) < xY(r) <X, for all ¢ € I. Finally, t-invariant @'
in (4.3.22) are computed based on the intervals [p-, pY] and [x,X]. These two approaches,
based on aBB relaxations of f with either ¢-invariant @' or t-varying @', will be respectively
referred to as the OB-aTI method and OB-aTV method.

The OB-oTI method uses our new approach, but is similar to the PA method in the
sense that both of them require computing & once for use in (4.3.21) and (4.3.22). For a

fair comparison in this chapter, we consider both methods to employ natural interval exten-

sion [48] and Harrison’s bounding method [69] for computing interval bounds whenever
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necessary, and to employ the Scaled Gerschgorin Theorem for computing parameters .
Since the two methods differ in structure, it is difficult to draw a general conclusion about
which method is more efficient in general, and which method would yield tighter state re-
laxations. However, as will be shown in Example 4.2, in one instance of (2.3.1), our new
OB-aTI method requires less computational time for evaluating state relaxations, and also
yields tighter state relaxations than the PA method.

Intuitively, the OB-aTV method would yield tighter state relaxations than the OB-aTI
method, since for each ¢ € I, the OB-aTV method computes less conservative a(t) for
use in (4.3.22) based on [x"(¢),xY(¢)], while the OB-aTI method computes a constant &
throughout the time horizon, based on the more conservative bounds [x,X|. On the other
hand, the OB-aTI method would be less computationally expensive in general than the
OB-aTV method, since the OB-oTV method must compute values of & for each time

step.

Comparison to discretize-then-relax approaches

Unlike the discretize-then-relax approaches outlined in Section 4.1, our new approach con-
structs state relaxations using an auxiliary ODE system. Thus, the new approach is able
to exploit the adaptive time-stepping and error control of numerical ODE solvers when
evaluating state relaxations. Moreover, compared to the Auxiliary Variable Method [50],
our new approach avoids including auxiliary decision variables and constraints when dis-
cretizing the original ODE system (2.3.1). The new approach thereby does not enlarge the
lower bounding problem of (1.1.1) in branch-and-bound, which may be advantageous for

an overarching global optimization method.
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4.4 Implementation and examples

4.4.1 Implementation

A proof-of-concept implementation was developed in MATLAB R2019a to construct and
compute state relaxations for (2.3.1) by solving the auxiliary ODE system (2.4.1) with
(u,0) provided by (4.2.3) (available at https://github.com/kamilkhanlab/ob-ode-relaxations).
In this implementation, Harrison’s bounding method [69] is employed via operator over-
loading to compute state bounds (x",xV) automatically. McCormick relaxations [5] were
implemented via operator overloading, for use in automatically constructing (fV, ) that
satisfy Assumption 4.2.1. For any inputs (¢,p,&,E) € I x P x R™ x R™ and any user-
defined (f¢V,f°¢), the optimal-value functions u and o in (2.4.1) are evaluated naively by
solving the convex optimization problems in (4.2.3) using the local optimization solver
fmincon with an optimality tolerance of 10~°. Finally, the auxiliary ODE system (2.4.1)
with u and o0 embedded is solved using the ODE solver ode23 with an absolute tolerance
of 10~* and a relative tolerance of 10~*. An analogous implementation for the SBM relax-
ation method [2] was also developed for comparison. All computation in this section was
performed on a Dell desktop computer with two 3.00 GHz Intel Core i7-9700 CPUs and
16.0 GB of RAM.

4.4.2 Numerical examples

This subsection presents numerical examples that compare our new approach to the SBM
method [2], the dynamic BB relaxation method [1] discussed in Section 4.3.7, and a

discretize-then-relax approach employing the state-of-the-art global optimization solver
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BARON [60]. Table 4.1 lists the various relax-then-discretize approaches that will be com-
pared in this subsection, along with abbreviations for each approach that will be employed
from here on.

Table 4.1: A list of considered state relaxation methods and their abbreviations.

Method Abbreviation
From Scott and Barton [2] with generalized McCormick relaxations SBM

From Papamichail and Adjiman [1] PA

New optimization-based method with embedded convex envelopes  OB-ENV
New method with embedded McCormick relaxations OBM

New method with embedded oeBB relaxations and time-varying ¢  OB-aTV
New method with embedded otBB relaxations and constant o OB-aTI

Firstly, the following example illustrates the versatility of our new relaxation formu-
lation, by showing that, unlike the SBM relaxations [2], we may use the aBB relaxation
method [9] to construct right-hand side relaxations (f¢V,f°°) according to (4.3.22). In this
example, our new OB-oTI approach requires less computational time, and yields signif-
icantly tighter ODE convex relaxations than the PA method [1]. This example also il-
lustrates the quadratic pointwise convergence of our new state relaxations established in

Theorem 4.3.17.

Example 4.2. Let P := [—2,2], and [ := [0,0.15], and consider the following instance of

(2.3.1) with one state variable x and one parameter p € P:

() =px*—1), rel,
(4.4.1)
x(0) = —2.

The value ¢y := 0.15 was chosen arbitrarily. As a function of p, x(0.15,-) is a nontrivial

nonlinear function, as shown in Figure 4.1. Since ny = 1 in this example, the right-hand
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side functions u and o from (4.2.3) were constructed in closed form using (4.2.5). The
functions (f¢Y, ) in (4.2.5) were constructed using @BB relaxations both with ¢-varying
o and t-invariant & following the procedure in Section 4.3.7. The Hessian system of x(z, p)
in (4.4.1) with respect to p was hard-coded in MATLAB, according to [13, Appendix]. Har-
rison’s bounding method was applied to this system to obtain the Hessian bounds. Thus,
state relaxations of the solution x(0.15,-) of (4.4.1) on P were generated numerically in
MATLAB by the OB-aTI method, OB-aTV method, and PA method [1], as summarized
in Section 4.3.7. When implementing the OB-aTV and OB-o/TI methods, we integrated
Harrison’s state bounds and state relaxations for (4.4.1) at all mesh points p; € P simulta-
neously, since doing so avoids repeatedly computing state bounds when evaluating each
(xV(0.15, p;),x¢(0.15, p;)). Table 4.2 presents the resulting CPU times for evaluating
(x¢V(0.15, pi),x¢(0.15, p;)) at one mesh point p; by the three ODE relaxation methods.
For the OB-aTV and OB-aTI methods, per-mesh-point CPU times were obtained by tak-
ing the total evaluation time for all mesh points p; simultaneously, dividing this by the
number of mesh points, and averaging this figure over ten runs. For both the PA and
OB-aTI methods, the total CPU time includes the time for computing the constant ¢ in
(4.3.21) and (4.3.22), respectively. Figure 4.1 depicts the resulting relaxations of x(0.15, ),
along with the original ODE solution for comparison. Observe that, for both the OB-aTI
and OB-aTV methods, the generated relaxations do indeed appear to be valid convex un-
derestimators and concave overestimators, as is guaranteed by Theorems 4.3.7 and 4.3.9.
Furthermore, the OB-aTV relaxations are evidently tighter than the OB-«TI relaxations,
but require more computational effort to evaluate as shown in Table 4.2. This is to be ex-
pected, since the OB-aTV method updates values of @ for each right-hand side evaluation,

but these time-varying @ are less conservative than the constant & values of the OB-oTI
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method, which ultimately translate into tighter state relaxations through (4.3.22), (4.2.5),
and (2.4.1). Observe that in this case, the new OB-oTI convex relaxations are significantly
tighter than the PA convex relaxations [1], and also require less computational time than the
PA relaxations as shown in Table 4.2. This could be because evaluating the Hessian bounds
of x(¢,p) in (4.4.1) with respect to p is computationally expensive. We nevertheless note
that since the PA method and the OB-aTI method differ so much in structure, it is difficult

here to draw a general conclusion.

Table 4.2: Average computational times for eval-
uating state relaxations (x*¥(0.15,p),x*¢(0.15,p))
for (4.4.1) in Example 1.

State relaxation method CPU time (seconds) *

OB-aTV 0.0006
OB-aTI 0.0002
PA 0.0006

* Each CPU time here was averaged over 10 runs.

To illustrate convergence properties of the new OB-aTV relaxations to (4.4.1) as the
parametric subdomain shrinks, we compute state relaxations {xﬁ,v( k),xi,c(k)} atr:=0.15on
P(k) :=[~1,—142%1] for each k € {—10, -9, ...,0} by the OB-aTV method. Extending
the “width” concept from Section 4.3.6, define the width of the enclosure XkC formed by the
state relaxations on each parametric subinterval P(k) as wid(XC) := maxpep(k) (xf,c( 0 (0.15,p)—
x}v(k) (0.15,p)). Figure 4.2 plots wid(X() against wid(P), and shows that the new BB
state relaxations do indeed exhibit second-order pointwise convergence in this case. This

is guaranteed by Theorem 4.3.17, since BB relaxations of closed-form smooth functions

have second-order pointwise convergence [36].
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Figure 4.1: The solution x(0.15, p) (solid black) of the parametric ODE (4.4.1) from Ex-
ample 4.2, plotted against p along with corresponding state relaxations obtained by the
OB-oTI method (dotted blue), the OB-aTV method (dashed red), and the PA method [1]
(squared green).
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Figure 42: A plot on logarithmic axes of wid(X() := SUPpep(k) (x‘;f(k)(OJS,p) —
X5 (0.15,p)) vs. wid(P(k)) := 2k+1 (blue circles) for Example 4.2, for k :=
—10,-9,...,0, with (X;‘Ek),xff(k)) generated by the OB-aTV method, along with a refer-
ence line (dotted red) corresponding to second-order pointwise convergence.
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In the following example, we show that the discrepancy between our new ODE relax-

ations and the original ODE system may decrease over time, as discussed in Remark 4.3.18.

Example 4.3. Let P:=[—1.2,1.2] and I := [0,0.7], and consider the following instance of

(2.3.1) with one state variable x and one parameter p € P:

i) =x*—e", Vtel,
e (4.4.2)
x(0)=p— e

The functions x{" and x° in (2.4.1) were constructed as McCormick relaxations [5,35] of
the initial-value function xo(p) := p — %3 from (4.4.2), with the known convex and concave
envelopes for p — p? [52] employed. For each ¢ € [0.1,0.7], state relaxations x°" (¢, ) and
x%(t,-) for the solution x(¢,-) of the ODE (4.4.2) were generated numerically on P by the
new OB-oTV method in MATLAB. Thus, define the convex ODE relaxation discrepancy
e as

eV (1) == max (x(t, p) =x(t,p)),

and define the concave ODE relaxation discrepancy €°° as

e€(t) = r;lea; (x°“(r,p) —x(t,p)).

Figure 4.3 depicts €V and €°°. We can see that as ¢ increases, both € and €°° initially

increase and then decrease with respect to 7.

In the following example, we show that if McCormick relaxations [5] of the original
right-hand side f are used to define f*V and £ in (4.2.3), then the corresponding new OBM

approach yields state relaxations that are at least as tight as the SBM relaxations [2], as
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Figure 4.3: A plot of the convex state relaxation discrepancy €°¥(r) := maxpep (x(, p) —
xV(t,p)) (dotted blue) and the concave state relaxation discrepancy €%(r) :=
max,ep (x°(r, p) — x(t,p)) (dashed red) vs. time ¢ € [0.1,0.7], with (x*V,x*°) generated
by the OB-aTV method, for Example 4.3.

guaranteed by Corollary 4.3.15.

Example 4.4. Consider the following variant of an established anaerobic digestion process

model [81,122]. Let p := (p1, p2,..., p3) denote parameters with known bounds listed in

Table 4.3. Let I := [0,2], and consider the following problem instance of (2.3.1):

X1 (1) = ( (1) = 0.2)x:1 (1),

52() = (Ha(t) = 0200 (1),

%3(1) = 0.4(5 = x3(1)) — prjar (1 1),

X4(r) = 0.4(80 — x4(1)) + pata (1)x1 (1) — p3iia (2)x2(1),

X5(t) = —0.4x5(1) — q(t) + paptr (1)x1 () + pspa () x2(1),
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x1(0) = 0.5,
x2(0) = p,
x3(0) =1,
x4(0) =5,
x5(0) = 40,

(4.4.3)
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with
o 1.2)C3(l‘) o 0.74X4(t)
m) =S Kot = S T o (ua(1))2/256°
O(1) =x5(t) +x4(t) — 34+ %, q(t) = 19.8(xs(t) +x4(¢t) —50—0.5¢(¢)).

Table 4.3: The interval bounds of uncertain pa-
rameters p in Example 4.4.

—e

Lower bounds of p; Upper bounds of p;

1 22.14 62.14
2 80.0 146.5
3 238 298

4 30.6 70.6
5 313.6 373.6
6 423 483

7 4.28 14.28
8 0.84 1.16

For the solution x(2,-) of (4.4.3) at t; = 2, our new OBM relaxations were generated
numerically by applying our MATLAB implementation, and the SBM relaxations were
generated analogously for comparison. Figures 4.4 and 4.5 present two cross-sectional
plots, comparing the new OBM relaxations, the SBM relaxations, and the original ODE
solution. Table 4.4 summarizes the resulting CPU times for evaluating state relaxations
(xV(2,p),x(2,p)) for (4.4.3) at one p, both using the SBM method and the OBM method.
Observe that in both Figures 4.4 and 4.5, our new OBM relaxations are at least as tight as
the SBM relaxations; this was shown to hold generally in Corollary 4.3.15. However,
the new OBM relaxations took longer to evaluate than the SBM relaxations as shown in
Table 4.4, largely because the proof-of-concept implementation of the OBM method de-

scribed in Section 4.4.1 naively solves convex optimization problems with NLP solvers, at
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each evaluation. We expect that this implementation may be improved with the techniques
outlined in Section 4.3.7.

Table 4.4: Average computational times for eval-
uating state relaxations (x°V(2,p),x*(2,p)) for
(4.4.3) in Example 4.4.

State relaxation method CPU time (seconds) *

OBM 327.0
SBM 2.6

* Each CPU time here was averaged over 10 runs.
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Figure 4.4: A cross-section at (p1,P2,P3,P4,P5,P6,P8) =

(42.14,116.5,269,50.6,343.6,450, 1) of the solution x5(2,-) (solid black) of the ODE
system (4.4.3) from Example 4.4, along with corresponding state relaxations obtained by
the new OBM method (dashed red) and by the SBM method [2] (dotted blue).

The following example shows that our new approach can employ convex envelopes for
f to yield state relaxations that are at least as tight as the SBM relaxations [2], as discussed
in Remark 4.3.12. For comparison, we also applied the OB-aTI method, the OB-aTV

method, and the PA method [1] as summarized in Section 4.3.7 to this example. In this
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Figure 4.5: A cross-section at (p1,P2,P3,P4,P5,P6,P7) =

(42.14,116.5,269,50.6,343.6,450,9.28) of the solution xs5(2,-) (solid black) of the
ODE system (4.4.3) from Example 4.4, along with corresponding state relaxations
obtained by the new OBM method (dashed red) and by the SBM method [2] (dotted blue).

case, the OB-aTI relaxations and OB-aTV relaxations ultimately reduce to the predefined
Harrison state bounds, and the PA method ultimately fails, since Harrison interval bounds

of the Hessian of the ODE solution x explode as ¢ increases.

Example 4.5. For P := [—1.2,—0.2] and I := [0,0.9], consider the following instance of

(2.3.1) with one state variable x and one parameter p € P:
(1) =x*—3x>—x+04, rel,

5 (4.4.4)

_ p
x(0) =r—5-

Define a set S := {(&,EL EV)eR3: —1.5 <&V <& <&V <0.5}. With (xF,xY) denot-
ing Harrison state bounds for (4.4.4), it is empirically verified that for eachr € I, —1.5 <

xb(t) <xY(t) <0.5. Consider the first-order derivative function f': & +— 4&3 — 6E — 1 of
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the right-hand side f : & — E* —3E% — & +0.4 of (4.4.4). Following the procedures pre-
sented in [5,51], we constructed functions f€V-¢"V, f¢e0V . § _+ R so that for any [EX, EV] C
[—1.5,0.5], the mappings f<V°™ (-, EL EV) and feeen (. EL EV) are respectively convex
and concave envelopes of f on [EL, EV]. For each (€,EL,EV) € S, f©Ve™ and f°™ are

thus evaluated as follows:
. ifEL V2
if 5 > — )

Uy _ L
fcv,enV(§’€L7§U) — f(ggg _gEF )

feem(g,Eh,8Y) = £(8),

(&—&M) +r(Eh),

 if gV < -2,

ferem(g, &k, 8Y) = (8),

fcc,enV(g’gL’éU) — f(éU) _f(gL)

gU_gL (é_éL)_‘_f(&L)v

. if L < —@ < &Y, with A = 80 39_2(€U)2 and £B = VI 39_2(5L)z,

(%@—&w(&), ifEA < &b,

fCV7env(§,<§L,éU) — f(é)7 if§A>§L andg §§A7
| /(EM)(E =M+ (8%, if 4 > &L and & > &4,
(%@—&w(&), if g8 > &,

fcc,enV(€7€L,€U) — f(é:) if&B <§U andé >§B7

| /(65)(E = EP)+ £(8P), if &% <&%and & < &P,
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Then, appropriate functions (f, f°) for use in (4.2.5) were constructed by setting

f(tp, &) = fM (Gt (1),x7 (1)) and f(r, p, &) = f (&0 (1), 7 (1)),

The functions x;" and x° in (2.4.1) were constructed as McCormick relaxations [5,35] of
the initial-value function xo(p) = p — %3 from (4.4.4), with the known convex and concave
envelopes for p — p> [52] employed. State relaxations for the solution x(0.9,-) of the
ODE (4.4.4) were generated numerically on P by the OB-ENV method (in which our new
approach has (f¢Ve", f¢¢¢") embedded), the SBM method [2], the new OB-aTI method,
and the new OB-aTV method in MATLAB. Note that since n, = 1, the OBM method here
reduces to the SBM method as discussed in Remark 4.2.5. In this case, the PA method [1]
failed to give valid state relaxations, since the required Harrison interval bounds of the Hes-
sian of x in (4.4.4) exploded as ¢ increased. Table 4.5 summarizes the average CPU times
for evaluating state relaxations (x°(0.9, p),x°¢(0.9, p)) for (4.4.4) at one p, using each of
these methods. Figure 4.6 presents the corresponding state relaxations, along with the orig-
inal ODE solution x(0.9,-). Observe that the OB-ENV relaxations are tighter than the the
SBM relaxations, which is guaranteed in general as discussed in Remark 4.3.12.The OB-
ENV relaxations also required significantly less computational time to evaluate than the
SBM relaxations, as shown in Table 4.5. One reason for this may be that the envelopes
(fevenv, feeev) could be entered in closed-form, while constructing McCormick relax-
ations of the original right-hand side of (4.4.4) required access to operator overloading. We
also note that both the OB-aTV relaxations and the OB-aT1 relaxations reduce to Harri-
son state bounds in this example. The reason is that for any p € P, our new aBB-based
ODE relaxation x¥ (7, p) coincided with x"(7) at some 7 < tf, and then x*V (¢, p) remained

identical with x"(¢) for ¢ > 7 due to the if-statements in (2.4.1). A similar situation arose
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with x¢¢ and xY.

Table 4.5: Average computational times for evalu-
ating state relaxations (x¢V(0.9, p),x°¢(0.9,p)) for
(4.4.4) in Example 4.5.

State relaxation method CPU time (seconds) *

OB-aTI 0.008
OB-aTV 0.010
OB-ENV 0.004
SBM 0.012
PA failed

* Each CPU time here was averaged over 10 runs.

In the following example, we describe how a dynamic optimization problem instance
was solved to global optimality in Julia v1.4.2 [95], both with the OB-ENV relaxations
and the SBM relaxations [2] for an embedded ODE system. This implementation only ad-
dresses the n, = 1 case, in which Remark 4.2.4 shows that (4.2.3) reduces to the simpler
(4.2.5). The results show that, to reach global optimality in this case, the new OB-ENV re-
laxations require significantly fewer branch-and-bound iterations than the SBM relaxations,
for this example. The same problem instance was also supplied to the state-of-the-art global

optimization solver BARON v19.12.7 [60], under the Auxiliary Variable Method [50].

Example 4.6. Consider the following instance of the global dynamic optimization problem

(1.1.1) with (4.4.4) embedded:
min  —3(x(0.9,p))* + (14 p)x(0.9, p) (4.4.5)
pe[-1.2,-0.2]

A proof-of-concept implementation for solving (4.4.5) to global optimality was developed
in Julia v1.4.2 [95]. EAGO v0.4.1 [119] was used to apply a branch-and-bound frame-

work [27], without any range reduction. As described in [27], a branch-and-bound method
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Figure 4.6: The solution x(0.9,-) (solid black) of the ODE (4.4.4) on P from Example
4.5, along with corresponding state relaxations obtained by the OB-ENV method (squared
green), the SBM method [2] (dashed red), and the OB-aTV method (dotted blue). (In this
example, the OB-aTI relaxations overlap with the OB-aTV relaxations, and the OB-aTV
convex relaxations overlap with the SBM convex relaxations).

computes upper and lower bounds of the globally optimal objective value and progres-
sively refines these bounds as the decision space is subdivided. EAGO is currently the
only open-source branch-and-bound framework that admits user-defined upper and lower
bounding procedures. In our implementation, on any subinterval P C [—1.2,—0.2], the
upper bounding procedure solves the problem (4.4.5) locally using IPOPT [120], and the

lower bounding procedure is as follows:

1. Compute state relaxations for (4.4.4) on P using the OB-ENV method or the SBM
method [2].

2. Based on these state relaxations, compute a convex relaxation of the mapping p
—3(x(0.9,p))® + (14 p)x(0.9, p) on P using the generalized McCormick relaxation
method [6].
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3. Minimize this convex relaxation on P, yielding a valid lower bound of globally opti-

mal objective values of (4.4.5).

In the upper and lower bounding procedures above, we employ EAGO to compute natural
interval extensions [48] and generalized McCormick relaxations [6] when necessary, we
employ the ODE solver BS3() from the package DifferentialEquations v6.15.0 [123] to
solve related ODE systems, and we employ JuMP v0.21.3 [121] as an interface with the
local NLP solver IPOPT v3.13.2 [120], which is used for all local minimization.

While IPOPT was developed to solve smooth NLPs, it was applied here even for the
nonsmooth lower bounding NLPs, as it is the only NLP solver implemented in JuMP. We
observed that, when attempting to minimize nonsmooth convex relaxations, IPOPT usu-
ally iterated from initial points to nonsmooth optimal points within several steps, and then
often remained at or near the optimal points without terminating, perhaps unsuccessfully
reducing the dual infeasibility due to the nonsmoothness. In this proof-of-concept imple-
mentation, we sidestepped this issue by permitting at most 10 iterations, and considering
the objective value at this point to be acceptable. All non-default IPOPT settings in our
implementation are listed in Table 4.6, and were adapted from [124] wherein Watson et al.
applied IPOPT to a nondifferentiable model of a gas liquefaction process. Any necessary
gradients were approximated by the centered finite difference method with a step length
of 107%. The absolute and relative convergence tolerances of EAGO’s branch-and-bound
were set to be 107* and 1073, respectively. Both absolute and relative tolerances of the
ODE solver BS3() were set to be 1073,

Using this implementation, we solved the problem (4.4.5) to numerical global opti-

mality both with the OB-ENV and SBM methods [2] used to relax (4.4.4). Table 4.7
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Table 4.6: Non-default IPOPT options specified
for nonsmooth convex minimization, for Exam-

ple 4.6.
IPOPT option Value
tol 1073
max_iter 10
mu_strategy adaptive

hessian_approximation limited-memory

summarizes the corresponding CPU times and numbers of iterations required for branch-
and-bound, averaged over ten runs. Observe that the new OB-ENV method required less
CPU time and about 30% fewer iterations than the SBM method [2] to obtain the globally

optimal solution.

Table 4.7: Global optimization results for the problem (4.4.5) in Example 4.6.

State relaxation method  Glob. optim. obj. * CPU time (seconds) * # iterations in B&B *

OB-ENV —0.06068 7.3 23
SBM —0.06068 9.7 33

* Each number here is the average of 10 runs. The abbreviation “glob. optim. obj.” stands for
“global optimal objective value”, and “B&B” stands for “branch-and-bound”.

For comparison, we also attempted to solve (4.4.5) with BARON v19.12.7 [60] in
GAMS v30.3.0, using a discretize-then-relax approach. We discretized the embedded
parametric ODE system (4.4.4) by the forward Euler method with predefined time steps
f0,t1,...,1x and an even step size Ar := 0_]?’ and included auxiliary variables &y, &y, ..., &

with bounds [—1.5,0.5] at each #; to represent the state x, according to [35]. Thus, the
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dynamic optimization problem (4.4.5) was approximated by the NLP:

Jgmin - —3E (14
st & =&+ ML —3EF | — & 1+04), Vje{l,..k},
0= p; (4.4.6)
—12<p<-02,

—1.5<&; <05, Vje{l,.. Kk}

This NLP was formulated in GAMS and solved with BARON both with k = 10 and k = 100,
and both with and without range reduction. Recall that our global dynamic optimiza-
tion implementation in Julia did not incorporate range reduction, for a fair comparison
between different ODE relaxation methods. The corresponding computational results for
these solves are summarized in Table 4.8. Observe that with range reduction, for both
k =10 and k = 100, BARON converged to a globally optimal solution for the approxima-
tion (4.4.6) of (4.4.5). Moreover, the globally optimal objective value —0.06090 of k = 100
is closer to the value —0.06068 obtained by our Julia implementation with a sequential ap-
proach, as was reported in Table 4.7. This is expected; the discretized formulation (4.4.6)
inevitably introduces discretization error, which typically becomes smaller as the step size
At shrinks. Without range reduction, BARON failed to solve the problem to global opti-
mality. For k = 10, BARON reported that the “problem is numerically sensitive”; we were
unable to determine why. BARON’s documentation suggests that in this case, the reported
“best possible” value is likely a correct globally optimal objective value, but this was not
true for this example. For k& = 100, the obtained upper and lower bounds for the globally

optimal objective value failed to converge within 500 seconds.
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4.5 Conclusions and future work

Based on Scott and Barton’s general ODE relaxation framework [2], we have proposed a
new approach for generating convex and concave relaxations for the solutions of noncon-
vex parametric ODE systems (2.3.1), for use in deterministic global dynamic optimization.
This approach furnishes new right-hand sides (u,0) in the Scott-Barton relaxation frame-
work (2.4.1) as optimal-value functions defined by (4.2.3). Prior to this work, the SBM
relaxations summarized in Section 2.4 were the only established way to actually gener-
ate valid relaxations within the framework (2.4.1). While the SBM relaxations require the
generalized McCormick relaxations of f, our new approach admits any relaxations of f
that satisfy Assumption 4.2.1, such as affine relaxations, BB relaxations [9], McCormick
relaxations, envelopes, and even the pointwise tightest among multiple relaxations. More-
over, Theorem 4.3.11 shows that tighter relaxations for xo and f in (2.3.1) translate into
tighter state relaxations for x; this in turn incentivizes seeking tighter relaxations for closed-
form functions such as f. Corollary 4.3.15 moreover shows that if McCormick relaxations
are applied in our approach, then our new state relaxations are at least as tight as the SBM
relaxations [2] that are based on generalized McCormick relaxations. These properties
are beneficial in the context of global dynamic optimization, since tighter relaxations lead
to fewer iterations required by branch-and-bound-based deterministic optimization algo-
rithms. Theorem 4.3.17 shows that our new ODE relaxations also inherit second-order
pointwise convergence from the relaxations for f, thus mitigating the cluster effect in an
overarching global dynamic optimization method. Proof-of-concept implementations of
these relaxations were developed in MATLAB, and a proof-of-concept global optimiza-
tion solver was formulated in Julia for the n, = 1 case, by combining our new relaxation

approach with EAGO, JuMP, and DifferentialEquations.
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We remark that our proof-of-concept implementation in MATLAB may not yet be
appropriate for general usage in deterministic global dynamic optimization. Firstly, this
implementation solves convex optimization problems at each right-hand side evaluation,
which invokes significant computational expense. Potential methods for improving compu-
tational efficiency, including warm-started optimization and KKT reformulation, were out-
lined in Section 4.3.7. Secondly, since nonsmooth relaxations (f°V, ) such as McCormick
relaxations may be embedded, and since MATLAB’s NLP solvers assume smoothness,
these solvers may perform poorly when solving the NLPs embedded in (4.2.3). Thus,
nonsmooth convex optimization solvers such as Nesterov’s level method [40] would be
preferred for handling nonsmooth (fV,f), but are not yet implemented here. Thirdly,
in order to handle the right-hand sides’ discontinuities in (x¥,x®) introduced by the if-
statements in (2.4.1), an event detection scheme in [2] would be preferred. In the current
implementation, such discontinuities are represented by if-statements in MATLAB, which
may introduce numerical difficulties during integration [125].

Future work will involve developing this implementation further to compute the pro-
posed ODE relaxations more efficiently. Developing a method for computing subgradients
for solutions of (2.4.1) would also be particularly useful, since subgradients are impor-
tant when obtaining lower bounds for the globally optimal objective value of (1.1.1) using

off-the-shelf convex optimization solvers.
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Chapter 5

Extending Optimization-Based Convex

Relaxations for Dynamic Process Models

This chapter, reproduced from the manuscript in preparation [93], describes two exten-
sions of the optimization-based ODE relaxations proposed in Chapter 4. When simulating
the optimization-based relaxation system, the MATLAB implementation in Chapter 4 nu-
merically solves convex optimization problems for each right-hand side evaluation, which
may require expensive computational efforts. In the first extension, it is shown that if the
employed relaxations of the original right-hand side functions have pre-known monotonic-
ity, then closed-form extrema can be identified directly, and thus the optimization-based
ODE relaxation system’s right-hand side can be efficiently evaluated in closed form. A nu-
merical example then suggests that by using this method, the resulting optimization-based
ODE relaxations may be significantly tighter, yet as efficient as the SBM relaxations. The
second extension is a new ODE relaxation approach based on the optimization-based relax-
ations, which constructs different convex optimization problems at the relaxation system’s

right-hand side. These convex optimization problems are constructed from relaxing the
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original right-hand side using the effective Auxiliary Variable Method (AVM) [8, 50]. It
is shown that the new AVM-based ODE relaxations are guaranteed to be at least as tight
as the optimization-based relaxations and in some cases significantly tighter, as illustrated
by several numerical examples based on a proof-of-concept implementation in Julia. The
right-hand side of the AVM-based system may be evaluated in closed form in certain cases

as well.

5.1 Introduction

This chapter considers the original ODE system (2.3.1) with a factorable right-hand side
function f. As in [6, Definition 8], a factorable function can be represented as a finite com-
position of predefined intrinsic functions. The Auxiliary Variable Method (AVM) [8, 50]
and the McCormick relaxation method [5] are two methods for automatically constructing
convex and concave relaxations for general factorable functions. The AVM was originally
proposed for relaxing nonconvex optimization problems to yield convex programs, by first
introducing auxiliary variables to capture any nonlinearities, and then bounding these vari-
ables by appropriate convex and concave relaxations. The AVM is employed in the state-
of-the-art deterministic global optimization solver BARON [28], and has been shown to be
empirically efficient for computing lower bounds in global optimization. As will be shown
in Definition 5.4.6 below, the AVM may also be extended to construct convex relaxations
for factorable functions as optimal-value functions (in the sense of e.g. [114]). The Mc-
Cormick relaxation method [5] and its variants [6,7,33,34] typically construct closed-form
convex relaxations by recursively applying relaxation rules for intrinsic functions, without
introducing auxiliary variables. It has been shown [35] that in certain cases, using Mc-

Cormick relaxations in global optimization may lead to significant computational savings
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over the AVM. On the other hand, the AVM may in general yield tighter relaxations than
the McCormick relaxations, by effectively handling repeated terms in a factorable func-
tion [7,45].

For an original ODE system (2.3.1) with a factorable f, this chapter proposes two exten-
sions of the optimization-based (OB) state relaxations proposed in Chapter 4, for efficiently
computing tight state relaxations for use in deterministic algorithms of global dynamic op-
timization. In the first extension, we show that if the employed relaxations of f in the OB
relaxation formulation have known monotonicity on the considered box domain, then an
optimal solution may be directly identified on the box. Thus, the right-hand side of the
OB relaxation system can be efficiently evaluated in closed form; no need to use numerical
NLP solvers. This method would be much more efficient than numerically solving convex
NLPs at each right-hand side evaluation as in [3]. In Example 5.1 below, convex envelopes
with known monotonicity of an original ODE right-hand side f are applied for constructing
the OB relaxations. The results show that the OB relaxations are tighter and also as effi-
cient as the SBM relaxations, which may ultimately improve computational efficiency in
an overarching global optimization method.

In the second extension, we propose a new relax-then-discretize state relaxation ap-
proach in the Scott—Barton framework, which constructs a third new class of right-hand
side functions after the SBM relaxations and OB relaxations. Similarly to the OB re-
laxation system’s right-hand side, these new right-hand side functions are optimal-value
functions with convex optimization problems embedded, but are constructed very differ-
ently. As mentioned above, the OB relaxation convex NLPs employ any relaxations of f as

objective functions and employ box constraints. On the other hand, the new convex NLPs
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here are motivated by handling a factorable f using the AVM [8, 50], and employ linear ob-
jective functions and nonlinear convex constraints. In the new formulation, f is factorized,
and new convex NLPs are constructed from bounding each factor with convex and concave
relaxations of the corresponding intrinsic function, and also employing the box constraints
in the OB relaxation formulation. Thus, this new formulation extends the efficient AVM
from computing lower bounds in global optimization to effectively handling factorable
ODE right-hand sides for constructing state relaxations. The new state relaxations (re-
ferred as AVM-based relaxations) have desirable tightness properties over the established
relaxations [2, 3] in the Scott—Barton framework. As a necessity for establishing these re-
sults, we prove rigorously that for any given factorable function, the AVM relaxations are
guaranteed to be at least as tight as the multivariate McCormick relaxations [7], and the
multivariate McCormick relaxations are guaranteed to be at least as tight as the classical
(univariate) McCormick relaxations [5]. These were briefly discussed in [7, Section 4], but
not yet rigorously proved. By leveraging these results, it is shown that the new AVM-based
state relaxations are at least as tight as both the SBM relaxations and the OB relaxations de-
rived from the McCormick relaxations of f (denoted as the optimization—based—McCormick
(OBM) relaxations). This is promising since McCormick relaxations are commonly used
when tight relaxations of f are not directly available, and the new AVM-based state relax-
ations are superior to these state relaxations constructed from McCormick relaxations of f.
Furthermore, numerical examples in this chapter suggest that if in practice f has repeated
factors as in Definition 5.4.26 or if convex envelopes of multivariate intrinsic functions
are available, then the AVM-based relaxations may be significantly tighter than the SBM
and OBM relaxations. We will also outline a proof-of-concept implementation of the new

AVM-based relaxations in Julia [95], which numerically solves convex NLPs at each time
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step. This implementation may require expensive computational effort, similarly to the im-
plementation for OB relaxations in [3]. We note that the techniques for efficiently solving
ODE right-hand side convex NLPs in [3, Section 5.7.1] may also be useful here. Besides, if
the factors of f are bounded by affine relaxations, then the right-hand side convex NLPs re-
duce to linear programming (LP) problems. Example 5.5 below shows that by solving LPs,
the AVM-based relaxations can be evaluated much more efficiently than solving convex
NLPs at the relaxation system’s right-hand side, yet without compromising much tightness
of the resulting relaxations. Lastly, the right-hand side of the AVM-based relaxation sys-
tem may also be efficiently evaluated in closed form by leveraging the monotonicity of the
employed relaxations for each factor, as will be seen in Example 5.5.

The remainder of this chapter is organized as follows. Section 5.2 summarizes the OB
relaxation formulation proposed in Chapter 4. Section 5.3 proposes the first contribution
of this chapter, which constructs closed-form OB relaxation formulation’s right-hand side
based on known monotonicity of relaxations of f. Section 5.4 then proposes the new AVM-
based state relaxation approach. Established relaxation methods for factorable functions are
firstly summarized, and the new state relaxation formulation is then presented, along with
a comparison to the OB relaxation formulation. Next, theoretical properties of the new
approach are established, including solutions’ uniqueness, valid bounding and convexity
properties, and desirable tightness properties. Lastly, a proof-of-concept implementation
in Julia is outlined, and several numerical examples are presented to illustrate the tightness

properties of the new AVM-based state relaxations.
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5.2 Background: optimization-based relaxation formula-
tion

This section summarizes the optimization-based state relaxation formulation proposed in
Chapter 4. Consider the Scott—Barton framework (2.4.1) in Section 2.4. The optimization-
based relaxation formulation furnishes Scott-Barton right-hand side functions (u,0) as
optimal-value functions (in the sense of e.g. [114]), constructed as follows. Define a func-

tion v : R™ x R™ x R™ — R" so that for all i € {1,...,n,} and e, &, E € R™,
vi(@, 6, 6%) == 3 (i + 1)&5 — (i — 1)&]. (5.2.1)

Intuitively, v;(et, &, ) is a linear combination of €' and £°°, weighted in a particular
way based on the value of &. Consider functions v, £ : I x P x R™ — R™ that satisfy the

following assumption.

Assumption 5.2.1 (from [3]). Suppose that functions v, ¢ : I x P x R"™ — R"x satisfy the

following conditions:
1. ¢V and f°¢ are continuous,

2. fV(¢,p,-) and f°°(z,p,-) are Lipschitz continuous on R", uniformly over (¢,p) €

I x P, and

3. for a.e. t € I, the functions f*V(¢,-,-) and f(z, -, -) are, respectively, convex and con-

cave relaxations of f(¢,-,-) in (2.3.1) on P x X (¢).

Then, for each i € {1,...,n,} and (t,p,&",E) € I x P x R™ x R™, [3] constructs the
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following (u;,0;):

ul.(l"p’§CV7§CC) = aefl_lilnllnx-ficv(t7p7v(a7€CV75CC)) SubjeCt to al = _17

(5.2.2)

and o;(t,p,E,EC) = aer[llellxl]nx < (t,p,v(et, & E)) subject to o = +1.

Thus, this state relaxation approach is to solve (2.4.1) with (u, 0) defined in (5.2.2). Observe
thatonaset S:= {(t,p,E",E) € Ix Px R x R™ : £ E c X(t) and £ < E°°Y, the

(ui,0;) in (5.2.2) reduce to

ui(tapa €0V> gCC)

min _ f7V(¢,p, &) subject to & = &FY,
gelg e Y

max ficc (ta p?&) subject to gi = éicc'
£el6™.6%

(5.2.3)
and 0;(t,p,E%,E)

As discussed in [3, Remark 1], for each z € I, fV(¢,-,-) and f(¢,-,-) above may be con-
structed as any Lipschitz continuous convex and concave relaxations of f(¢,-,-) on P X
X (). Lipschitz continuity on the full space may be enforced by passing to an appro-
priate Lipschitz extension [126]. Note that [3, Theorem 1] guarantees that any solution
(x°V(t,p),x°(¢,p)) of (2.4.1) with (5.2.2) embedded is always within the box X (). Defin-
ing fV(¢,p,-) and f(¢,p,-) outside X(z) is for the convenience of validating solutions’
theoretical properties.

This state relaxation approach can utilize established convex and concave relaxations
for fincluding McCormick relaxations [5,6], «BB relaxations [9,49], affine relaxations [4,
35,44], and convex envelopes. Moreover, tighter such relaxations will necessarily trans-
late into at least as tight state relaxations, as guaranteed in [3, Theorem 5]. Notably, [3,

Corollary 2] shows that using McCormick relaxations [5] of f in this approach necessarily
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yields state relaxations that are at least as tight as the SBM relaxations [2]. In this chap-
ter, we refer to the state relaxations of this approach with any (f¢¥,f°) embedded as the
optimization-based (OB) relaxations. Specifically, if (f*V,f°) are McCormick relaxations,
then the resulting state relaxations will be referred as the optimization-based-McCormick

(OBM) relaxations.

5.3 Using closed-form minima of convex envelopes

When computing the OB relaxations [3], the proof-of-concept-implementation proposed
in [3] numerically solves the optimization problems in (5.2.2) using NLP solvers (e.g.
fmincon in MATLAB or IPOPT [120]). As shown in [3, Example 4], even though the
OB relaxations can be tighter than the SBM relaxations [2], this naive implementation may
require more expensive computational effort, and thus ultimately lead to longer computa-
tional time for an overarching global optimization method. As the first contribution of this
chapter, Example 5.1 below shows that if the relaxations (f¢V,f*°) (including envelopes)
employed in (5.2.2) have pre-known monotonicity on the interval X, then (u,0) in (5.2.2)
can be efficiently evaluated in closed forms, by directly identifying optimal solutions of the
right-hand side optimization problems at corners of the box [—1,1]™. With this method,
the resulting OB relaxations may be equally efficiently evaluated, yet tighter than the SBM

relaxations.

Example 5.1. Let P :=[0.1,1.5], and [ := [0,2.5], and consider the following instance of
23.1)onl:

(5.3.1)
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Harrison’s state bounding method was applied to the ODEs above, and it was empirically
verified that the resulting state bounds x"(z),xY () > 0 for each ¢ € I. Define the right-hand
side functions of (5.3.1) as g: &+ /& /ET and h: & s Ere 1. Let E = {(&,&" &Y e
R6: 0 < £ < & < EYY. Following [54, Corollaries 1 and 2], we constructed functions
gEVeNY Ve - B s R 5o that for any £, Y € R2 for which 0 < E& < Y, gevenv(. gl gY)
and heven (- - EY) are respectively convex envelopes of g and /2 on [E", €Y], as follows.

For each (&,&" EY) € &, let

)

&-&
= and A, =
g M

2,1 2 = 20U el
& -&

let o = (E)-/EV)1/6 and then [54, Corollary 1] indicates that

ME) P+ E - Mg e, el <& < Mgk + aemin{El/a ),
g (8,61 8Y) 1= 4 620 (81 V0 4 da(eD) 0, if (4 + Aa/o)El < & < (Mot A)EY,

A (& —EY) 2 55‘4-12(51[})72\/@, if Ay max{&l, aél’} + &P <& <&,

let o/ = —In(&) /&)) and then [54, Corollary 2] indicates that

MELe S 4+ Qe "ot MED/ gD if EL < £ < A EL + Ay min{EL — o £V},
L U
B (G, 6 8T = 4 e s Ehh ey, i —ha <& <& +hd,

Rael =S RENMEL 4 e ST EY, i Ay max{El, 6 + o} + A8l < & < &
(5.3.2)

Next, appropriate functions (7", f5V) for use in (5.2.2) were constructed by setting

P(tp,8) =g (& xH(0),x7 (1)) and  f5V(1, p. &) = BV (L x" (1), x" (1)),
(5.3.3)

129



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

Instead of numerically solving the optimization problems for defining (u1,u,) in (5.2.2)
with (5.3.3) embedded, we now describe how these functions can be evaluated in closed
form in this case, and thus lead to a more efficient evaluation method. We observed
that for several ¢ € I, with slight abuse of notation, for each fixed & € [x[(¢),x{ (¢)], the
function g™ (&;,-,x"(¢),xY(t)) is monotonic increasing on [x5(¢),x5 (¢)], and for each
fixed & € [x5(¢),x7 (¢)], the function h¢V*™(-, &, x"(¢),xY(¢)) is monotonic decreasing on
[x5(¢),x5(#)]. However, due to the complexity of these functions, it is difficult to verify the
mentioned monotonicity rigorously for each ¢ € I; we directly assume such monotonicity
of (g™, h®V*™) for each ¢t € I. Thus, the optimization problems for defining u; and u,
in (5.2.2) always have optimal solutions &*"! := (—1,—1) and &™*2 := (1,—1), respec-
tively. Therefore, the functions (u;,u;) defined using (5.2.2) with (5.3.3) embedded have

the following closed forms:

ul(t7p7gcv7gcc> = {:V(t7p7v<a*’ul7gcv7gcc)>

and uz(l”p’gcvyé(:(:) = gv(l"p7v<a*’u27&CV7§CC)>'

(5.34)

Since there are no available concave envelopes for g and & that have the desirable
monotonicity as (g™, V") above, we constructed closed-form McCormick concave

cc,MC .

relaxations /M€ g : & — R as follows. It will be shown that these concave re-

laxations have the required monotonicity for identifying closed-form maxima. For each

(E,E" EV) € B, let

U L
e_él — e_gl

& —&r

o —EF+E)) o L
Pt = eramr 1=

and B = (& &) et
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and then,

& §
gMe(E, 88" izmin{\/é_ & BE - \/7 \/5— & B — \/72}

(ED)2 GUEREEEN (EF)2
and  hMC(E EX EY) i= min{e ST & 4+ EVBN — EVe e S & 4 EFBI — Ebe O Y,
(5.3.5)

Note that if £ = &L, then B" above is defined as ¢51". Since % €Y > 0, on any [E", €Y,

cc,MC

for each fixed &y, g is monotonic increasing with respect to &, and for each fixed &,

h¢¢MC is monotonic decreasing with respect to &. Thus, with the definition:

(0., 8) = g"M(E xM(1),x (1)) and  f3°(1, p, &) := HME(E x"(1),xV (1)),

the optimization problems for defining 01 and o0, in (5.2.2) always have optimal solutions
o0 :=(1,1) and @*?2 := (—1, 1), respectively. Therefore, we may construct closed-form

(01,07) defined in (5.2.2) as:

Ol(t’p’€CV7€CC) = fC(t7p7V<a*701,€CV7€CC))

and  0x(r,p, %, %) = f5°(t, p,v(a™?2, &%, E%)).

(5.3.6)

The initial-value functions in (5.3.1) were relaxed using the McCormick relaxation
method, and then the OB relaxation system were constructed by embedding closed-form
(u,0) in (5.3.4) and (5.3.6) into (2.4.1). We computed both the SBM relaxations and the
OB relaxations based on implementations in Julia v1.4.2 [95]. Harrison’s state bounds [69]
(x%,xY) were integrated simultaneously with the relaxation systems. The closed-form

functions (u,0) in (5.3.4) and (5.3.6) were hard-coded. Any necessary computations of

natural interval extension [48] and generalized McCormick relaxations [6] were performed
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via operator overloading using EAGO v0.4.1 [94]. All ODE systems were solved using the
ODE solver BS3() with an absolute tolerance of 10~* and a relative tolerance of 10~* from
the package DifferentialEquations v6.15.0 [123]. These computations were performed on a
Dell desktop computer with two 3.00GHz Intel Core 17-9700 CPUs and 16.0 GB of RAM.

Figure 5.1 depicts the resulting state relaxations, along with the original ODE solution
for comparison. Observe that the OB relaxations are mostly visually tighter than the SBM
relaxations [2]. Table 5.1 presents the CPU times for evaluating (xV(2.5, p;),x(2.5, pi))
at one mesh point p; by the considered two state relaxation methods. These per-mesh-
point CPU times were obtained by taking the total evaluation time for all mesh points p;
simultaneously, dividing this by the number of mesh points, and averaging this figure over
ten runs. Observe that both methods roughly took the same CPU time, since both relaxation
systems’ right-hand sides were evaluated in closed form. Thus, the OB relaxations obtained
by this method are tighter, but at the same time as efficient as the SBM relaxations, which

may ultimately improve efficiency for an overarching global optimization method.

Table 5.1: Average computational times for evalu-
ating state relaxations (xV(2.5, p),x%(2.5, p)) for
(5.3.1) in Example 5.1.

State relaxation method CPU time (seconds)*

SBM relaxations 0.06
OB relaxations 0.05

* Each CPU time here was averaged over 10
runs, with a sample standard deviation that is much
smaller than the reported average.

For this example, if concave envelopes with desirable monotonicity for g and / are
available, then it is reasonable to expect that using these to construct closed-form (o1,0;)

defined in (5.2.2) would yield further tighter OB relaxations than in Figure 5.1, yet as
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02 04 06 08 10 12 14 02 04 06 08 10 12 14

p p

Figure 5.1: The solution x; (2.5, p) (left, solid black) and x,(2.5, p) (right, solid black) of
the parametric ODEs (5.3.1) from Example 5.1, plotted against p along with corresponding
SBM relaxations [2] (dotted blue) and the OB relaxations (dashed red) obtained by solving
(2.4.1) with closed-form (5.3.4) and (5.3.6) embedded. (In the left subfigure, the concave
SBM relaxation overlaps with the new concave relaxation for x;.)

efficient as the SBM relaxations. This efficient evaluation method for OB relaxations is
applicable to an original parametric ODE system with multi-parameters, more than two
state variables, and explicit parameter-dependence at right-hand side, as long as (f,f)

have pre-known monotonicity on X analogous to this example.

5.4 New state relaxation approach

As the second contribution of this chapter, we now present a new state relaxation approach
for the original parametric ODE system (2.3.1). This approach is extended from the OB
relaxation approach [3], is applicable to a factorable original right-hand side function f, and
yields state relaxations that are at least as tight as the OBM relaxations (OB relaxations de-

rived from McCormick relaxations of f). This section is organized as follows. Section 5.4.1
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gives a definition of factorable functions considered in this chapter, and summarizes several
existing relaxation approaches for factorable functions. Section 5.4.2 presents the new re-
laxation formulation, and Section 5.4.3 describes how this formulation compares to the OB
relaxation formulation. Section 5.4.4 then validates theoretical properties of the new for-
mulation, including solutions’ uniqueness, validity as state relaxations, and tightness. Sec-
tion 5.4.5 outlines a proof-of-concept implementation in Julia, and Section 5.4.6 presents
several numerical examples to illustrate the desirable tightness properties of the new state

relaxations.

5.4.1 Background: convex relaxations of factorable functions

In this subsection, we give a definition of factorable functions employed in this chapter,
and introduce three established convex relaxation methods for factorable functions: the
McCormick relaxation method [5, 6], a formalized Tsoukalas—Mitsos—McCormick relax-
ation method based on multivariate McCormick relaxations [6, 7], and the Auxiliary Vari-
able Method [8, 50]. These methods are useful for developing and validating a new ODE

relaxation approach later.

Definition 5.4.1. Given V C R”, a function w : V — R is called a multivariate intrinsic

function if,

1. functions wh, wY : IV — R are available so that for each V € IV and each v € V,

wh(V) <w(v) <wY(V),

2. functions w,w : V x IV — R are available so that for each V € IV, the mappings
w(-,V) and we(-,V) are respectively convex and concave relaxations of w on V,

and
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3. the following holds:

) <w (v, V) <wY(v, V), WWelv,WweV. (5.4.1)

<t

wh (V) <w (v,

For any given V € IV, we are only interested in evaluating w¥ (v, V) and w(v, V) for

each v € V. Defining (w¥,w) on V x IV is for convenience of notation. For any relax-
VB yceB) that satisfy

ations (wA, wA) that do not satisfy (5.4.1), new relaxations (w

(5.4.1) can be constructed by setting for any V € IV and any v € V/,

wVB(v, V) := max(wh(V), w2 (v, V),

and  wB(v,V) := min(w(V),wA (v, V)).

Now, a factorable function considered in this chapter is defined below.

Definition 5.4.2. Given Y C R", a function 4 : Y — R is factorable if it can be expressed
in terms of a finite number of factors vy, ...,v,, such that for any giveny € Y,

1. for each j € {1,...,m}, let V; C R/™!, there exists a multivariate intrinsic function

wj:Y xV;— Rsuchthatv; :=wj(y,vi.j—1),

2. h(y) =vp.
The following assumption is made for any factorable functions considered in this chap-

ter, and is standard in interval analysis [48].
Assumption 5.4.3. Given Y C R", consider a factorable function 4 : Y — R with related

quantities and functions in Definitions 5.4.2 and 5.4.1. Let V| be a set of null vector, and
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for each ¥ € 1V, for each j € {2,...,m}, recursively define
Vj = [W%(?,Vl),wllj(?,f/l)] X ... X [WL (7,Vj,1),wU (?,‘71;1)],

and assume that V; C V.

Definition 5.4.2 above generalizes the conventional definition of factorable functions
in [5, 6, 35]. [6, Definition 8] considers a factorable function as a finite composition of
binary addition, binary multiplication, and known univariate intrinsic functions. Defini-
tion 5.4.2 considers a factorable function as a finite composition of known multivariate
intrinsic functions. These multivariate intrinsic functions may include, but are not limited
to, these operations in [6, Definition 8]. In fact, nearly every function that can be rep-
resented finitely on a computer is factorable in the sense of [6, Definition 8]. However,
Definition 5.4.2 has the advantage that it allows using known tight convex relaxations of
multivariate intrinsic functions for constructing convex relaxations for a factorable func-

tion, as illustrated in the following example.

Example 5.2 (adapted from [53]). Consider a function ¢ : [0,1] x [0.1,2] x [0,1] — R:

¢ (y1,52,¥3) = (V¥1 —y2) exp(—y3) +y1y2.

The conventional definition [6, Definition 8] of a factorable function may factorize ¢ as

follows: for eachy,

VI =4/Y1, V2= —Y2, V3 =V -+,
v4=—y3, vs=exp(vs), Ve =V3Vs,

vi=y1y2, vs=ve+vs, @(y)=rs.
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Observe that the factor representation above involves the following nonlinear univariate

intrinsic functions:

wiiyr— /Y1 and  ws:vs = exp(va).

With known convex and concave relaxations of the nonlinear (w;,ws) above, the Mc-
Cormick relaxation method [5, 6] computes convex relaxations for ¢ by recursively apply-
ing relaxation rules for univariate composition, binary addition, and binary multiplication.
On the other hand, Definition 5.4.2 in this chapter may factorize ¢ using another different

factor representation: for eachy,

vi = (V1 —y2)exp(—y3), va=y1y2, v3z=vi+va, O(y)=vs. (5.4.2)

Observe that this factor representation involves the following nonlinear multivariate intrin-

sic functions:

w1 (v1,52,33) = (Vy1 —y2)exp(—y3) and  wy: (y1,y2) — yiye. (5.4.3)

Convex and concave envelopes of wy are available in [53, Example 3], and w; may be re-
laxed using the well-known McCormick envelope [S]. However, the standard McCormick
relaxation method as in [6, Definition 9] cannot utilize the tight relaxations of such multi-
variate (wy,w;) for computing ¢’s relaxations. On the other hand, in concert with Defini-
tion 5.4.2, the following Tsoukalas—Mitsos—McCormick relaxation method [6,7] can relax
¢ with the factor representation (5.4.2). This method can utilize any convex and con-
cave relaxations, even convex envelopes, for known multivariate intrinsic functions such
as (wy,wy) in (5.4.3), and recursively compose these relaxations via the multivariate Mc-

Cormick relaxation rule [7, Theorem 2], as defined below.
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Definition 5.4.4 (adapted from [6] and [7]). Given Y C R", consider a factorable function
h:Y — R and the related quantities and functions in Definitions 5.4.2 and 5.4.1. Denote
the Tsoukalas—Mitsos—McCormick (TMC) relaxations of h as functions hV'TMC_pee, TMC .
Y xIY — R, where foreach ¥ € IY and y € ¥, h"T™C(y ¥) and h°™C(y, V) are defined

by the following procedure:
1. Initialize v¢¥ and v as null vectors.
2. Set j:=1.
3. Compute the interval Vj defined in Assumption 5.4.3.

4. Compute v as

v‘}v = min{wjv(y,vl;j,l,Y,Vj) . V(lz\:/jfl S V1;J;1 S V(lz?jfl} (5.4.4)

and compute v}° as

V&= max{wS (y, vio 1, ¥, V) vy v SV ) (5.4.5)

5. If j =m, go to 6. Otherwise, assign j := j+ 1 and go to 3.

6. Set hV"TMC(y) .= veY and heeTMC (y) .= Vin -

Then, £ ™C(. ¥) and h°T™C(. ¥) are guaranteed to be respectively convex and concave

relaxations for zon Y.

The formulas (5.4.4) and (5.4.5) are derived from the multivariate McCormick relax-

ations [7, Theorem 2]. By applying this to 4 represented by a finite composition of factors,

138



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

hCV,TMC hcc,TMC

and are indeed valid convex and concave relaxations of 4. The TMC
relaxation method was conceptually discussed in [7], and there is thus far no developed
implementation for automatically executing this procedure.

For convenience, we reframe the standard McCormick relaxation method as in [6, Def-
inition 9] so that it is applicable to a factorable function 4 as in Definition 5.4.2, with
factorable multivariate intrinsic functions w; in the sense of [6, Definition 8]. Note that

such 4 is also overall factorable in the sense of [6, Definition 8]. For such 4, the following

definition of McCormick relaxations is equivalent to [6, Definition 9].

Definition 5.4.5 (adapted from [6]). Given Y C R", consider a factorable functionz:Y — R
and the related quantities and functions in Definitions 5.4.2 and 5.4.1. Suppose that each
multivariate intrinsic function w; is factorable in the sense of [6, Definition 8]. Denote the
McCormick (MC) relaxations of h as functions h°"MC peeMC .y « Ty — R, where for each

Yelyandy € ¥, hMC(y,¥) and h“MC(y,¥) are defined by the following procedure:
1. Initialize v*¥ and v°° as null vectors.
2. Set j:=1.
3. Compute the interval V; defined in Assumption 5.4.3.

4. Denote the generalized McCormick (gMC) relaxations as in [6, Definition 15] of w;

MC MC i i _
as wi T WITETE TR X R X R X R/ X TY < TV; — R. Compute 7 and v°

as
—v . cv,gMC —Cv <cC vV
Vi =W (Y:Yavl:j—lavl:jfl’Y’Vj)a
(5.4.6)
—cc .__ . ccgMC —Cv <cc vV
Vi = Ww; (Y7Yavlzj—lavl:j71’vaj)-

5. If j =m, go to 6. Otherwise, assign j := j+ 1 and go to 3.
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6. Set heV-MC (y) = \7;;1" and hceMC (Y) — ‘7210

Then, #/*VMC(.¥) and h°“MC (. ¥) are guaranteed to be respectively convex and concave

relaxations for zon Y.

It will be shown in Theorem 5.4.18 that the TMC relaxations of a factorable function
in Definition 5.4.4 are at least as tight as the MC relaxations in Definition 5.4.5.

The Auxiliary Variable Method [8, 50] was originally proposed for relaxing nonconvex
optimization problems to yield convex programs, by first introducing auxiliary variables
to capture any nonconvexities, and then bounding these variables by appropriate convex
and concave relaxations. This method is used in the deterministic global optimization
solver BARON [60] to compute the required lower bounds of the globally optimal objec-
tive values. In this chapter, as a straightforward extension, we define the Auxiliary Variable
Method for computing convex relaxations of a factorable function in the sense of Defini-

tion 5.4.2.

Definition 5.4.6 (adapted from [50]). Given Y C R", consider a factorable function #:Y —

R with related quantities and functions in Definitions 5.4.2 and 5.4.1. Consider the sets
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Vi,...,V,, defined in Assumption 5.4.3. The Auxiliary Variable Method constructs optimal-

value functions hCWAVM,hCC’AVM :Y xIY — Rsothat foreachY €Y andy € Y,

AVAYM(y 7)) :=min v,
s.t. Vje{l,..,m},
W(j:'v(yuvlijfluyyvj) S Vj S W;C(y,VLj,l,Y,Vj),

(5.4.7)
hCC’AVM(y,Y) ‘=max Vv

s.t. Vje{l,..m},

WS (¥ iz, 7, 07) < v S wE (v, 7,9)).

Then, the mappings A°AYM(. ) and h°“AYM(. ¥) are relatively convex and concave re-
laxations of 4 on ¥. These mappings will be referred as the AVM relaxations for h on

Y.

Observe that the optimization problems in (5.4.7) are convex. It will be shown in The-
orem 5.4.20 that for any given factorable function and any bounds and relaxations of the
factors, the AVM relaxations defined above are at least as tight as the TMC relaxations in

Definition 5.4.4.

5.4.2 New state relaxation formulation

Consider the original parametric ODE system (2.3.1) in Section 2.3, and further assume that
the right-hand side function f is factorable as in Definition 5.4.2. This new state relaxation
formulation is based on the Scott—Barton ODE relaxation framework (2.4.1), and employs
a novel construction of the right-hand side functions (u,0) as follows.

For each i € {1,...,ny}, let m(i) denote the number of factors vy, ..., v,,(; for f;, and let
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Ji :=={1,...,m(i)}. Thus, based on Definitions 5.4.1 and 5.4.2 and Assumption 5.4.3, for

eachie {1,...,n,} and j € J;,

L. letV;; C R/~!, and define multivariate intrinsic functions wiiiIXPxDxV;;—R

sothat vj :=w;j;(z,p,&,vi.j_1) foreach (t,p,&,vi.j—1) € x PxD XV,

2. define functions w?l,wU I xIP x1ID x 1V;; — R so that for each (z, t,P D,Vj -

I xIPxID x1V;,,
W]j;i(tap7D7Vj,i)Swj7i(t7p7éavl:j—l)SW}'J,i(tapaDavj ) (p g Vij— 1)€P DX Jsis

3. define functions wi%, w35 1 I X P x D x V;; x IP x ID x 1V;; — R so that for each

J, iz
(t,P,D,V;;) € I xIPx 1D x 1V} ;, the mappings Wi (t,+,+,~,P,D,V;;) and w‘}f’i(t, o P.DV )
are respectively convex and concave relaxations of w;;(z,-,-,-) on PxDx Vj,i’ and

for each (pa€7vlzj71) e PxDx Vjﬂ"

3

@1

Vi)

SM}(]:C( P é Vij- l’P7D"7ji) Swz{i(tvpvbavj,i)v

whi(t,P,D,V; ;) < w(1,p, &, v1:j-1, P,
(5.4.8)

4. for each t € I, let V; ;(t) be a set of null vector, and for each j € {2,...,m(i)}, recur-
sively define V; ;(1):

ij(l‘) = [Wlf,i(IJPvX(t)7V1,i(l))7wllj,i(l7P7X(t)7‘717i(t))] X

x Wy (6 PX (), Vie1i(0), Wiy (6, PX(2), Vie1i(0))],

(5.4.9)

and assume that V; ;(t) € IV, ;.
Let S:={(t,p,EV,EF) € Ix Px R™ x R : £V E°° € X(¢) and £ < E°°}, and define
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functions @1,6 : § — R™ so that for each i € {1,...,n,} and (¢,p,E",E) € S,

i(t,p, &%, &%) ::r?ig Vin(i)

I

st &=¢&7,
£ <& <E%,
vjed,
—v; < —wS5(t,p, &, v1:j-1, P.X (1), V;i(t)), (5.4.10a)
vi <wSS(t,0,8,vi:j-1, P X (1), V(1) (5.4.10b)

O_i(t7p7§CV,€CC) = MaxX o V)
Ev

’

st. & =&,
£V <&<8&",
Vi€,
—v; < w10, 8, v1,j-1, PX (1), V(1))

Vi < W?cl-(t,p,g,Vl;j_l,RX(l),VjJ(f)).

Observe that the right-hand sides’ optimization problems above are convex.

Remark 5.4.7. The functions (w$", w$®) can be any convex and concave relaxations for w;,
including McCormick relaxations [5, 6], «BB relaxations [9,49], affine relaxations [4, 35,

44], and convex envelopes.

Remark 5.4.8. Foranyi € {1,...,n,}, j € J;, and t € [, if the multivariate intrinsic function
wji(t,-,,-)is affine on P x X (t) x V; ;(t), then we can choose the relaxations wSi(t, -, PX(1), Viit))
and wjffi(t,',-,-7P,X(t),\7j’,-(t)) to be identical to w;;(¢,-,-,-). Thus, for these (i, j,t), the

constraints (5.4.10a) and (5.4.10b) are reduced to a linear equality constraintv; =w; ;(¢,p, E. vy i=1)-
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Remark 5.4.9. If all (w}",wS}) are chosen to be affine relaxations, then the convex opti-

mization problems in (5.4.10) reduce to linear optimization problems.

We make the following blanket assumptions concerning the uniform Lipschitz continu-

ity of the constructed (1,0) in (5.4.10).

Assumption 5.4.10. There exists a scalar / > 0 so that for each ¢t € I, p € P, and

gcv,A)gcc,A)gcv,B’gcc,B GX(Z‘) for which gcv,A < gcc.,A and gcv,B < gcc,B’

_ A A _ B B — A A — B B
[a(e,p, &, 657 —u(r,p, E°, %7 ||l + [|0(1,p, EV 7,65 ) —0(1,p, &7, 87 ||

A B A B
<116 — &P+ £ — £ ).

It will be shown in Section 5.4.4 that under stronger assumptions on the functions for

defining (@,0) in (5.4.10), (@,0) are guaranteed to satisfy the assumption above. Now,

consider functions u,0 : I x P x R™ x R"™ — R" that satisfy the following assumption.

Assumption 5.4.11. Consider functions u,0: I x P x R™ x R"™ — R" and (@1, 0) defined

in (5.4.10), for which suppose that

1. for each (¢,p, €Y, E%) € S,

u(t7p,§cv,gcc) = l_l(l”p?éCV?gcc) and O(Z',p,gCV, écc) = 6<t7p7gcv7écc)7

2. u(t,p,-,-) and o(¢,p, -, -) are Lipschitz continuous on R™* x R uniformly over (¢,p) €

I xP.

Since Assumption 5.4.10 holds for (@,0), [126, Theorem 5] implies that the (u,0) in
the assumption above exist and may be constructed as appropriate Lipschitz extensions of

(@1,0) from S to I x P x R™ x R"™.
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Then, our new approach for constructing state relaxations (x¥,x°°) for (2.3.1) is to
solve the auxiliary ODE system (2.4.1) with (u,0) satisfying Assumption 5.4.11. Unfortu-
nately, we encounter difficulties for showing certain continuity and measurability of these
(u,0). Such properties can help validate solutions’ existence of the new ODE relaxation

system (c.f. [102]). We instead make the following assumption about solutions’ existence.

Assumption 5.4.12. Assume that there exists at least one solution for the ODE system (2.4.1)

with (u,0) satisfying Assumption 5.4.11.

It will be shown in Section 5.4.4 that the new ODE relaxation system has right-uniqueness,

whose unique solution is guaranteed to be valid state relaxations for (2.3.1).

Remark 5.4.13. It will be shown in Section 5.4.4 that any solution (x°V,x°°) of our new
ODE relaxation system satisfies that for all (¢,p) € I x P, x“(t) < x*V(z,p) < x°°(t,p) <
xY(t). Thus, the solutions do not visit the region outside of S. Therefore, we may practi-
cally construct functions (@, 0) in (5.4.10), and then solve (2.4.1) with (u,0) < (@,0). This
would yield identical state relaxations. The Lipschitz extensions (u,0) have the advantage
that they are defined on an open set R™ x R™ of state variables, which is convenient for
validating theoretical properties of the new relaxation approach. As discussed in [3, 72],
using (u,0) for numerically solving the ODEs may be preferable over using (@, 0), since
ODE solvers typically require the right-hand side functions defined on an open set. How-
ever, from the authors’ numerical experiments, using (@1,0) did not cause numerical issues

for ODE solvers with explicit integration methods.

5.4.3 Comparison to optimization-based relaxations

The new ODE relaxation system (2.4.1) with (u,0) satisfying Assumption 5.4.11 is moti-

vated by embedding the AVM relaxations as in Definition 5.4.6 of the original right-hand
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side f; into the optimization-based ODE relaxation formulation (5.2.3) and (2.4.1). For
illustrating this, consider the quantities and functions in (5.4.10), and apply the Auxil-
iary Variable Method as in Definition 5.4.6 to the factorable function f;(¢,-,-) for each
i€{l,...,n,} and t € I. Thus, define the AVM relaxations fV-AYM fc¢.AVM - 15 p s D x

IP x ID — R™ so that for each i € {1,...,n,}, each p € P, and each § € X (¢),

£ 0,8 PX (D) r=min v
s.t. VjelJ,
j < —w§i(t,p, &, Vi1, PX(1),Vi(t)),
v <wSS(,p,8,v1j-1,PX (1), V(1))

(5.4.11)
FM @ p EPX(1)) = max vy

i
s.t. Vjeld,
j < w5t P, &, vio1, PX (1), V(0)),

Vj S Wj‘f:i(t7p7g7V1:j—17P7X(t)7Vj,i(t))‘

According to Definition 5.4.6, for each i € {1,...,n,} and eachr € I, ;" AWM L PX(1))
and fl-CC’AVM( .-+, P,X(t)) are respectively convex and concave relaxations of fi(z,-,-) on
P x X (t). Moreover, observe that for each (t,p, &, E) € S, it;(t,p, &, E) and 6,(¢, p, E7, E°)

in (5.4.10) reduce to

ai(t,p, &, E%) FEAM (G p E PX (1)) subject to & = EF,

(,p éCV éCC)

e (5.4.12)
xR B X)) subject 0 &= £
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which resemble (5.2.3) with

£, &) = M1, p, €, PX (1) and f5(1,p, &) == M (2, p, &, P X (1))

Thus, throughout the remainder of this chapter, the new ODE relaxation method that solves
(2.4.1) with (u,0) satisfying Assumption 5.4.11 will be referred as the AVM-based ODE
relaxation method.

The new AVM-based relaxation method is similar to the OB relaxation method [3] in
the sense that both solve convex optimization problems at relaxation systems’ right-hand

side. However, they are different in the following respects:

1. Though the new (i;,5;) resemble (5.4.12), these (ii;,0;) can be evaluated by solving
the convex optimization problems in (5.4.10), instead of solving the nested optimiza-
tion problems in (5.4.12) with (5.4.11) embedded. The reformulation (5.4.12) is

useful for validating theoretical properties of the new state relaxation approach.

2. The OB relaxation approach does not assume a factorable original right-hand side
fi in general, while the AVM-based approach assumes a factorable f;. Nevertheless,

almost all functions that can be presented in a scientific calculator are factorable [2,

6].

3. If the relaxations (f,f) used in (5.2.2) are nonsmooth (e.g. McCormick relax-
ations [5]), then the right-hand side NLPs in (5.2.2) are nonsmooth and in prin-
ciple require dedicated nonsmooth convex optimization solvers such as Nesterov’s

Level Method [40] or general nonsmooth solvers such as bundle methods [42,43].
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cv
Jsr

On the other hand, if the relaxations (W%, wS}) for use in (5.4.10) are piecewise-
differentiable in the sense of Scholtes [127], then such relaxations can be easily de-
composed into a set of smooth constraints in (5.4.10). For example, the McCormick
envelope [5] for bilinear terms can be represented by two lower bounding constraints
and two upper bounding constraints [8]. Therefore, the resulting right-hand side
NLPs in (5.4.10) are smooth and can be solved by off-the-shelf smooth NLP solvers

such as IPOPT [120].

4. It will be shown in Theorem 5.4.23 that the new AVM-based relaxations are guar-
anteed to be at least as tight as the OBM relaxations (using McCormick relaxations
of f). Note that when the relaxations (f¢,f¢) are not directly available, McCormick
relaxation method is a primary relaxation method for such factorable f. Moreover,
numerical examples in Section 5.4.6 will show that the new relaxation approach can
effectively handle repeated factors as in Definition 5.4.26 of f and use convex en-
velopes (w‘;"l, chl) in (5.4.10), to yield significantly tighter relaxations than the SBM

and OBM relaxations.

Lastly, both relaxation methods may require expensive computational effort, if the
NLPs at relaxation systems’ right-hand sides are naively solved using numerical NLP
solvers. Section 5.3 has proposed to construct closed-form OB relaxation system’s right-
hand side, and several methods for improving computational efficiency of the OB re-
laxations are summarized in [3, Section 5.7.1]. These methods are also useful for ef-
ficiently evaluating the AVM-based ODE relaxations. For example, the right-hand side
NLPs in (5.4.10) can be reformulated using Karush-Kuhn-Tucker complementarity con-
ditions. Thus, the AVM-based ODE relaxation system is reformulated as an equivalent

complementarity system (NCS), which could be solved by efficient NCS solvers such as
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SICONOS [117]. In addition, the optimal solutions in (5.4.10) at a time ¢ may be nearly op-
timal in the near future, and thus warm-starting an NLP solver may be particularly useful.
As will be seen in Example 5.5, the AVM-based relaxation system’s right-hand side may

also be expressed in closed form, by directly identifying an optimal solution of (5.4.10).

(Y
v

If all employed (w chl) are affine relaxations, i.e. (5.4.10) solves linear optimization
problems, then solving these LPs is in principle much more efficient than solving convex
NLPs during ODE solving. Moreover, in this setting, the feasible-basis tracking approach
for solving ODEs with LP embedded described in [72, Section 5.3] may also be useful.
Overall, we expect that the AVM-based relaxation method would be in general at most as
efficient as the OB relaxation method, since the former explores detailed factor structure
of f and employs more constraints in the right-hand side convex NLPs, to tighten ODE

relaxations.

5.4.4 Properties of new state relaxations

This subsection establishes the following useful properties of the new AVM-based ODE

relaxation system:

¢ Under mild additional assumptions on (XL,XU,wki,w}{i,w%,wjfi), (@,0) in (5.4.10)

are guaranteed to exhibit the Lipschitz properties in Assumption 5.4.10, which in

turn guarantees that the functions (u,0) used in (2.4.1) satisfy Assumption 5.4.11.
* The AVM-based ODE relaxation system has right-uniqueness.

* The unique solution of the AVM-based ODE relaxation system is guaranteed to be

valid state relaxations for (2.3.1).
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* For a given factorable function in Definition 5.4.2, the TMC relaxations in Defini-
tion 5.4.4 are at least as tight as the MC relaxations in Definition 5.4.5, and the AVM
relaxations in Definition 5.4.6 are at least as tight as the TMC relaxations. For a
given original parametric ODE system (2.3.1), the new AVM-based state relaxations
are at least as tight as both the SBM and OBM relaxations [3] in the Scott—Barton

framework.

Lipschitz continuity

Due to theoretical difficulties, we have to generally assume the Lipschitz continuity of
(@,0) in (5.4.10), as in Assumption 5.4.10. Such property is crucial for validating the-
oretical properties of solutions of the AVM-based ODE relaxation system later. In this
subsection, we show that if some mild additional assumptions are applied to the functions

for defining (@,0), (@1,0) are guaranteed to satisfy Assumption 5.4.10.

Assumption 5.4.14. Consider the functions and quantities for defining (@,0) in (5.4.10).

Further assume that the following conditions hold:

1. The state bounds (x",xY) for (2.3.1) are Lipschitz continuous.

cc L U
Wi Wj

7.i) are Lips-

2. For each i € {1,...,n,} and each j € J;, the functions (WE,VI'»WJ',,"
chitz continuous, and for each (¢, 2,D,V; ;) € I X IP xID x IV; ; and each (p, &, vy.;_1) €

PXDXV]'J',
W%(t,p,&,vlzj_l,p,D,VjJ') < wj-?i(t,p,évl;j_]7I3,E,\7j7,-). (5.4.13)

The assumption above can often be satisfied in practice. For example, Harrison’s state

bounds [69] (x,xV) are Lipschitz continuous. The relaxations (w3, wS5) constructed by
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McCormick relaxations [5, 6], «BB relaxations [9,49], and certain convex envelopes (e.g.

envelopes developed in [52—-54]) are Lipschitz continuous. The bounds (w;i,wgi) con-

structed by natural interval extension [48] are Lipschitz continuous. For any (wj.Vl.’A, wj.cl-’A)

that only satisfy a weak inequality as in (5.4.8), new (w(;.vi’B, w(]:-Cl-’B) that satisfy (5.4.13) can

. . A A

be constructed by adding a small perturbation € > 0 to (wjvl ,wj.ci’ ), as shown below:
cv,B, _cvA cc,B, ccA
j7i -« j7l _8 and Wj7l «— W_]7l +£.

Proposition 5.4.15. Under Assumption 5.4.14, the functions (11, 0) defined in (5.4.10) sat-

isfy Assumption 5.4.10.

Proof. Consider any fixed i € {1,...,n,}. Under Assumption 5.4.14, for each j € J;, the
mappings w3 (-, - P.X(),Vji(-)) and w5 - P,X(+),V;(-)) are Lipschitz continu-
ous. Moreover, since (5.4.13) holds, for each (z,p, écv, écc) € §, the domains of the opti-
mization problems in (5.4.10) are compact convex sets with interior points, and thus satisfy
the Slater’s Conditions (c.f. [128, Theorem 1 (i1)]). Thus, [128, Theorem 1] implies that
(i1;,6;) is locally Lipschitz continuous at each (¢,p,&", &) € S. Note that [128, Theo-
rem 1] requires the mappings wS%(2,p, -, -, P, X (1), V;i(t)) and wSS(t,p, -, L PX(1),V;i(t)) to
be respectively convex and concave on R™ x R/~ !for each ¢ € I; this can be easily satis-
fied by applying convex extensions (c.f. [129, Proposition 3.1.4]) to these mappings from
X(t) x V;(t) to R™ x R/~!. Furthermore, since S is compact, it follows that (iz;,5;) are
Lipschitz continuous on S. Then, it is readily verified that this guarantees (,0) to satisfy

Assumption 5.4.10. O
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Right-uniqueness

The following theorem establishes the right-uniqueness of solutions of the new AVM-based

ODE relaxation system.

Theorem 5.4.16. Suppose that Assumption 5.4.10 holds. For each p € P, the ODE sys-

tem (2.4.1) with (u,0) satisfying Assumption 5.4.11 has right-uniqueness on /.

Proof. It is readily verified that under Assumption 5.4.11, for each p € P, the overall right-
hand side functions of (2.4.1) satisfy the sufficient condition for right-uniqueness estab-

lished in [102, §10, Theorem 1]. OJ

Valid state relaxations

The following theorem shows that our new AVM-based ODE relaxation system yields valid

state relaxations for the original ODE system (2.3.1).

Theorem 5.4.17. Suppose that Assumption 5.4.10 holds. Let (xV,x°°) be a solution of

(2.4.1) with (u,0) satisfying Assumption 5.4.11. Then, for each (z,p) € I X P,
x"(t) <xV(t,p) and x*(1,p) <x"(1), (5.4.14)

and (x°V,x°¢) are valid state relaxations for (2.3.1) as in Definition 2.4.1.

Proof. [2, Lemma 1] implies that any solution (x°V,x°) (in the Carathéodory sense) of
the Scott—Barton ODE relaxation framework (2.4.1) satisfies (5.4.14). As discussed in Sec-
tion 5.4.2, (i,0) in (5.4.10) are equivalent to (5.4.12), where f¥"YM/ge<AM(; . p x (1))

are valid convex and concave relaxations for f;(z,-,-) on P x X(¢) for each ¢ € I. Then, since

Assumption 5.4.11 holds, according to [3, Lemma 1 and Lemma 2], (u,0) describe both
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bound preserving dynamics and convexity preserving dynamics (c.f. [2, Definitions 6 and 7])
for the original ODE system (2.3.1). Finally, [2, Corollary 1 and Theorem 3] imply that any
solution (x¥,x°) of the new AVM-based ODE relaxation system are valid state relaxations

for (2.3.1). ]

The theorem above implies that the functions (u,0) in Assumption 5.4.11 satisfy Condi-
tions 2 and 3 of the Scott—Barton right-hand side functions as in Definition 2.4.9. However,
these (u,0) do not necessarily satisfy Condition 1 in Definition 2.4.9. Nevertheless, this
is not a problem, since Condition 1 is only concerned with Scott—Barton relaxation frame-
work solutions’ existence, which has been addressed in Assumption 5.4.12 for the new

AVM-based relaxation system.

Tightness

Tightness of relaxations for factorable functions Now, we establish tightness results
for comparing the various relaxations of factorable functions introduced in Section 5.4.1.
These results are essential for comparing our new ODE relaxations in this chapter to the
established ODE relaxations [2,3]. The following theorem shows that for a given factorable
function / in the sense of Definition 5.4.2, if McCormick relaxations for each factor w; of
h are used in Definition 5.4.4, then the TMC relaxations in Definition 5.4.4 are at least as

tight as the MC relaxations in Definition 5.4.5.

Theorem 5.4.18. Given Y C R”, consider a factorable function % : Y — R with related
quantities and functions in Definitions 5.4.2 and 5.4.1. Suppose that each w; is factorable

in the sense of [6, Definition 8]. Consider the MC relaxations (A°Y"MC s¢MC) for j and the
cv,gMC  cc,gMC
; g 7Wj g

define WC.V’MC,W;C’MC Y xV; xI¥ xIV; — R by setting foreach ¥ € IY, V; € IV;, y € ¥,

J

gMC relaxations (w ) for each w in Definition 5.4.5. For each j € {1, ...,m},

153



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

and Vij-1€ V',

cv,MC 5T . cv,gMC S
wi (Y, V1LY, V) = wy (Y,¥,Vi:j-1,Vi:j-1,Y,

<l

)5
(5.4.15)
w;C’MC(y,VLJ-,l,Y,Vj) = W;C’gMC(Y:YaVl:jflaVl:jflaYavj)-

Then, (W§V7MC, wj.c’MC) are valid McCormick relaxations for w;. Now, consider the TMC
cv,MC _ cc,MC
w ).

relaxations (A" TMC pc¢.TMC) for  in Definition 5.4.4 with (W3, ws) <= (w7, w;

J
Then, for each ¥ € TY and each y< Y,

hevs MC ( < BV TMC(

< h™C(y,7) < h*MC(y, 7). (5.4.16)

y,Y) < y,Y) <

Proof. According to [6,79], (w] ne MC,WEC’MC

) defined in (5.4.15) are standard McCormick
relaxations of w;.

Consider any fixed ¥ € IY andy € ¥. Consider the set Vj for each j € {1,...,m} defined
in Assumption 5.4.3. Consider the (v¢V,v®®) computed using (5.4.4) and (5.4.5) in Defini-
tion 5.4.4, and consider the (v¢",¥*°) computed using (5.4.6) in Definition 5.4.5. We prove
(5.4.16) by showing that v,y < v <vet < ¢, This will be proved using strong induction.

Firstly, we have

—cv cv,gMC —cv —cc

V ::WZ/ (y y.vi vy aY7V2>7

—CC cc,gMC (

Vo =W,y y, y,Vl avl 7Y VZ)

cv,gMC vV V.) - 1,C cc
V2 —IIllIl{W (y,y,Vl,Vl,Y,V2) 'vlv <V Svl }7

cc,gMC(

vV V) - 1,CV cC
and 1) —max{w y,y,Vl,Vl,Y,V2)~V] SV]SVI }7
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where
cv _ —cv._ . cv,gMC =CV =CC T ¥
Vi =V =Wy <Yay7V1:07V1:07Y7V1)
cc _ —cc._ . ccgMC =CV =CC T ¥
and Vi =V =Wy (Y7y7V1;07V1307Y7V1)~

Since generalized McCormick relaxations are inclusion monotonic as shown in [39, Theo-

rem 2.4.32], for any v; € [¥", 9],

CV7gMC —-CV —CC Y7 Y7 CV,gMC 7 Y7
W2 (Y7Y7v1 V1 7Y7V2)§W2 (y:yavlvvlaYa‘/Z)

cc,gMC AR, cc,gMC _CV —cC T 1)
Swz (Y7y7V17V17Y7VZ)SW2 (y7y7V1 7V1 7Y7V2)7

and thus 75" < v§¥ <v5° < 95°. Now, consider any k € {3,...,m} for which suppose that

vV <Y < <€ forall r € {1,...,k—1}. We have

—cv .__ . cv,gMC =CV <cC vV U
Vi = Wi (yayvvl:k—l7V1:k—1=Y7Vk>a
—cc .__ . ccgMC =CV <cC vV {
Vi = Wi (Y7y7V1:k—17V1:k—17Y7Vk)7
CV . __ : CV7gMC Y V . «CV < < cc
v i=min{w, (V.Y Vik—1:Vik—1, Y, Vi) 1 V%1 < V-1 < Vi),
cC . cc,gMC & Y\ . gCV cc
and  v" 1= max{w; Y Y, Vik—1,Vik—1,Y, Vi) t V%1 < Vik—1 S Vi1 )

By a similar argument of inclusion monotonicity, it can be shown that ;" < vV <vi€ <.

Finally, (5.4.16) is proved by letting k increase inductively from 3 to m. [

Remark 5.4.19. The proof above implies that if non-McCormick relaxations (wj.v, wj.c) in

cv,MC
J

cc,MC

i ), then the TMC relaxations are also

Definition 5.4.4 are at least as tight as (w W

at least as tight as the MC relaxations for A.

The following theorem shows that for a given factorable function and any given bounds
and relaxations of the factors, the AVM relaxations in Definition 5.4.6 are guaranteed to be

at least as tight as the TMC relaxations in Definition 5.4.4.

155



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

Theorem 5.4.20. Given Y C R", consider a factorable function %z : Y — R in the sense
of Definition 5.4.2. Consider the TMC relaxations (A°V"TMC pe¢.TMCY for 1 in Defini-
tion 5.4.4 and the AVM relaxations (h¢VAYM ;c¢AVM) for j; in Definition 5.4.6. Assume

L, U

that same functions (w W ,wj.v,wj.c) in Definition 5.4.1 are applied to construct both

(hSVTMC pee, TMCY and (heV-AVM jec,AVMY) Then, for each ¥ € IY and eachy € ¥,

hVTMC(y, 7) < hAM(y, 7) < BONM(y, 7) <h™C(y, 7). (5.4.17)

Proof. Consider any fixed ¥ € IV and y € ¥. Consider the set Vj for each j € {1,....m}
in Assumption 5.4.3. Consider the (v¢¥,v“°) computed in Definition 5.4.4 and the decision
variables v in (5.4.7) in Definition 5.4.6. By observing the optimization problems in (5.4.7),

to prove the claimed result, we need to show that for any vy.,,_ € V,, for which

va<y7V1:r717Y7Vr) S Vr S Wsc<yavl:r71777‘7r)a Vre {1,...,1’)’1— 1}7

the following holds:

nyy S W;y()’?Vltm—laYva) S Wfrf(yJVLm—l?Y;Vm) S vif'

We prove this using strong induction. Firstly, according to the formulations (5.4.4) and (5.4.5),
we have
VS = min {w5¥ (y,v1,¥,V5) 11§ < vy <5}
(5.4.18)
and  v§® = max {w§(y,v1, ¥, V) 1 v§¥ < vy <w5°Y,

where v{¥ := wfv(y,vl;o,f’,f/l) and v{® := wﬁc(y,vl;o,f/,f/l). Observe that for any v € R
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such that W?V(y,vl;o,Y,Vl) <y < W?C(y,vl;o,Y,Vl),
ng < ng(y7V1:Y7V2> < Wgc(y=v17Y7V2) < vgc‘
Now we show that for any k := {3,...,m}, if for any v;.;_; € V; for which

ng < Wffv(y;VI:r—bY;Vr) <v < Wgc(yavlir—layavr) < Vgca Vre {177k_ 1}7
(5.4.19)
then the following holds:

Vzv S W]iv(yavl:k—hY;Vk) S W](?:(yavlik—l?Y?Vk) S V]ic-

Recall that

CV . Ccv v Y7\ . «CV cc
v s=min {w" (¥, Vi1, Y, Vi) s Vg S Vi1 S Vi)

cC . cc v Y . CV cc
and v :=max {wi°(y, Via—1,Y, Vi) : V% < Vi1 < Vig_ )

Define the domain of the optimization problems above as
L= {vig—1 € Vi : vy <vine1 <vi5_i 1
and define a set
Coi={vige1 €V w (y, v 1, Y, V) < <ul(y,vi, 1, Y, V), Vre {1,....k—1}}.

Since (5.4.19) holds, T'; C I'y. Moreover, since v’ minimizes w{" (y, -, Y,V;) on Ty and Ve
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maximizes wi(y, -, Y,Vi) on Iy, it follows that

vzv S Wzv(yavlik—layavk) S W]ic(yvvlik—lvyavk) S v](iC, vVl:k—l € l_‘k'

Finally, (5.4.17) is proved by letting k increase inductively from 3 to m. [

Remark 5.4.21. Theorems 5.4.18 and 5.4.20 together imply the following tightness result.
Consider a factorable function £ as in Definition 5.4.2, and suppose that (w‘j’-v,wﬁc) are at

least as tight as (w;V’MC,WEC’MC). Then, the AVM relaxations (hVAYM pcc-AVM) derived

from (w$",w$®) as in Definition 5.4.6 are at least as tight as the McCormick relaxations
(h€VMC peeMCY a5 in Definition 5.4.5. This result is based on a fundamental assumption
that both the AVM and McCormick relaxation methods use the same factor representation
in the sense of Definition 5.4.2. However, a factorable function can be factorized in multiple
ways, which may in turn result in different AVM relaxations and McCormick relaxations.
In this situation, the tightness result in this remark implies that for a given factorable func-

tion, the tightest possible McCormick relaxations are guaranteed to be no tighter than the

tightest AVM relaxations.

Tightness results for new ODE relaxations Theorem 5.4.23 below shows that for a
given original ODE system (2.3.1) with a factorable right-hand side function f, if Mc-
Cormick relaxations of each multivariate intrinsic function w;; of f; are employed in
(5.4.10), then our new AVM-based state relaxations are guaranteed to be at least as tight
as the OBM relaxations [3] (using McCormick relaxations of f), as introduced in Sec-
tion 5.2. Note that when tight relaxations (f°,f) of a factorable f are not directly avail-
able, the McCormick relaxation method is a primary method for relaxing such general

factorable functions. Theorem 5.4.23 requires the following basic tightness result reframed
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from [3, Theorem 5] concerning the state relaxation formulation (5.2.2) and (2.4.1) with
any appropriate (f°,f). This result shows that if tighter state bounds (x*,xY) for (2.3.1),
tighter relaxations (xg*,xg") for X, and tighter relaxations (f*,f°°) are available, then these
tighter relaxations will necessarily translate into at least as tight state relaxations (xV,x)

for (2.3.1) through (5.2.2) and (2.4.1).

Proposition 5.4.22 (adapted from [3]). Consider state lower bounds x™* xMB : | — R™
and state upper bounds xV4 xYB : I — R™ for (2.3.1) that are absolutely continuous, and
suppose for all # € I that x"4(¢) < xB(¢) < xU'B(r) < xYA(r). For each ¢ € I, denote the
intervals [x"4(¢),xUA(¢)] and [xB(¢),xVU'B(¢)] as XA (¢) and XB(¢), respectively. Consider

. A _cvB : A _ccB
convex relaxations X, ", X" : P — R and concave relaxations x; ", X, : P — R™ for

cv,A cv,B

the initial-value function xq in (2.3.1), and suppose for all p € P thatx;, " (p) <x; = (p) <
XSC’B (p) < XSC’A(p). Consider functions -4 fe¢A fVB geeB . 5 P R™ — R for which
suppose that for a.e. r € I, £VAB) (7. .} and £<AB) (7. .) are respectively convex and

concave relaxations for f(z,-,-) in (2.3.1) on P x XA(®)(¢), and for each (p, &) € P x XB (1),

FEMEp, &) < fP(e,p,E) < fP(1,p,E) < fMt,p, &). (5.4.20)

Define a set S 1= {(¢,p, €7, EX) € I x Px R™ x R : £V E° € XA(t) and £ < £}
and a set SB := {(,p,E,E) € Ix P x R™ x R™ : £V E° ¢ XB(¢) and £ < E*°}.
Consider functions u®,0%,uB,08 : 7 x P x R™ x R™ — R™ so thatu® (¢, p, -,-), 02 (¢, p, -, ),

uB(z,p,-,-), and 0B(¢,p, -,-) are Lipschitz continuous on R™ x R™, uniformly over (¢,p) €
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I x P, and also suppose that for each i € {1,...,n,}, for each (¢, p, ™, E%) € §4,

;(t,p, &7, E%) = f'cv t,p, &) subject to & = &,
s ) ge [5” £ ‘ )
of(t,p,&,6%) = max fi%(1,p,&) subject to & = &,
£e[6™.6%)

and for each (t,p, &Y, &) € SB,

u?(t7p’€CVJ§CC) = min fCVB( 7p 5) SUbJeCt to él - l 7
£ele™ &%)

cc,B .
max f; " (¢,p,&) subject to & = &°.
£elg™ &%) ( )

op (t,p,E,E)

Let (x*VA,x°4) be a solution of (2.4.1) with

L U LA JUA CV,A ccA u? . o?
(x7,X°, X5, Xg,u,0) < (X7 x% x " x0T ut 0.

Let (x*VB x°¢B) be a solution of (2.4.1) with
(x",xY x§¥, x5 u,0) < (xB xUB, ngB X(C)CB, B oP).

Then, (x*V*,x°¢A) and (x*VB,x°*B) are both valid state relaxations for (2.3.1). Moreover,

for any (z,p) € I X P,

XCV,A(t7p) < XCV,B (t,p) < ch,B (t,p) < XCC’A(I,p).

(XL,A’XL,B,XU,A’XU,B) and (ng A ng B chA ch B)’

Theorem 5.4.23. Consider functions
intervals XA(¢) and XB(z), and sets S* and SB as in Proposition 5.4.22. Suppose that

each multivariate intrinsic function w; ; for representing f; in Section 5.4.2 is factorable in
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the sense of [6, Definition 8]. Following Definition 5.4.5, define McCormick relaxations
foVMC geeMC . [ P x D x IP x ID — R™ so that for each ¢ € I, fMC(¢,... P XA(t))
and f<SMC(z . . P XA(t)) are respectively convex and concave relaxations of f(¢,-,-) on

P x XA(t). Define functions @*,0” : $* — R"™ so that for each (¢,p, ™, E%) € §4,

ﬂf‘(t,p,écv,écc) ‘= min fiCV’MC(t,p,é,P,XA(t)) subject to & = &°Y,

sele (5.4.21)
olMt,p,EV,EC) = max  fEMC(1 p & PXA(1)) subject to & = EF°.
£ele &%
For each i € {1,...,n,} and j € J;, consider McCormick relaxations (w%’MC,w;Yi’MC) for

the intrinsic functions w;; of f;, and for each ¢ € I, consider sets V}?i(t) defined using
(5.4.9) with X (¢) < XB(t) and V;;(¢) + V}?i(t). Define functions #i®,0% : SB — R™ us-

ing (5.4.10) with (&,6) « (a®,0%), (W, we) « (WM WM, and (X (1), V;4(1)) +

(XB(t),\A/}?i(t)). Suppose that Assumption 5.4.10 is satisfied with (@i,8) + (@*,6*) and
with (@1,0) < (@®,068). Consider Lipschitz extensions u®,0%,uB,08 : I x P x R™ x R™ —

R of (@A,0%,08,08) so that Assumption 5.4.11 is satisfied with (u,0) < (u®,0?) and
with (u,0) < (uB,0P). Let (x*VA x°“A) be a solution of (2.4.1) with

L U (cv ce LA _UA _cv,A _cc A A A
(X X7, Xp ,XO,U,O>%(X X Xg X9 LW ,0 )

Let (x*V:B, x°¢B) be a solution of (2.4.1) with

B B
U xLB xUB yevB yce ,uB,OB)‘

(Xva vX(C)Vax(C)Caua())(_( X0 1 Xp

Then, (x*V*,x°¢A) and (xVB, x°*B) are both valid state relaxations for (2.3.1). Moreover,
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for any (¢t,p) € I X P,

XA (1, p) <xVB(1,p) <xFB(1,p) <xA(t,p). (5.4.22)

Proof. By construction, on the set $#, (u®,0%) = (@*,0*), and on SB, (uB,0®) = (i®,05).
Moreover, by a similar argument to (5.4.12), (i®,08) are equivalent to the following: for

eachi € {1,...,n,} and each (¢,p,E7,E) € SB,

P .6%) = e £ (2, p, €, P, XB (1)) subject to & = &,

clem 4] (5.4.23)
5? (%P»gcva‘gcc) = : 1}.:1ax5 fiCC’AVM(t,p,é,P,XB (1)) subject to & = &F€

e[ CV7 CC}

where the AVM relaxations fl.c"vAVM, fl-CC’AVM

:Ix Px D xIPxID — R are constructed fol-
lowing Definition 5.4.6 so that for each z € I, £VAYM(¢ . . P, XB(¢)) and fAVM(z,. . P XB(1))
are respectively convex and concave relaxations of f(¢,-,-) on P x XB(¢). Since Assump-
tion 5.4.11 is satisfied both with (u,0) < (u*,0%) and with (u,0) <+ (u®,0B), and since
(5.4.21) and (5.4.23) hold, (x*¥4,x°®4) and (xV'B,x*B) are both valid state relaxations
for (2.3.1), according to Proposition 5.4.22.

Now, we prove (5.4.22) by verifying the tightness hypothesis (5.4.20) in Proposition 5.4.22

with the following substitution: for eacht € I, p € P, and & € XB (1),

VA, p, &) « 1VMC(1,p, &, P XA (1)),
98 (t,p, &) « 1M (1,p, &, P, X (1)),
VP (1,p, &) « 1M (2, p, &, PXP (1)),

8 (1,p, &) « <M1 p & PXP(1)).
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cv,MC cc,MC)

Consider any t € I, p € P, and € € XB(¢). Since McCormick relaxations (w B Wi

of w;; are used for defining (FVAVM goc, AVMY “Theorems 5.4.18 and 5.4.20 together imply

that

M1, p, 8, PXP (1) < £M(1,p, &, PXP (1))

S fcchVM(l"p’&,P,XB(t)) S fCC,MC(t?p7§7P7XB(t))'

Since McCormick relaxations are partition monotonic as in [39, Theorem 2.6.5], and since

XB(r) C XA(¢), it follows that

FVMC(1 p, &, PXA (1)) < 1VMC(1,p, &, PXB (1))

< feMC(; b E P XB(r)) < Mz p &, PXA(1)).

Combining the inequalities above yields

M (1, p, &, P.X (1) < 1VM(1,p, 8, PXP (1))

< fCC’AVM(l,p,§7P,XB(f)) < ch,MC(t7p7§,P,XA(I))a

which satisfies (5.4.20) in Proposition 5.4.22. [

In the theorem above, the ODE system (2.4.1) with (u®,0*) embedded comes from the
OBM relaxation approach in [3], and (2.4.1) with (uB,0%) embedded comes from the new

AVM-based ODE relaxation method in this chapter.

Remark 5.4.24. Proposition 5.4.22 and Theorem 5.4.23 also imply the following tightness

results:

cv,MC _ cc,MC

1. By using (w i Wi ), the new state relaxations in this chapter are also at least

as tight as the SBM relaxations [2], since it is shown in [3] that the OBM relaxations
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are at least as tight as the SBM relaxations.

CV

cv,MC _ cc,MC
i )

2. If non-McCormick relaxations (w5, wS}) that are at least as tight as (w; ;™ w
are available, then using these for defining the new (@, 0) in (5.4.10) also leads to state

relaxations that are at least as tight as the OBM relaxations.

3. Suppose that there are two considered choices of relaxations for w;;; call these
cv,B  cc,B cv,A _ cc,A cv,B cc,B . cv,A _ cc,A

(w7 w7 )and (w7 wi ) I (w77, w77 are at least as tight as (w77, w7,

cv,B cc,B

then using (w FTRELAY ) in the new AVM-based ODE relaxation system necessar-

ily leads to state relaxations that are at least as tight as these obtained by using

cv,A cc,A)
i Wi )

(w
4. The TMC relaxations (f"TMC ¢ TMC) in Definition 5.4.4 of f may also be used
for generating state relaxations via (5.2.2) and (2.4.1) (analogously denoted as the
optimization—based—TMC (OBT) relaxations). Theorems 5.4.18 and 5.4.20 imply
that for a given factorable function, the TMC relaxations are no looser than the MC
relaxations, and are no tighter than the AVM relaxations. Combining this with Propo-
sition 5.4.22, it can be verified that the OBT state relaxations are no looser than the
OBM relaxations, and are no tighter than the new AVM-based relaxations. In this

chapter, we focus on the AVM-based relaxations rather than the OBT relaxations,

since the AVM-based relaxations are the tightest among these potential relaxations.

Remark 5.4.25. Since the AVM-based relaxations are at least as tight as the OBM relax-
ations and since the OBM relaxations have second-order pointwise convergence [36,79] as
proved in [3, Theorem 6], the new AVM-based relaxations in this chapter also have such de-
sirable convergence property, which can help mitigate the cluster effect [37,38] in branch-

and-bound methods for deterministic nonconvex optimization. Moreover, due to the same
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tightness result, similarly to the OB relaxations as discussed in [3, Remark 10 and Exam-
ple 3], the new AVM-based relaxations (x°V(z,-),x°(z,)) may get tighter over time ¢ under

appropriate conditions.

5.4.5 Implementation

Proof-of-concept implementations were developed in Julia v1.4.2 [95] to compute state
relaxations for (2.3.1) by constructing and solving the auxiliary ODE system (2.4.1) with
(u,0) satisfying Assumption 5.4.11. According to Remark 5.4.13, we practically construct
(@,0) defined in (5.4.10) in place of the Lipschitz extensions (u,0) in (2.4.1), which would
yield identical solutions. Harrison’s bounding method [69] is employed to compute state
bounds (x,xV) automatically. For any given instance of the original ODE system (2.3.1),
the initial-value function xq is relaxed using the McCormick relaxation method [5], and
the right-hand side function f is factorized manually. Natural interval extension [48] is em-

L .U

ployed for constructing all factor bounds (w' ., w

7i»w;;), and the optimal-value functions (,0)

defined in (5.4.10) are hard-coded with predefined (wS}, wS$) for each numerical example
in the next subsection. For each (z,p) € I X P, unless otherwise specified, the right-hand
side optimization problems in (5.4.10) are solved numerically using local optimizer [IPOPT
v3.13.2 [120] with an overall tolerance of 107%. Any necessary user-provided local sensi-
tivities are approximated using central finite difference with a step length of 10710, JuMP
v0.21.3 [121] 1s employed as an interface with IPOPT. The auxiliary ODE system (2.4.1)
with (@,0) in place of (u,0) is solved using the ODE solver BS3() with an absolute tol-

erance of 10~ and a relative tolerance of 10~* from the package DifferentialEquations

v6.15.0 [123]. For comparison, we also developed an analogous implementation in Julia
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for the OBM relaxations [3], which automatically constructs and solves optimization prob-
lems in (5.2.2) with McCormick relaxations [5] (fV"MC, fMC) embedded. This implemen-
tation is similar to the previous MATLAB implementation proposed in [3, Section 6.1]. An
implementation of the SBM relaxations [2] was also developed in Julia. Any necessary
computations of natural interval extension and McCormick relaxations are executed via
operator overloading using EAGO v0.4.1 [119]. All computations in the next subsection

were performed on the same computer as in Example 5.1.

5.4.6 Numerical examples

As established in Theorem 5.4.23 and Remark 5.4.24, the new AVM-based state relaxations
in this chapter are guaranteed to be at least as tight as both the SBM relaxations [2] and the
OBM relaxations [3]. In this section, we present several numerical examples to show that, if
f has certain features, then the new AVM-based state relaxations may be significantly tighter
than the two other types of relaxations. Example 5.3 shows that the AVM-based relaxation
method can yield tighter state relaxations by recognizing and eliminating repeated factors
(in Definition 5.4.26 below) of f. Example 5.4 shows that if f contains multivariate intrinsic
functions with known convex envelopes, then the new relaxation method can utilize these
envelopes to yield tighter state relaxations. In Example 5.5, we apply the AVM-based re-
laxations to a chemical reaction network model from [74, Example 1], whose right-hand
side has both repeated factors and multivariate intrinsic functions with known convex en-
velopes. The results show that the new relaxations are significantly tighter than the SBM

relaxations and the OBM relaxations.

Definition 5.4.26. Given Y C R”, consider a factorable function % : Y — R with related

factors vy, ..., vy, in Definition 5.4.2. For eachy € Y, for any i, j € {1,...,m}, v; and v; are
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repeated factors if v; = v;.

In the following example, we show how repeated factors of f can be eliminated in
the new AVM-based ODE relaxation formulation, to yield tighter state relaxations than

established relaxations [2, 3].

Example 5.3. Let P :=[—0.4,0.7], and I := [0,0.06], and consider the following instance

of (2.3.1) with one state variable x and one parameter p € P:

i) = —eX—e*, Viel,
(5.4.24)

A standard operator overloading procedure (e.g. employed by EAGO [94,119] or MC++ [96])
may factorize the right-hand side function f(§): & — @3 — 25 — 5 using the following

factor representation: for any £ € R,

vi=eS, =i, vi=¢€5 v3= ()% v =¢5, and f(E)=v4=vy—v3—v].

Observe that vi, v,V are repeated factors as in Definition 5.4.26. Thus, we used the fol-
lowing factor representation of f by recognizing these repeated factors as one common
factor vy, for constructing the right-hand side functions (iz,6) defined in (5.4.10) of the new

AVM-based ODE relaxation system:
_ 5 _ 3 — 2 d Vg — Vn — s —
vi=e>, vo=vy], v3=v], and f(§)=va=vy—v3—vy.

The intrinsic cubic function was bounded by its convex and concave envelopes [52], and

the convex exponential and square functions were bounded above by the affine envelopes.
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Thus, the functions (i7,0) defined in (5.4.10) were constructed, and the new AVM-based
state relaxations for (5.4.24) were computed using the proposed proof-of-concept imple-
mentation in Julia. The SBM relaxations [6] were also computed for comparison. Note
that the OBM relaxations [3] are identical to the SBM relaxations for n, = 1, as discussed
in [3, Remark 4]. Figure 5.2 depicts the original parametric solution x(0.06, p), along with
the constructed SBM relaxations and AVM-based ODE relaxations for comparison. Ob-
serve that the new AVM-based relaxations are visually tighter than the SBM relaxations,
which is consistent with the discussion in Remark 5.4.27. Table 5.2 summarizes the compu-
tational times for per-mesh-point evaluation of the two types of relaxations. It can be seen
that the AVM-based relaxations took longer time to evaluate, since the convex optimization
problems in (5.2.2) were naively solved with IPOPT, while SBM relaxation system’s right-
hand side was efficiently evaluated in closed form. We expect that this implementation

method may be improved with the techniques outlined in Section 5.4.3.

0.8h
05F
04
0.2k
0.0F
02t

-0.4r

Figure 5.2: The solution x(0.06,p) (solid black) of the parametric ODE (5.4.24) from
Example 5.3, plotted against p along with corresponding SBM relaxations [2] (dotted blue)
and the AVM-based relaxations (dashed red).

Remark 5.4.27. It has been discussed in [7,45] that the AVM relaxation method provides
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Table 5.2: Average computational times for evaluating
state relaxations (x¢V(0.06, p),x¢(0.06, p)) for (5.4.24)
in Example 5.3.

State relaxation method CPU time (seconds)*

SBM relaxations 0.07
New AVM-based relaxations 1.05

* Each CPU time here was averaged over 10 runs, with
a sample standard deviation that is much smaller than
the reported average.
potentially tighter bounds than the McCormick relaxation method due to repeated terms.
This result can be rigorously proved by a straightforward extension of Theorems 5.4.18 and 5.4.20.
Then, Theorem 5.4.23 essentially translates such tightness of relaxations from non-dynamic

factorable functions to ODE solutions.

In the following example, we show how convex envelopes of multivariate intrinsic func-
tions in f can be employed by the AVM-based ODE relaxation approach, to yield tighter

state relaxations than established relaxations [2, 3].

Example 5.4. Let P :=[0.8,1.3], and 7 := [0,0.1], and consider the following instance of

(2.3.1) with one state variable x and one parameter p € P:

i(t) = pe ™ (x* = 3x* —x+0.4),
\ (5.4.25)

p
x(0) :P—?

Based on Definition 5.4.2, we factorized the right-hand side function f: (p, &) — pe =5 (E4 —

362 — £ +0.4) into the following factor representation: for each (p,£) € P x R,

vi=pe®, vm=E*—3E2—E+404, vi=vivy, and f(p,E)=vs. (5.4.26)
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Then, we employed the following convex and concave relaxations for bounding the multi-
variate intrinsic functions above. With (x, xY) denoting Harrison state bounds for (5.4.25),
it was empirically verified that for each r € I, 0 < xL(t) < xU(t) < 1.3. Furthermore,
since p& > 0, the convex envelope #°V°™ of the intrinsic function % : (p,&) — pe’g was
given by (5.3.2). Since there is no established concave envelope of 4, we employed Mc-
Cormick concave relaxation #°“MC as constructed in (5.3.5). For the intrinsic function
g: & EY—3E2 £ 1+ 0.4, we developed convex and concave envelopes on any subinter-
val of [0,1.3] (recall 0 < xH(r) < xY (1) <1.3) following the procedures presented in [5,51],
as follows. Define a set = := {(£,EL EV) e R3: 0 < EF < & < €V < 1.3}, Consider
the first-order derivative function g’ : & — 4&3 —6E2 — 1 of g. We constructed functions
geven geeen - = 5 R so that for any [EX EV] C [0,1.3], the mappings g®¥°™ (-, L, EV)
and g¢°™ (., EL EV) are respectively convex and concave envelopes of g on [EL, EV]. For

each (§,EL EV) € &, gV and g°°" are thus evaluated as follows:

. if gV <2,
Uy L
gV (& L V) %(é £ 4 g(EY),
£E(EEL EY) = g (£),
. if gl > 2

goem(€,8h,8Y) =4(8),

(&Y) —s(&h)

goem (g L gV) =& g (688,
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.« if €L < @ < &Y, with A .= —Ehr/o-aEhy 2_2(5L>2 and EB .= Sy 2_2(5U)2

b

(%@—&m(&), ifev <,
gV™(E, 8N, 6Y) = € g(8), if EU > E4and & > EA,
FEM(E—EM) +g(gh),  ifEU>EMand & <&,

SEEEN (£ — g +(gh), il > EP,
g™ (E,85,8Y) = ¢ g (&) if EL < EB and & < EB,
\g’(éB)(é —&P)+(EP), if §F < &P and & > &P.

Note that the same function g was also investigated in [3, Example 5], where similar con-
vex and concave envelopes were constructed on a different range of (L, EY). Lastly, the
bilinear intrinsic function in (5.4.26) was bounded by the McCormick envelope [5].
Functions (i7,0) defined in (5.4.10) were then constructed based on the factor repre-
sentation (5.4.26) and the constructed (g ", g™, pev:env peMC) and the McCormick
envelopes of bilinear terms. Observe that in this case, the right-hand side optimization
problems for defining (iz,0) are in fact linear optimization problems, even though non-
linear relaxations were used for the intrinsic functions. Thus, the LP solver Clp v0.8.3
(available at: https://github.com/jump-dev/Clp.jl) was employed to evaluate (i1,0). Next,
the AVM-based ODE relaxations and SBM relaxations were computed using the proposed
proof-of-concept implementation in Julia. Similarly to Example 5.3, the OBM relaxations
are identical to the SBM relaxations in this case, since there is only one state variable. Fig-

ure 5.3 depicts the resulting state relaxations and shows that the AVM-based relaxations

171



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

are visually tighter than the SBM relaxations; this is consistent with Results 1 and 2 in Re-
mark 5.4.24. Such tightness benefits from the fact that the AVM-based relaxation formula-
tion utilizes convex envelopes for multivariate intrinsic functions, which are not employed
in SBM relaxation method. Table 5.3 shows that the AVM-based relaxations took longer
CPU time, which is expected since the implementation naively solves the right-hand side

optimization problems in (5.4.10) using the LP solver Clp.

07F e

04 e o

1 L
0.8 09 1.0 1.1 12 13

Figure 5.3: The solution x(0.1, p) (solid black) of the parametric ODE (5.4.25) from Ex-
ample 5.4, plotted against p along with corresponding SBM relaxations [2] (dotted blue)
and the AVM-based state relaxations (dashed red).

Table 5.3: Average computational times for evaluating
state relaxations (x°V(0.1, p),x°¢(0.1, p)) for (5.4.25) in

Example 5.4.
State relaxation method CPU time (seconds)*
SBM relaxations 0.12

New AVM-based relaxations 0.91

* Each CPU time here was averaged over 10 runs, with
a sample standard deviation that is much smaller than
the reported average.
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In the following example, we apply the AVM-based ODE relaxation approach to a
chemical reaction network model whose right-hand side functions have both repeated fac-
tors and multivariate intrinsic functions with pre-known convex envelopes. We will show
that with a factor representation that has repeated factors, the AVM-based (ii;,0;) defined
in (5.4.10) may be efficiently evaluated in closed form, yet provide significantly tighter
state relaxations than the SBM and OBM relaxations. By recognizing and eliminating the
repeated factors, different right-hand side functions (ﬂyLP,éyLP) can be constructed and
evaluated with numerical NLP solvers. Using such (#Z"-F, 6N"P) in the AVM-based relax-
ation formulation yields further tighter state relaxations than using the closed-form (;, 6;),
but also requires longer computational time. Then, we construct new (u{fP LP) that in-
volves solving LP problems. These LPs are constructed from subtangents of the original
nonlinear convex relaxations of multivariate intrinsic functions. The results show that by

( LP LP)

using the AVM-based ODE relaxations can be evaluated much more efficiently

than using (i TALS oNLP) yet without compromising much tightness of the state relaxations.

Example 5.5. This example is from [74, Example 1]. Consider a chemical reaction network
A — B — C. Assume elementary reactions and Arrhenius rate constants, and denote the
concentrations of the chemical species A, B, C as x1,x2,x3, respectively. Then, this reaction

network may be modelled using the following ODEs on a time horizon 7 := [0,0.02]:

X1 (1) = _Ale_El/(RT)xh
Ko (t) =Are B/ Ry — Ao B2/ (RT) ) (5.4.27)

X3 (I) = —Aze_Ez/(RT)XQ,

with (x1(0),x2(0),x3(0)) = (1.5,0.5,0.0)(%2). The uppercase letters above denote physi-

cal quantities. The temperature 7 is considered as an uncertain parameter within the bounds
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[TY, TY] :=[300,600](K). Note that [74, Example 1] considers T as a time-varying control,
while here T is assumed to be an uncertain constant along the time horizon. Nevertheless,
the setting here may be useful in the context of global optimal control, e.g. assuming that
the control 7 is piecewise constant. The values of the other physical quantities are listed in

Table 5.4.

Table 5.4: The values of the constant
physical quantities in (5.4.27), for Ex-

ample 5.5.
Quantities Values Units
Al 2400 1/s
A 8800 1/s
E; 6.9x10°  J/mol
E, 1.69 x 10*  J/mol
R 8.314 J/(mol -K)

Now, we show that for this system, how the AVM-based relaxation system’s right-
hand side functions (i1,0) defined in (5.4.10) can be evaluated in closed form. For exam-

ple, we employed the following factor representation of f» : (T,&;, &) — Aje F1/(RDE

ApeEr/RD)g,.

v =1/T, vy = (E1/R)vi, vi=2E&e "2, Vi =1/T,

va = (E2/R)V],  vs=E&e ™, ve =A1v3 —Avs = fo(T,&1,6).
(5.4.28)

Observe that there are repeated factors v; and v} ; we will handle these later. Let (vli, vg) and
(v{;, v}f) respectively denote the natural interval bounds of v, and v4 in (5.4.28) derived from
(T, TY). Bound the convex intrinsic functions T ++ 1/T from above by the secant line
connecting (T%,1/T") and (TY,1/TY), and thus define v$" = v$"' :=1/T and v° = ¢ :=

# (—T;—EL + 1). We employed AV:*" in (5.3.2) as the convex envelope of (&1,v;) —
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Ere "1 or (&,v3) — &e "3, and employed the corresponding closed-form McCormick
concave relaxation 4°“MC as in (5.3.5). Thus, i, defined in (5.4.10) may be constructed as

follows:

i (t,T,E%,E%) = mén A1vy —Asvs
v.&l

st v SHOMO (v, &1 vE,x (1)), 27 (),
v3 > W™ (v, &1 Vs x (1),v5 27 (1)),
vs < HEME (g, £V, vip, x5 (1), v 5 (1)),
vs > hVN (vg, &5V vy, x5 (1), V5,45 (1)), (5.4.29)

vo = (E1/R)v;

vy = (E2/R)V

Vit <vp <Y

/
W <o

&Y <& <&r°

By investigating the monotonicity of A" and h°“MC, it was verified that ii, above is

equivalent to the following closed form:

aZ(th,écvvgcc)EAthVﬁnV(VZ 7&1 7V2’x1( ) Vgaxy(t))_AZhCC7MC(V4 7&2 7V47 ( )7V}ljaxg(t))‘
Similarly, 0, defined in (5.4.10) has the following closed form:
02(t,T, &%, &) = A1h™ MO (5 &5 Vg 2 (1), 3,27 () — Aok ™ (V¢ 5°, vip, x5 (1),v5, %5 (1)),

Note that this is the case where closed-form solutions of the optimization problems in
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(5.4.10) can be easily identified, similarly to the OB relaxations as demonstrated in Ex-

ample 5.1. Consider the (v{¥,{ ,vz,vlzj,v4,v4) defined above, and following the same

procedure, we have derived closed-form (iiy,01,i3,03) as follows:

E
1 (0, 7,6% &) = —Arh M (S &7 b 2 (1), 8 (1),
O_I(I,Tagcvaécc)z A hcvenv( 1 CC 61 9 27x1<) Vgax]ij(t)%
(1, 7,6 £5) = A ™ (— B2 g e0v b b (00,29 (1),

E
and  03(1,T, &%, £%) = Ash*MC (Y, 5° .o (), v 3 (0).

(5.4.30)

However, observe that the factor representation (5.4.28) has repeated factors v and v’l.

By eliminating the repeated v}, we constructed different ()", 05'F) that are also defined

by (5.4.10). Take uNLP as an example:

_NLP(I T &CV gcc) ‘= min A1V3—A2V5
V,G1

st vy <KHCOMC(ny &LV (), v AV (), (5.4.31a)
b 2 B (i, (0.0 o 1),
vs < hMC(vy, &Y Vg x5 ()], x5 (1), (5.4.31b)
vs > h™ (vg, &Y Vi x5 (1), v 5 (1)),
vo = (E1/R)vy,
va = (E2/R)vy,
vi¥ < <

<& <&

~NLP —NLP

The counterpart o, - was constructed similarly. Unlike the i, defined in (5.4.29), i
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above does not have a straightforward closed-form optimal objective value, and may be
evaluated using numerical NLP solvers. Observe from (5.3.5) that heeMC g equivalent to

the following:

hcc,MC(€7§L7§U) = rnin{hcc,MCI(‘1::,’éL)gU))hcc,MC2(g7§L’£.;,U)}7

where
KM (8N EY) e G+ B - g

and 1M (8,8, 8Y) o e TG+ BN~ e

Observe that /M€ is nonsmooth, while #°SMC1 and hSMC2 gre smooth. As discussed in

Section 5.4.3, the constraints (5.4.31a) and (5.4.31b) may thus be replaced by the following:

V3 S hCC7MC1(V27€l>V%7x%<t)7vg7x¥<t)>7
vz < hCC’MCZ(VZ,élavlf,x]f<t)avlzjax¥(t)>v
vs < hMC (v, E8Y Vi 25 (1), 65 (1)),

vs < hCC7MC2(V47 fvavkvx%(t)7vgaxg(t>)'
This allows to evaluate ﬁIZ\ILP with off-the-shelf smooth NLP solvers. The same reformula-

tion was also applied to 612\”“}).

We have also constructed a third class of the AVM-based right-hand side functions for

f2; denote these as (@57, 05%). These (57, 05%) were constructed similarly to (257, 55F),

but we replaced the employed nonlinear (A", hceMCL peeME2) by their subtangents
at center of the considered box domains (e.g. a subtangent of A°V:*™ at the center of
W5 W8] x [x (2), 2V (#)]). Thus, evaluating (i5¥, 65F) is intuitively more efficient than eval-
uating (™, 031F), since evaluating (i5¥,57) involves solving LPs while ()", 65F)
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solve NLPs.

Based on the different constructions of the AVM-based relaxation system’s right-hand
sides above, Table 5.5 summarizes all state relaxation methods that were applied to the orig-
inal system (5.4.27) using our proof-of-concept implementation in Julia. Figures 5.4 and 5.5
respectively depict the original parametric solutions x(0.02,7') and x3(0.02, T'), along with
the resulting state relaxations for comparison. Table 5.6 summarizes the per-mesh-point
CPU times for evaluating these state relaxations. From both figures, the OBM relaxations
are identical to the SBM relaxations for this example, while the former took longer CPU
time than the latter. This is because the SBM method evaluates closed-form right-hand side
functions, while our implementation for the OBM relaxations automatically constructs and
solves NLPs using numerical solvers at system’s right-hand side. It may be possible to
derive closed-form right-hand sides for the OBM relaxation system similarly to Exam-
ple 5.1, which, however, is not the focus of this example. The CF-AVM-based relaxations
are as efficient as the SBM relaxations, yet are significantly tighter due to the use of multi-
variate convex envelopes, which is consistent with Results 1 and 2 in Remark 5.4.24. The
NLP-AVM-based method yields the tightest relaxations by eliminating repeated factors and
employing convex envelopes, yet requires the longest CPU time. The reason why the NLP-
AVM-based relaxations took longer CPU time to evaluate than the OBM relaxations may be
that the NLP-AVM-based right-hand side solved convex NLPs with nonlinear convex con-
straints, while the OBM right-hand side solved convex NLPs with simple box constraints.
The LP-AVM-based relaxations are much more efficient than the NLP-AVM-based relax-
ations, since LPs are more efficient to solve than convex NLPs at ODE right-hand sides.

On the other hand, the LP-AVM-based relaxations are no tighter than the NLP-AVM-based
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relaxations as guaranteed by Result 3 in Remark 5.4.24, since subtangents are outer approx-

imations of the original convex relaxations. Note that there is no general tightness result

for comparing the SBM relaxations and the LP-AVM-based relaxations. However, this ex-

ample indicates that the LP-AVM-based relaxations may still be promising, since they are

much more efficient than the NLP-AVM-based relaxations, yet may have extrema that are

close to the extrema of the NLP-AVM-based relaxations, as can be seen from the figures.

In addition, using multiple subtangents [44] to tighten LP-AVM-based relaxations is also

possible. We remark that both implementations for the LP/NLP-AVM-based relaxations

may be improved using the techniques outlined in Section 5.4.3.

Table 5.5: Various state relaxation methods that were applied to (5.4.27), for Exam-

ple 5.5.

Methods

Description

CF-AVM-based method*

NLP-AVM-based method*

LP-AVM-based method*

OBM method
SBM method

New AVM-based method evaluating (i, ;)

in closed form

New AVM-based method evaluating (#)-F, 6)1F)

with NLP solver IPOPT

New AVM-based method evaluating (5%, 05)

with LP solver Clp

From [3], using generalized McCormick relaxations of f
From [2], using McCormick relaxations of f

* All these methods evaluate the same closed-form (ity,01,3,03) in (5.4.30).
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Figure 5.4: The solution x,(0.02, T') (solid black) of the parametric ODE (5.4.27) from Ex-
ample 5.5, plotted against 7 along with corresponding SBM relaxations [2] (dotted blue),
CF-AVM-based relaxations (dashed red), NLP-AVM-based relaxations (dashed green),
and LP-AVM-based relaxations (dashed orange). Note that the OBM relaxations [3] are
identical to the SBM relaxations in this case, and all state convex relaxations overlap.

Figure 5.5: The solution x3(0.02,T') (solid black) of the parametric ODE (5.4.27) from Ex-
ample 5.5, plotted against 7" along with corresponding SBM relaxations [2] (dotted blue),
CF-AVM-based relaxations (dashed red), NLP-AVM-based relaxations (dashed green),
and LP-AVM-based relaxations (dashed orange). Note that the OBM relaxations [3] are
identical to the SBM relaxations in this case.
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Table 5.6: Average computational times for evaluating
state relaxations (x*V(0.02,7),x°(0.02, 7)) for (5.4.25)
in Example 5.5.

State relaxation method CPU time (seconds)*

CF-AVM-based relaxations 0.07
NLP-AVM-based relaxations 7.15+0.32
LP-AVM-based relaxations 1.75
OBM relaxations 5.23+0.12
SBM relaxations 0.08

* Each CPU time here was averaged over 10 runs. For
each CPU time with a significant sample standard devi-
ation (std), the number is reported as “average + std”.

5.5 Conclusions and future work

This chapter has proposed two extensions of the established OB relaxations [3] introduced
in Chapter 4 for solutions of the parametric ODE system (2.3.1), which are useful for
efficiently computing tight bounding information in deterministic algorithms of global dy-
namic optimization. While the OB relaxations may be significantly tighter than the SBM
relaxations [2], the previous implementation [3] of the OB relaxations solves convex NLPs
using numerical solvers at each time step, which requires expensive computational efforts.
Therefore, in the first extension, we considered relaxations (fV,f) in (5.2.2) with pre-
known monotonicity, and showed that by directly identifying closed-form extrema of these
relaxations on the box X, we can derive closed-form right-hand side functions of the OB
relaxation system. Example 5.1 showed that by using this method, the OB relaxations
can be tighter, yet as efficient as the SBM relaxations [2], which may ultimately improve
efficiency of an overarching global optimization method. The second extension is a new
type of state relaxations termed AVM-based state relaxations, which are computed by solv-

ing (2.4.1) with (u,0) satisfying Assumption 5.4.11. This relaxation approach considers a
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factorable (in the sense of Definition 5.4.2) original right-hand side function f, and is moti-
vated by embedding the AVM relaxations as in Definition 5.4.6 of f into the OB relaxation
system, as discussed in Section 5.4.3. Theorem 5.4.23 and Remark 5.4.24 showed that the
new AVM-based relaxations are guaranteed to be at least as tight as both the SBM relax-
ations and the OBM relaxations. A proof-of-concept implementation of the AVM-based
relaxations in Julia was outlined in Section 5.4.5. Section 5.4.6 presented several numeri-
cal examples to show that the new AVM-based relaxation approach can effectively handle
repeated factors as in Definition 5.4.26 and employ convex envelopes of multivariate in-
trinsic functions of f, to yield significantly tighter state relaxations than the SBM and OBM
relaxations. Lastly, Example 5.5 is concerned with the application to a chemical reaction
network model, and discussed different types of AVM-based relaxations by constructing
closed-form, LP-based, and NLP-based right-hand side functions.

Future work will involve developing more efficient implementation of the AVM-based
relaxations, using the techniques outlined in Section 5.4.3. Besides, subgradients of state
relaxations with respect to p may be developed, to aid local NLP solvers in obtaining lower
bounds for the globally optimal objective values in branch-and-bound. The new state re-

laxations may then be applied to deterministic algorithms of global dynamic optimization.
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Chapter 6

Constructing Subgradients for Convex

Relaxations of Nonconvex Parametric

Systems of ODEs

This chapter, reproduced from the submitted journal article [92], proposes novel subgradi-
ent evaluation methods for state relaxations obtained using the state-of-the-art Scott—Barton
ODE relaxation framework, for solving lower-bounding problems in the algorithms of de-
terministic global dynamic optimization. The subgradients are computed as the unique so-
lution of an auxiliary parametric affine ODE system, analogously to classical forward sen-
sitivity evaluation methods for smooth dynamic systems. Unlike established approaches
that propagate valid subgradients for nonsmooth dynamic systems, this new method is
compatible with existing subgradient evaluation methods for convex functions, and thus
allows using well-developed subgradient libraries such as EAGO and MC++ for implemen-

tation. Moreover, we show that a subgradient of the objective function of a lower-bounding
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problem in global dynamic optimization can be directly evaluated using adjoint sensitiv-
ity analysis, which may reduce the overall computational effort for an overarching gloal
optimization method. Numerical examples are presented to illustrate our new forward sub-
gradient evaluation methods, based on proof-of-concept implementations in Julia. Further

implications are discussed.

6.1 Introduction

This chapter focuses on computing subgradients of state relaxations for the original para-
metric ODE system (1.1.2) formalized in Section 2.3. As discussed in Section 1.1, state
relaxations (formalized in Definition 2.4.1) are valid underestimators and overestimators
of x in (1.1.2), whose components are respectively convex and concave with respect to
p for each fixed 7. Such relaxations are useful in deterministic global optimization algo-
rithms [27-31], for computing lower bounds of the globally optimal objective values of a
nonconvex dynamic optimization problem with (1.1.2) embedded. Subgradients provide
useful local sensitivity information for convex functions (analogously for concave func-
tions), which are typically required by convex optimization methods such as level method
and subgradient method proposed by Nesterov [40] and general nonsmooth local optimiza-
tion methods such as bundle methods [41-43]. Without subgradients, an overarching global
optimization method may fail to compute correct lower bounds when attempting to mini-
mize convex relaxations, which may ultimately lead the method to either report an incorrect
global minimum or incorrectly conclude that the problem is infeasible. Moreover, subgra-
dients are useful for constructing piecewise affine relaxations by a finite combination of the
corresponding subtangents [34,44,45], and each subtangent can be efficiently constructed

by a single evaluation of the original convex relaxation and an associated subgradient [46].
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Subgradients of state relaxations may also be used for constructing a convex polyhedral
enclosure of the reachable set for x in (1.1.2) [47].

As summarized in Section 2.4, Scott and Barton [2] have developed a general ODE re-
laxation framework, which computes nonsmooth state relaxations for (1.1.2) by construct-
ing and solving an auxiliary parametric ODE system. This framework requires furnishing
relaxations for the initial-value function xq, state bounds (c.f. [2, Definition 2]) for x that
are independent of p, and crucial right-hand side (RHS) functions based on relaxations
of fin (1.1.2). There are thus far two established state relaxation methods [2, 3] in this
framework, which describe relaxations as solutions of auxiliary ODEs with different RHS
functions. Scott and Barton [2] construct the RHS functions by composing the general-
ized McCormick relaxations [2] of f with interval flattening operations; the resulting state
relaxations will be referred as Scott—Barton—-McCormick (SBM) relaxations. Our previous
work [3] constructs different RHS functions as optimal-value functions (in the sense of
e.g. [114]) with embedded convex optimization problems, which may employ any convex
and concave relaxations of f. These state relaxations will be called optimization-based (OB)
relaxations in this article. While these state relaxations [2, 3] have been shown to exhibit
desirable tightness and convergence properties, there are thus far no established methods
to evaluate subgradients for these relaxations when nonsmoothness is encountered, which
limits the use of these relaxations in global dynamic optimization. Song et al. [4] propose
an approach for tractably constructing closed-form affine relaxations via black-box eval-
uations of an original convex relaxation, without knowing subgradients. However, these
affine relaxations are likely to be more conservative than subtangents derived from sub-
gradients, which may in turn provide overly conservative bounds in global optimization.

Hence, there is a need to develop new dynamic subgradient evaluation methods for these
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state relaxations [2, 3].

In general, established methods for evaluating subgradients for convex parametric ODE
solutions are somewhat limited. [46, Theorem 3.2] shows that if the ODE RHS is convex,
then subgradients of the solution uniquely solve an auxiliary ODE system, whose RHS re-
quires subgradients of the original ODE RHS. This result is applicable to an earlier weaker
ODE relaxation method in [75], but not the superior Scott—Barton ODE relaxation frame-
work [2], since the latter framework’s RHS is not convex. [46, Theorem 3.3] does not
require a convex ODE RHS, but instead differentiability is required throughout. Recently,
Yuan and Khan [130] show that for bivariate convex functions, centered finite differences
will always converge to a subgradient, and a subgradient may be efficiently evaluated from
directional derivatives. However, these results are not extendable to higher dimensions.

When convexity is not exploited, classical forward sensitivity [131, 132] or adjoint
sensitivity [90] evaluation methods for smooth dynamic systems are not applicable here,
since the mentioned state relaxations are nonsmooth in general. In the field of nonsmooth
dynamic sensitivity analysis, several approaches [133—135] extend the smooth sensitiv-
ity evaluation methods to nonsmooth dynamic systems defined by smooth functions and
discrete events, assuming that the systems are well-behaved around discrete events. [136,
Theorem 7.4.1] proposes sufficient conditions under which a parametric ODE system with
non-differentiable RHS has differentiable parametric solutions. Pang and Stewart [137]
compute linear Newton approximations [138] of the solutions of parametric ODEs with
RHS that are semismooth [139]. Yunt [140] then extends their results to compute linear
Newton approximations using adjoints. However, as illustrated in [97], the linear Newton

approximations of a convex function may contain elements that are not subgradients, and
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do not have associated sufficient optimality conditions unlike the gradient. Recently, meth-
ods [97, 141, 142] have been proposed to compute lexicographic derivatives [143] of the
solutions of nonsmooth parametric ODE systems, differential-algebraic equation (DAE)
systems, and hybrid systems. These lexicographic derivatives reduce to valid subgradi-
ents in a convex case. However, these methods involve solving auxiliary dynamic systems
whose RHS functions are generally discontinuous in state variables, and thus require tai-
lored numerical solvers.

In this chapter, we propose a new general dynamic subgradient evaluation framework
for any state relaxations obtained using the Scott—Barton ODE relaxation framework [2].
This subgradient framework assumes that the underlying state relaxations do not touch
the predefined state bounds during integration, which is guaranteed to be satisfied for a
sufficiently small domain of the parameters p, since state relaxations have been shown to
converge to the original trajectory x faster than state bounds as p’s domain shrinks [79].
This framework also requires the convex state relaxations to never overlap with the con-
cave relaxations; this can be easily guaranteed by adding an arbitrarily small perturbation
to the original state relaxation system, as will be seen in Section 6.4.4. For each fixed p,
we construct subgradients of state relaxations as the unique solution of a forward auxil-
iary ODE system, to be integrated simultaneously with the state relaxation ODE system.
The RHS of this forward sensitivity system is constructed by combining subgradients of
relaxations of f with new flattening operations that play an analogous role to the interval
flattening operations at Scott—Barton framework’s RHS. While plausible, this result is pre-
viously unknown and requires sophisticated justification. Unlike the established dynamic
subgradient evaluation method [46, Theorem 3.2], our new method does not require the

relaxation system’s RHS to be convex, and thus is applicable to Scott—Barton framework.
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Unlike the method [97] that requires computing a specific lexicographic derivative of the
relaxation system’s RHS for each time 7, this new method permits any subgradients of
relaxations of f to be used, and thus is compatible with existing subgradient evaluation
methods [7,33,35, 144,145] for convex functions. Subgradients of McCormick relaxations
for example, are readily available from well-developed libraries such as EAGO [94] and
MC++ [35,96]. Moreover, we show that if the subgradients of relaxations of f follow clas-
sical chain rule as for gradients, then the resulting forward subgradient propagation system
is in fact an affine parametric ODE system (analogously to the forward sensitivity system
for smooth ODE systems), which may be easily integrated using off-the-shelf numerical
ODE solvers. Based on this, we furthermore show that a subgradient of nonsmooth convex
relaxations of objective functions in nonconvex dynamic optimization problems may be ef-
ficiently evaluated using adjoints, analogously to classical dynamic adjoint sensitivity anal-
ysis [90]. Ruban [135] and Hanneman-Tamas et al. [134] have proposed adjoint sensitivity
evaluation methods for nonsmooth dynamic systems, which are under certain regularity
assumptions. For example, these methods consider nonsmooth dynamic systems defined
using smooth functions and discrete events, and the state variables are assumed to satisfy
certain transition conditions around discrete events. Under these conditions, the resulting
generalized states are actually continuously differentiable with respect to uncertain param-
eters. On the other hand, our new adjoint subgradient evaluation method considers an ODE
system with nonsmooth RHS but without discrete events; no additional regularity assump-
tions are required, and yields valid subgradients for nonsmooth convex parametric ODE
solutions. Adjoint sensitivity evaluation methods [90] have been shown to be empirically
more efficient than forward methods in smooth dynamic optimization for a large number

of decision variables. We expect that this extension to nonsmooth subgradient evaluation

188



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

would speed up computation of subgradients for solving the lower-bounding problems, and
ultimately reduce computational effort for deterministic global dynamic optimization.

Based on the general subgradient evaluation framework presented above, we then pro-
pose new numerical methods for evaluating subgradients for the SBM relaxations [2] and
our newer OB relaxations [3]. For the SBM relaxations, we propose to construct a forward
subgradient propagation system based on Mitsos et al.’s vector forward mode subgradi-
ent automatic differentiation for McCormick relaxations [35]. Correspondingly, we pro-
pose a new adjoint ODE subgradient evaluation system constructed from Beckers et al.’s
adjoint mode computation for subgradients of McCormick relaxations, for use in lower
bounding in global dynamic optimization. For the OB relaxations, we propose a new for-
ward subgradient propagation system based on a recently established subgradient evalua-
tion method [145, Theorem 5.3.2] for multivariate McCormick relaxations [7, Theorem 2].
While the OB relaxation ODE system solves convex optimization problems at RHS, the
new forward system’s RHS is efficiently evaluated in closed form; no need to solve opti-
mization problems. We have also developed proof-of-concept implementations in Julia [95]
for forward subgradient evaluation for both the SBM relaxations and the OB relaxations.
Numerical examples show that these new methods indeed yield valid subgradients. We
leave implementation for dynamic adjoint subgradient evaluation for future work, since
there is no off-the-shelf implementation of adjoint subgradient evaluation for McCormick
relaxations and no appropriate adjoint ODE sensitivity solver in Julia. The adjoint solver
provided by the package DifferentialEquations [123] appears to be incomplete, and we
were unable to adapt it for our systems.

The remainder of this chapter is organized as follows. Section 6.2 summarizes relevant

mathematical background including subgradients and directional derivatives of parametric
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ODE solutions. The Scott—Barton ODE relaxation framework [2] was already summarized
in Section 2.4. Section 6.3 formalizes the problem formulation for this article. Section 6.4
presents a new general subgradient propagation framework, where a forward subgradient
evaluation system and an adjoint sensitivity system are constructed. Section 6.5 then pro-
poses new numerical methods for evaluating subgradients of the SBM relaxations [2] and
the OB relaxations [3]. Lastly, Section 6.6 presents numerical examples to illustrate the
correctness of the proposed forward sensitivity methods, based on a proof-of-concept im-

plementation in Julia.

6.2 Mathematical preliminaries

This section summarizes the mathematical preliminaries of this article. Section 6.2.1 presents
the standard definitions of directional derivatives and subgradients in convex analysis [146].
Section 6.2.2 presents an established method [97] for propagating directional derivatives of
parametric ODE solutions, which is essential for validating the new subgradient evaluation

methods of this article.

6.2.1 Directional derivatives and subgradients

Definition 6.2.1 (from [127]). Given an open set ¥ C R”, a function h : ¥ — R, some

y € Y, and some d € R”, the limit

h _
lim (y+ ad) —h(y)
al0 o

is called the directional derivative of h at y if it exists, and is denoted as h’(y;d). The

function h is directionally differentiable at y if W (y;d) exists and is finite for each d € R”".
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The function h is said to be directionally differentiable if it is directionally differentiable at

everyycY.

The following definitions of subgradients and subdifferentials are standard in convex

analysis [146].

Definition 6.2.2 (adapted from [146]). Given an open convex set ¥ C R” and a convex

function A : Y — R, sV € R" is a subgradient of h*¥ aty € Y if

() > B (y) + (s, n —y), VpeY.

Similarly, given a concave function A°“ : Y — R, s°° € R”" is a subgradient of /“ aty € Y if

KE(M) <h*(y)+ (s, n—y), VneY.

The subdifferential dh°¥ (y) C R”" (resp. dh*(y) C R") is the collection of all subgradients
of h®Y (resp. h*°) aty.

Theorem 6.2.3 (adapted from [146]). Given functions AY and A in Definition 6.2.2, sV €

R" is a subgradient of A/ aty € Y if

(K] (y;d) > (s, d), VdeR"

Similarly, s € R" is a subgradient of h/°“ aty € Y if

[A°) (y:d) < (s°,d), VdeR"
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6.2.2 Directional derivatives of parametric ODE solutions

Pang and Stewart [137] showed that the directional derivatives of an ODE solution with
respect to its initial condition uniquely solve an auxiliary ODE system. Khan and Barton
[97] extended this result to parametric ODE systems whose right-hand side functions are

discontinuous in ¢. The following theorem is adapted from [97, Theorem 4.1].

Theorem 6.2.4. Let ] := [ty,t7] where ) <17, and let D C R" and P C R" be open. Consider
a Lipschitz continuous and directionally differentiable function yq : P — D. Suppose that a

function g : I x P x D — R" satisfies the following conditions:
1. the mapping g(-,p,N) : I — R™ is measurable for each p € P and 0 € D,

2. there exist Lebesgue integrable functions kg,mg : I — R U {+oco} for which
lg(t,p, )| <mg(t), Vtel, VpeP,vneD,

and

le(r,p*, 1) — (%, 0®)]| < ke() (1" ~ % +1In* 7)),

viel, vp™p® e P, vnt n®eD,

3. for each t € I except in a zero-measure subset Zg, the mapping g(t,-,-) : P x D — R”
is directionally differentiable.
For each p € P, with y(-, p) denoting any solution of the parametric ODE system:
y(t7p) :g(t7p7Y(t7p>)7 Y(f(),p) ZYO(p)7 (6.2.1)
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suppose that there exists a solution {y(¢,p) : ¢ € I} C D. Then, for each ¢ € I, the function
y: = y(t,-) is well-defined and Lipschitz continuous on P with a Lipschitz constant that is
independent of . Moreover, y; is directionally differentiable for each ¢ € I, and for each
p € P and d € R™, the mapping ¢ — [y;]’(p;d) is the unique solution (in the Carathéodory

sense [102]) on I of the ODE system:

2(t) = [&]' ((p,y(1,p)): (d,2(2))), z(10) = [yo) (p:d), (6.2.2)

where g, : P x D — R" is defined in terms of g as follows and is directionally differentiable

for each t € I\Zy: for each (t,p,n) € I x P x D,

n g(t7p7n)7 iftEI\Zg,
&(p,n) =
0, ift € Zy.

6.3 Problem statement

Assumption 6.3.1. Suppose that initial relaxations (xg*,xg°) for (2.3.1) satisfy the follow-

ing: for each p € P, x"(ty) < x§'(p) < x5°(p) < xY(to).

The assumption above is for simplicity of analysis. Under this assumption, the ini-

tial conditions in the Scott-Barton framework (2.4.1) becomes x{*(fo,p) = xg";(p) and

x{(t0, p) = x(c)fi(p)-

Assumption 6.3.2. Consider the original parametric ODE system (2.3.1) formalized in
Assumption 2.3.2. Suppose that appropriate state bounds (x",xV) in Assumption 2.4.5 and
initial relaxations (x§',x¢¢) in Assumption 6.3.1 are available. Denote the interior of P as P.

For any Scott-Barton right-hand side functions (u,0), suppose that the mappings u(z, -, -, )
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and o(t,-,-,-) are directionally differentiable and Lipschitz continuous on P x R™ x R™,
uniformly over ¢ € I. Consider state relaxations (x°V,x°) for (2.3.1) obtained via (2.4.1),

and suppose that for all 7 € (fo,7/] and p € P,
XU (1) < xV(r,p) < x°°(,p) < xV(r). (6.3.1)

Definition 6.3.3. For any state relaxations (x*V,x) for (2.3.1), functions S,8% : I x P —
R™>" are called state relaxation subgradients if, for eachi € {1,...,n,},t €I, and p € P,

[sflv) (t,p)]" is a subgradient of x" (¢, ) at p, and [s%f) (t,p)]" is a subgradient of x{°(z,-) at p.

As discussed in Section 6.1, state relaxation subgradients are useful in deterministic al-
gorithms of global dynamic optimization [2, 12, 18, 108], for computing the required lower
bounds by minimizing convex relaxations constructed from state relaxations. To the au-
thors” knowledge, [97] is the only established method which may be used for computing
subgradients of state relaxations obtained using the Scott—Barton framework (2.4.1) un-
der Assumption 6.3.2. This method computes valid lexicographic derivatives [143] for
nonsmooth parametric ODE solutions via an auxiliary ODE system. These lexicographic
derivatives reduce to subgradients in a convex case. However, this method has the follow-
ing disadvantages. Firstly, the auxiliary ODE system’s RHS is in general discontinuous
with respect to state variables, and thus tailored ODE solvers are required. Secondly, this
method does not allow efficient dynamic sensitivity evaluation using adjoints. Thirdly,
the auxiliary ODE system’s RHS requires a specific lexicographic derivative of the nons-
mooth ODE RHS, which is not compatible with established subgradient evaluation meth-
ods [7,33,35,145]. This will increase the difficulty for implementation.

Thus, under Assumption 6.3.2, the goal of this article is to propose a new framework for
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constructing subgradients (SV,8) for state relaxations (x¥,x®) for (2.3.1) obtained us-
ing the Scott—Barton framework (2.4.1), and also propose efficient subgradient evaluation
methods for the established state relaxations [2, 3] in this framework. These new meth-
ods construct new auxiliary ODEs that are easily integrated with off-the-shelf numerical
solvers, enable dynamic adjoint subgradient evaluation, and are compatible with estab-
lished subgradient evaluation methods. Under Assumption 6.3.2, the ODE system (2.4.1)

reduces to
X¥(2,p) = u(t,p,x™(t,p),x*(,p)), x*(t0,p) = x5’ (p),
(6.3.2)
X(t,p) = o(t,p,x™ (t,p), x(t,p)), x*(i0,p) = x5 (P)-
We note that our new framework for evaluating state relaxation subgradients will only be
valid under (6.3.1), so that (x°,x°°) can be obtained using (6.3.2). However, the require-
ment x°°(z,p) > x(¢,p) will generally be satisfied if f(¢,-,-) in (2.3.1) is nonlinear for
each t > 1y, and this can also be guaranteed by adding an arbitrarily small perturbation to
(u,0,x5",x5°), as will be shown in Section 6.4.4. As concluded in [79], in the Scott—Barton
framework (2.4.1), the state relaxations (x°¥,x°) converge faster to the original trajectory
x than the state bounds (x",xV) as the domain P shrinks. Thus, x“(¢) < x*"(¢,p) and
xV(¢) > x°(¢,p) in (6.3.1) are guaranteed to be satisfied for a sufficiently small P. More-
over, we suspect that the requirement (6.3.1) could be weakened, but there is no clear way
to do this using currently established differential inequalities.
Section 6.4 below presents sophisticated mathematical foundations of the new subgra-

dient evaluation methods. For practical methods for evaluating subgradients of the estab-

lished state relaxations [2, 3], readers are recommended to look at Sections 6.5 and 6.6.
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6.4 Subgradient evaluation framework

In this section, we present a new framework to evaluate subgradients for state relaxations
constructed using (6.3.2). This framework constructs state relaxation subgradients (S, S)
as the solutions of a new auxiliary ODE system. In Section 6.6, numerical examples will

use this framework to compute subgradients.

6.4.1 Subgradient propagation functions

Our new subgradient evaluation framework requires furnishing crucial subgradient prop-
agation functions, for use in an auxiliary ODE system that will be constructed in the next

subsection.

Definition 6.4.1. Suppose that Assumption 6.3.2 holds. Functions V, W : ] x P x R™>"» x
R™=*"p — R™>*" are called subgradient propagation functions for (u,o) if the following

conditions are satisfied: for any interval Z € TR"*"»,

I.1 foreach p € P and M,N € Z, the functions V(-,p,M,N) and W(-,p,M,N) are mea-

surable on /,

.2 there exist functions mz,kz : I x P — R, U {+oco} so that for each t € I, p € P, and

MA NA MB NB ¢ Z, mz(-,p) and kz(-, p) are Lebesgue integrable, and
IV, p, M*,NA) ||+ Wz, p, M* N*) || < mz(r,p)

and
IV(t,p,MA N*) —V(z,p, M® NP)|| + | W(z,p, M* N*) — W(t,p, MP, N®) |
< kz(1,) (IM* — M|+ [N - NP ),
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I3 forae. t€/l,anyi€ {1,..,n}, pc P, heRY, d* d® € R™, and M,N € R=*"

such that

the following conditions hold:

(a) if (m;),h) = d*, then

(v() (1,0, M,N), h) < [u;,)'((p,x* (1,p), x(1,p) ): (h,d",d%)),
(b) if (n(;),h) = dp, then

(w(p) (., M,N), h) > [o;,]'((p. X" (¢,p),x**(1,p)): (h,d*,d")),

where u; =u(t,-,-,-) and o, = o(t,-,-,").

The conditions in the definition above may look cumbersome. However, Section 6.4.3
below will present a practical method to construct subgradient propagation functions (V, W)

for any (u,0) satisfying (2.4.2).

6.4.2 Subgradient evaluation ODE system

As the core result of this article, the following theorem shows that the unique solution of
a certain auxiliary parametric ODE system describes valid state relaxation subgradients
(S€Y,8°) for the state relaxations (x°¥,x°°) obtained using (6.3.2). This auxiliary ODE

system employs subgradient propagation functions (V, W).
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Theorem 6.4.2. Suppose that Assumption 6.3.2 holds and that valid subgradient propaga-

tion functions (V, W) for (u, 0) are available. Define functions S§",S§° : P — R™ " 50 that

T T

is a subgradient of x7}, at p, and [s{ ;(p)]" is

for eachi € {1,...,n,} and p € P, [s¢3 o (P)]

a subgradient of xj at p. Consider the following parametric ODE system:

S¥(t,p) = V(,p, S (t,p),S(t,p)), S (t0,p) =S§' (p),

S(¢,p) = W(t,p, S (£,p),S(r,p)), S*(t0,p) = Si°(p)-

(6.4.1)

Then, for each p € P, local existence and uniqueness of a Carathéodory solution (S¢¥ (-, p),S(-,p))
of (6.4.1) are guaranteed. Moreover, (S, S°¢) are valid subgradients for state relaxations

(x°Y,x°¢) as in Definition 6.3.3.

Proof. Since Conditions I.1 and 1.2 in Definition 6.4.1 hold, [102, §1, Theorems 1 and 2]
imply local existence and uniqueness of a Carathéodory solution of (6.4.1) for each p € P.

Let x{¥ = x“V(z,-) and x7° = x*(r,-). Since x;" and x;° are respectively convex and
concave on P for each ¢ € I, Theorem 6.2.3 implies that, for proving the claimed result, it

is sufficient to show that for all r € I, p € P, and directions h € R,

$(t,p)h < [x/"]'(p:h) and  S%(r,p)h > [xi]'(p:h).

Consider any fixed p € P and direction h € R™. Since X' and xg° are respectively convex
and concave on P, [146, Theorems 10.4 and 23.4] imply that they are Lipschitz contin-
uous and directionally differentiable on P. Furthermore, since Assumption 6.3.2 holds,
by applying Theorem 6.2.4 to a reformulated (6.3.2) where the states x°° are replaced by

their negatives, the mapping 7 — ([x¥]’(p;h), [xf¢)'(p;h)) may be described as the unique
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solution (z*,zB) of the following ODE system:

N
>
—~
~
~—
|

[u] ((p,x7" (p).xi°(p)): (h.2"(¢),2°(1))), 2*(10) = [x§") (p:h),

2°(t) = o) ((p,x" (p), X7 (p)): (h,2%(1),2° (1)), 2°(10) = [x§°]'(p:hh).

For simplicity of notation, define functions g“,g° : I x R x R™ — R" so that for each

(t,d",dB) € I x R™ x R™,

g"(r,a*,d%) == [u]'((p,x" (), x°(p)); (h,d",d®)),

g’(r,a*,d%) == [o,]'((p,x{" (p),x{*(p)); (h,d*,d®)).

Since (u,0) satisfy relevant conditions in Assumption 6.3.2, [127, Theorem 3.1.2] implies

that there exists a scalar / > 0 so that for each 7 € I and d?,dB,d?,dB € R™,

lg"(r,a% @) —g"(1,d",d%) || +[1g”(r,a%,d%) —g°(r,d",@%)|| < [(]|a* —a*| +[|a® —a®])).
(6.4.2)
We proceed in this proof by showing that for all ¢ € [to,t¢], S (z,p)h < [x{"] (p;h).
That S(z,p)h > [x¢]'(p;h) can be proved similarly. The rest of this proof is based on
the differential inequality results developed in [39,91]. According to the construction of
85", S (to,p)h < [x;']'(p;h). For all z € (to,ts], to arrive at a contradiction, suppose that
there exists 7 € (1o, 7] for which [xl?}]/(p;h) < <sflv) (f,p),h) forsomei € {1,...,n,}, and thus

define

1 :=1inf{r € (19,17] : Ik € {1,...,n,} for which [x¢,]'(p:h) < (S (1:p), M} <1y,
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Define a function & : I — R%™ so that for each 7 € I,

(1) := (S (r,p)h — [x/"]'(p;h), [x;] (p:h) — S*(, p)h).

Observe that & is absolutely continuous. Applying [39, Lemmata 3.3.4 and 3.3.5] to 8 and

t1, we obtain the following.

Let 1 € R" be a vector whose components are all equal to 1. It holds that #; < 1,

and, for any #4 € (t1,t7], there exist j € {I,...,n,}, € > 0, an absolutely continuous and

non-deceasing function p : [f],#;] — R whose derivative a.e. on [t1,4] is denoted as p, and

scalars 1,13 € [t1,14] with £, < 13 such that

0<p(r)<e, Vte]|n,u,

p(t) >2p(t), ae.t€]lt,t,

SV (t,p)h—p()1 < [xV]'(p;h), V€ [t,13),
S(t,p)h+p (1)1 > [x]'(psh), Vi€ [n,13),
S, ) (p2h) = (5% (12.p) ),

ST () = (5% (13,p). ) — p 13),

b5l (psh) < {s75)(1.p).h), V1 € (12.15).

Define functions Z,¥ : I — R so that for each s € [ and x € {1,...,n,},

Zi(t) == max((s(y, (1, p), h), [xic, ] (p:h)),

Fe(t) = min((s5%, 1, p). h). S5 (p:h)).
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Moreover, since (6.4.7) and (6.4.9) hold, it follows that for all 7 € [tp,13),

(1) > $™(1,p)h,
(1) = (5% (1.p). b,

y(1) <S%(z,p)h.

Since Condition 1.3 in Definition 6.4.1 holds, it follows that

87(t,2(1),§(t)) = (v (t,p,8(1,p),8%(z,p)),h), ae.1€[n,n). (6.4.10)

Now, for each ¢ € [t2,13) and each k € {1,...,n,}, one of the following cases will occur:
Lif gy (psh) > (s(, (£, p), h). then

Zi(t) = ) (psh) =0, (6.4.11)

2. if [ ] (psh) < (s

(x

)(t,p),h), then Z,(1) = (sa) (t,p),h); moreover, since (6.4.5)
holds,
0 < Ze(t) — [x¢] (psh) < p(1). (6.4.12)

The following inequality follows from (6.4.11) and (6.4.12):
1Z(r) = [x;"] (p:h) || < p (), Vi € [12,13). (6.4.13)

Similarly, for all 7 € [f,13),

15(r) — [x;°] (p:h) || < p(2), Vi€ n,1n). (6.4.14)
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Combining (6.4.13) and (6.4.14) with (6.4.2) yields
|8 (1,2(1),§(t)) — g5(t, [x;*] (psh), [x; (psh))| < 2Ip(), ae.t€ ). (6.4.15)
Applying (6.4.10) yields

(v(j)(t,p,8(t,p),8°(z,p)), h) < g}(t,[x;*]'(p:h), [x;] (p;h)) +2[p(r), ae. 1€ [0,13).

Since p(t) > 2Ip(t) for a.e. t € [t,,13] according to (6.4.4), rearranging the above inequality

yields

<V(j) (l‘,p,ch(t,p),scc(t,p)),h> _g?(t7 [X?V]l(p;h)y [X?c]/<p;h)> —p(t) <0, ae.re [tz,tg],

which implies that ((S‘EJV) (t,p),h) — [x34) (psh) — p(t)) is decreasing on [f, 3], which in

turn implies

(55 (22, 9),h) — [x%, )/ (psh) — p(22) > (8% (13, p), h) — 1%, ' (psh) — p(13).  (6.4.16)

However, since (6.4.7) and (6.4.8) hold, then (6.4.16) becomes p(;) < 0 which contradicts
(6.4.3). Thus 7 cannot exist.
Since the choices of p and h are arbitrary in the proof above, it follows that for all

t € (to,tf], p € P,and h € R™,

$(t,p)h < [x{"]'(p:h).
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6.4.3 Constructing subgradient propagation functions

In this subsection, we show that for any Scott—Barton right-hand side functions (u,0) in
Assumption 6.3.2 that are constructed using (2.4.2), the subgradient propagation functions
(V,W) in Theorem 6.4.2 can be constructed by leveraging the subgradient information of
(@,6) in Assumption 2.4.11.

Besides Assumption 2.4.11, suppose that functions (i, 0) in (2.4.2) satisfy the following

assumption.

Assumption 6.4.3. Suppose that Assumption 2.4.11 holds. Suppose that the mappings
a(z,-,-,-) and 0(¢,-,-,-) in (2.4.2) are directionally differentiable and Lipschitz continuous

on P x R™ x R™, uniformly over ¢ € I.
The following proposition will be useful for the subsequent theory development.

Proposition 6.4.4. Suppose that functions @1,0 : / x P x R™ x R" — R" describe convexity
amplifying dynamics as in [2, Definition 5]. Then, these functions also satisfy the following
condition. For a.e. t € I, any P € IP, and arbitrary functions &, B : P — R™ for which the

following conditions hold:
1. foreach p € P, x"(¢) < a(p) < B(p) < xY(¢) and
2. o and B are respectively convex and concave on P,

then, the mappings p — 6(z,p, &(p), B(p)) and p — o(¢,p, &(p), B(p)) are respectively

convex and concave on P.

Proof. This result can be verified by applying [2, Definition 5] of convexity amplifying
dynamics of (i1,8) to any p*,p®,p € Pand A € (0,1) for which p:= Ap* +(1—-21)pB. O
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In concert with the functions (i, 6) in Assumptions 2.4.11 and 6.4.3, we shall consider

functions (V, W) that satisfy the following assumption.

Assumption 6.4.5. Suppose that functions (ii,6) satisfy Assumptions 2.4.11 and 6.4.3.
Suppose that functions V, W : I x P x R™ x R™ x R™*" x R™%*p —y RMX" gatisfy the
following conditions. Consider a.e. ¢ € I, any P € IP, arbitrary functions &, B : P — R™, p

in the interior of P and M,N € R™*"» for which the following conditions hold:
1. foreach p € P, x"(r) < a(p) < B(p) < xV(¢r),
2. a and B are respectively convex and concave on P, and
3. foreachie {1,...,n,}, m;) and n;) are respectively subgradients of ¢; and Bi at p.

According to Proposition 6.4.4, the mappings u(z,-,0(-),B(-)) and o(z,-, a(-),B(-)) are

respectively convex and concave on P. Assume that for eachi € {1,...,n,},

V(i) (t,p, & (p), B(p),M,N) and W ;) (z,p, &(p), B (p), M,N)

are subgradients of i;(z,-, a(-), B(-)) and 6;(¢,-,a(-), B(-)) at p, respectively.

Theorem 6.4.8 below shows that valid subgradient propagation functions (V, W) in
Definition 6.4.1 may be constructed by composing functions (V, W) in Assumption 6.4.5
with new matrix flattening operations as in Definition 6.4.7 below. This theorem requires

the following lemma as an intermediate result.

Lemma 6.4.6. Suppose that Assumption 6.4.5 holds. For a.e.t € I, any p € P, £, ¢
R, M,N € R™*"p, dA, dB € R, and h € R™ for which the following conditions hold:

Loxb(r) < & < €% <xY(1),
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2. foreachi e {1,...,n} such that & < £%¢

i

(m(),h) <d} and (n;,h)>dp, (6.4.17)

3. foreach j € {1,...,n,} such that gjcv = ch’

A _ B A
m ;) =n;), d;=d;, and (m,h)=4d}, (6.4.18)
then the following inequalities hold:
V(e,p, &6, M,N)h < [&]'(p.£™,£°;h,d",d°)
(6.4.19)

and W(r,p,E%,E°,M,N)h > [6,] (p, &, E°;h,d*,d®).

Proof. Consider a.e.t €I, any p € P, E £ € R, M,N € R™*" _d* dB € R™, and
h € R as in the lemma’s statement.

Define functions @, B : R"» — R"* in the following way.

1. Choose vectors qg;),e;) € R" for which (q;,h) = d? and (e¢iy,h) = d®. For each

i€ {1,...,n,} such that £ < £° and each p € R"7, define

o;(p) == max(5" + (m;),p—p), & + (q0),P—Pp))

and  B;(P) := min(& + (n;),p—p), & + (e, P —p)).

Observe that o;(p) = &Y, Bi(p) = &£, @; and B; are piecewise affine, @; is convex, fB;
is concave, and m;) and n;) are respectively subgradients of @; and Bi at p. Besides,
since (6.4.17) holds, and since <q(,~),h> = dlA and (e(i),h> = dlB, [129, Example 3.4,
Page 260] implies that [o;]'(p;h) = d#* and [B;]'(p;h) = dP.
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2. Foreach j € {1,...,n,} such that & = ¢ and each p € R",

a;(p) :=&* + (m(;),p—p)
and  B;(p) := Gj°+ (n(;,p—p)-

Since (6.4.18) holds, it follows that ¢¢; and f3; are the same affine function, «;(p) =

&' =Bj(p) =&, [o]'(psh) = df = [Bj]'(p;h) = d?, m ;) and n; are respectively

slopes of the affine functions ; and ;.

Moreover, since functions (¢, B) are continuous by construction, and since x"(¢) < €< <

“ < xY(1), there exists a set P € [P such that p is in the interior of P and x"(r) < a(p) <
B(p) < xY(¢) for each p € P.

Now, since (i1,6) and (V, W) satisfy Assumption 6.4.5, according to the construction

of (e, B), for all h € R™

V(t,p,a(p), B(p),M,N)h < [&] (p, &(p), B(p); h, &' (p;h), B (p; h))

and  W(z,p,a(p), B(p),M,N)h > [5,]'(p,(p), B(p);h, & (p;h), B (p; })).

Then, (6.4.19) is proved by substituting (a(p), B (p)) with (€, E), letting h := h, and
substituting (@/(p;h), B’ (p;h)) with (d*,dB).
[

Definition 6.4.7. For each i € {1,...,n,}, define functions R R/U : R%>7 x Ry

R XNp s RAxX1Np by:

1. R*Y(MA NA) := (MA,NB) where ng, = f) for all k € {1,...,n,} and k # i and

B ._ A
o = My
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2. R'Y(MA NA) := (MB N”) where m](3k) = m‘(A;(), forall k € {1,...,n,} and k # i, and

B ._ LA
M) == )

Theorem 6.4.8. Suppose that functions @,0 : I X P x R™ x R"™ — R"™ satisfy Assump-
tion 6.4.3. Construct functions u,0 : I X P x R™ x R™ — R’ using (2.4.2). Then, the
mappings u(t,-,-,-) and o(¢,-,-,-) are directionally differentiable and Lipschitz continu-
ous on P x R™ x R™, uniformly over t € I. Suppose that the remaining conditions in
Assumption 6.3.2 also hold. Consider a set X € IR™ for which X(t) C X,Vt € I. Sup-
pose that functions (V, W) satisfy Assumption 6.4.5 and the following conditions: for any

Z € IR™>"p,

1.1 for each p € P and M, N € Z, the functions V(-,p,-,-,M,N) and W(-,p,-,-,M,N) are

Borel measurable (c.f. [147)]),

I1.2 there exist scalars 7z, kz > 0 so thatforeachr € I, pe P, < E°° € X, and MA,NA  MB NB ¢

Z,

|V (2, p, EY,EC MANY ||+ |[W(t,p, ES,EC, MA N || < sz (6.4.20)

and

IV, p. &7, 6% MANY) —V(1,p, 67, 8% MPNP)|
+ | W(t,p, T, EC,MA N*) —W(t,p, E €€ MB NB) | (6.4.21)

< kz(||MA — MP|| + [N — NP,

Define functions V,W : I x P x R x R%* — R™* g0 that for each i € {1,...,n,}
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and (t7p7M;N) elx PX RMxX1p Rnxxnp,

(6.4.22)
and  w; (1,p,M,N) := W, (t,p,r"Y (x(1,p),x(t,p)),R"Y(M,N)).

Then, the functions (V,W) are valid subgradient propagation functions for (u,0) as in

Definition 6.4.1.

Proof. Since the functions (i1,0) satisfy Assumption 2.4.11, [2, Lemmata 10 and 11] im-
ply that (u,0) are valid Scott—Barton right—hand side functions. Since (r"",r"V) are linear
mappings, (u,0) also inherits the directional differentiability and uniform Lipschitz conti-
nuity of (i1,6) in Assumption 6.4.3. Thus, the mappings u(z,-,-,-) and o(¢,-,-,-) are direc-
tionally differentiable and Lipschitz continuous on P x R™ x R™, uniformly over ¢ € I.
Next, we show that the (V, W) in (6.4.22) are valid subgradient propagation functions
by verifying all conditions in Definition 6.4.1. Since for each p € P, (x*V(-,p),x*(-,p)) are
continuous, it follows that (x*V(-,p),x°(-,p)) are Borel measurable. Since a composition
of two Borel measurable functions is also Borel measurable (c.f. [147, Section 2.12(i1)]),
Condition II.1 implies that V(-,p,M,N) and W(-,p, M,N) satisfy Condition I.1. More-
over, since x*¥ (¢,p),x*(¢,p) € X(t) C X,V(t,p) € I x P according to [2, Lemma 1], Con-
dition IL.2 implies that Condition 1.2 is satisfied with my(t,p) := sitiz and kz(t,p) := k.
Now, we verify Condition 1.3. Consider a.e.t €I, any p € P, i € {1,...,n,}, M,N €

R dA dB € R™, and h € R™ such that

(6.4.23)
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Further assume that (m;,h) = d?. Let

s2Cv gcCC .
(& .8 ) =r"(x"(1,p),x*(t,p)),
(M,N) := R"L(M,N), (6.4.24)
(d?,dB) :=rt(d*,dB).
Since x"(1) < x°V(¢,p) < x°(¢,p) < xY(¢) by assumption, since (6.4.23) holds, and based

on the definitions of r’' and R’L, it follows that x(¢) < é < and écc < xY(t), and for any

index j € {1,...,n,} with j # i,

and

g =hg =mg, &= =x"(1p), d'=d’=d}

Moreover, since (m(;),h) = d?, it follows that (f;),h) = d®. Thus, Proposition 6.4.4 and

Lemma 6.4.6 imply that

According to (6.4.24),

(Vo) (1.2, 1" (x* (1, p),x°(1, ). R""(M, N) ), h)

<[] ((p,r""(x*(r,),x(1,p))): (h,x" (%, d%))).
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Moreover, since (2.4.2) and (6.4.22) hold, the inequality above becomes

(v(i) (6,0, M,N), ) < [uz]'((p,x" (1,p),x%(¢,p)); (h,d*, %))

If we instead assume that (n;),h) = d®, it can be shown similarly that

<w(i) (tvvavN)vh> > [Oi,f]/((paxcv(tap)7XCC(I’p)); (h7dA7dB>)'

Thus, (V, W) satisfy Condition 1.3 of Definition 6.4.1. O

Remark 6.4.9. The requirement x*"(¢,p) < x°(¢,p) in Assumption 6.3.2 is essential for
the theorem above. To illustrate this point, consider any i € {1,...,n,} and a index j # i for
which x$¥(z, p) = x5°(¢, p). In this case, for Lemma 6.4.6 to be applicable in the proof above,
we must have dA dB However, Condition 1.3 of Definition 6.4.1 requires considering
any d?*,d® € R. Thus, coinciding x*¥ (¢, p) and x°°(¢,p) cannot be applied.

J

6.4.4 Accommodating coinciding state relaxations

According to [2, Corollary 1], any state relaxations (xV,x°) obtained using (2.4.1) satisfy

N (t,p) <x(t,p), for each (¢,p) € I x P. In this subsection, still assuming that valid state
relaxations (x®,x°°) are obtained using (6.3.2), we show that the requirement x*" (7, p) <
x°“(¢,p) in Assumption 6.3.2 can be guaranteed by adding an arbitrarily small perturbation

€ > 0to (u,0,x5",x{") in (6.3.2). This result requires the following additional assumption.

Assumption 6.4.10. Consider functions (i, ) that satisfy Assumption 2.4.11. Further as-

sume that for each ¢ € I, p € P, and EV* VB A EB ¢ Riv for which £V <
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gcv,B < écc,B < écc,A

(e, p, £, 69N <ai(r,p, E°P,6°°P) <a(r,p, E°P,E°F) <a(r,p, £, €,

The assumption above is mild and is already required in [39,79]. This assumption is
necessary for the resulting state relaxations to exhibit desirable convergence properties (in
the sense of [79]) to x as P shrinks in methods for deterministic global dynamic optimiza-

tion. The following proposition establishes strict inequalities between x“V and x°°.

Proposition 6.4.11. Consider functions (i, 6) that satisfy Assumption 6.4.10, and consider
functions (u,0) constructed using (2.4.2). Consider the following (p, €)—dependent ODE
system: for each i € {1,...,n,},
x;\?v(tapag) = ui(t7p7ﬁcv(t7p78)7ﬁcc<t7p78)) —&, )e;':v(t()?p?g) = x;\(l)(p) )
(6.4.25)

AcC

X(r,p,.€) = 0i(t,p, X (1,p,€) X°(t,p,€)) + &, £°(10,p,€) =x5(p) +&.

For each p € P and € € R, any solution (X<V(,-,p,€),X(,,p,€)) is understood in the
classical sense. Consider an arbitrarily small € > 0 and suppose that for each p € P and
tel,

xE (1) <&V(t,p,8) and £°(r,p,8) <xY(1), (6.4.26)

and also suppose that
xE (1) <&%(t,p,0) and &(r,p,0) <xY(r). (6.4.27)

Then, (X°V(-,-,0),%°(-,-,0)) and (X (-,,&),X(+,-,&)) are both valid state relaxations for
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(2.3.1). Moreover,

V(r,p, &) <XV(1,p,0) < X(£,p,0) < X*(¢,p, &), Viel, VpeP (6.4.28)

Proof. Since (@,0) in Assumption 2.4.11 are continuous, the definition of a solution of
(6.4.25) is appropriate. Since (i, ) satisfy Assumption 2.4.11 and (u,0) are constructed
using (2.4.2), [2, Lemmata 10 and 11] imply that (u,0) are valid Scott-Barton right-hand
side functions. Moreover, it is readily verified that (u— &, 0+ £€) are also valid Scott—Barton
right-hand side functions. Thus, since (6.4.26) and (6.4.27) are assumed, [2, Corollary 1
and Theorem 3] imply that both (X*V(-,-,0),X°°(-,-,0)) and (XV(-,-,&),X°(-,-, €)) are valid
state relaxations for (2.3.1).

Since (XV(-,-,0),%%(+,-,0)) are valid state relaxations, it follows that X<V (z,p,0) <
X°¢(1,p,0) for each t € I and p € P. Now, we prove the remaining inequalities in (6.4.28)
using a differential inequality result [77, Theorem III, §12]. Consider any fixed p € P.

Consider any t €1,i € {1,...,n,}, and £, € R"™ so that XV (¢, p,&) < € < €% <
X°(t,p, €). Further assume that £ = £V (¢, p, €). Since Assumption 6.4.10 holds, accord-

ing to the definition of ril

iii(t,p,r " (EY 7)) > i, p, " (R (1, p,8),8°(1,p, 8))).
Moreover, since (2.4.2) holds and & > 0,

wi(t,p, &, &%) > u;(t,p, %% (t,p, 8),%°(1,p. 8))

> ui(t’p’ﬁcv(t’p’é)yﬁcca’,p,é)) —&.
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Similarly, if we instead assume ¢ = £{°(z, p, €), it can be shown that

Ol.(t7p7écv7écc) < Oi(t’p’ﬁcv(t7p? é)720C<t7l)7é)) +é'

Moreover, since x;(p) — & < x{j(p) and x{{(p) + € > x;5(p) and since the ODE solu-
tions (X°V(-,p,0),%(p,-,0)) and (X (-,p,€),X°°(-,p,&)) are continuously differentiable,
(6.4.28) follows by applying [77, Theorem III, §12] to (6.4.25) reformulated with € :=0

and with € := €, where the states X are replaced by their negatives. 0

Note that X°V(-,-, &) and X°°(-, -, &) still have desirable convergence properties to x as P
shrinks, if € is set to be a fixed fraction of the diameter of P. Moreover, the subgradient
evaluation results Theorems 6.4.2 and 6.4.8 are still applicable to (6.3.2) if (u—£&,0+ &) is
embedded instead of (u,0). The following proposition shows that if an extremely small & >
0 is chosen, subgradients of the “&-perturbed” state relaxations approximate subgradients

of the original state relaxations.

Proposition 6.4.12. Consider the setup in Proposition 6.4.11. For any 0 < € < &, consider
the resulting state relaxations (X°V(-,-,€),X°(-,-,€)) obtained using (6.4.25), and for each
t € I, denote the subdifferential of £¥(z,-,€) and £°(z,-,€) ata p € P as 9" (¢,p, €) and

dx5°(t,p, €), respectively. Then,
lgigsupaﬁfv(t,p,e) C 9% (1,p,0)
and liigsupaﬁfc(t,p,e) C 9x°(t,p,0)

&

(c.f. [148, Definition 4.1] for “limsup”).

Proof. Since functions (u,0) satisfy the first two conditions in Definition 2.4.9, for any
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p < P and € € R, [99, Theorem 6.1, $111] implies that (6.4.25) has exactly one solution on
1. Moreover, since functions (u,o,x(c)",xgc) are continuous, [99, Theorem 2.1, §V] implies
that the solution (X¢¥,%°¢) are continuous on / x P x R. Thus, for any ¢ € I, as € | 0, the map-
pings XV (¢, -, €) and X°°(¢, -, €) converge pointwise to XV (z,-,0) and X°(z, -, 0), respectively.
Then, the claimed result follows by applying [146, Theorem 24.5] to (£ (¢,p, -),£°(z,p, "))

1

for eachi € {1,...,n,} and (¢,p) €I x P. O

6.4.5 Adjoint subgradient evaluation

In this subsection, we propose to evaluate the subgradients described by Theorem 6.4.2
via an adjoint ODE system. Since adjoint sensitivity evaluation is relatively computational
inexpensive, we expect that this will be useful when solving lower-bounding problems in
deterministic algorithms of global dynamic optimization. Consider a nonconvex dynamic

optimization problem with (2.3.1) embedded:

(o) 42
3161;)1 c(p) :=g(ty,p,x(t,P)), (6.4.29)

where p € P denotes decision variables, ¢ : R”? — R is an objective function based on
a continuous cost function g : I X P x R™ — R. A lower-bounding problem for (6.4.29),
embedded in an overarching global optimization method, is typically a convex optimization
problem whose optimal objective value is a valid lower bound of the optimal objective
value of (6.4.29). Consider any state relaxations xC = (x¢V,x¢) for (2.3.1) obtained using

(6.3.2). A lower-bounding problem for (6.4.29) is typically constructed as:

?eig ¢ (p) := g (t7,p,x"(t7,p)), (6.4.30)
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where the function ¢ : R"» — R is a convex relaxation of c on P, and g% : I x P x R?™ — R
may be constructed using various adaptations [6, 7,33, 34] of the McCormick relaxation
method [5]. When solving (6.4.30) with nonsmooth NLP solvers, Subgradients of ¢¥
are typically required by these solvers to proceed effectively. In a forward subgradient

evaluation method, given state relaxation subgradients

for the state relaxations xC obtained by solving (6.4.1), subgradients of ¢’ may be com-
puted by applying certain subgradient evaluation rules (e.g. [7,33, 35, 145]) for g°'. How-
ever, since the ODE system (6.4.1) has 2n, X n,, state variables, as n, and n, increase,
the number of state variables of (6.4.1) will significantly increase, and thus solving (6.4.1)
may become intractable. As summarized in [90], reverse (adjoint) sensitivity analysis is
more efficient for the situation of computing gradients of a scalar function of state vari-
ables with respect to a large number of parameters. In smooth dynamic optimization, an
adjoint sensitivity approach allows evaluating derivatives of the objective function without
evaluating the partial derivatives of state variables with respect to the uncertain param-
eters. The following theorem shows that if the subgradients of ¢ can be evaluated by
applying the classical chain rule as for gradients, and if the forward subgradient evaluation
system (6.4.1) is an affine ODE system, then the subgradients of ¢V may be evaluated di-
rectly using adjoints. The assumptions of this theorem can often be satisfied in practice.
For example, given (S¢¥,8¢¢), the methods for evaluating subgradients of ¢ in [7,35, 145]
satisfy the classical chain rule. As will be seen in Section 6.5, the forward subgradient

evaluation systems derived from (6.4.1) for the established state relaxations [2,3] are affine
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ODE systems. Thus, this result essentially extends classical dynamic adjoint sensitivity

methods to nonsmooth subgradient evaluation.

Theorem 6.4.13. Consider the lower bounding problem (6.4.30) where the state relaxations

x© 1= (x%,x°) are constructed by solving (6.3.2). Suppose that the following conditions

hold for a fixed p € P.
L1 Let (py, p) be the transpose of a subgradient of g (ty,-,-) at (p,x (t¢,p)). Denote
the transpose of a subgradient of ¢V at p as §. Suppose that

§:=py+pS(ty,p). (6.4.31)

I1.2 State relaxation subgradients S€(-, ) := (SV(-,p),S(-,p)) for x°(-,p) as in Def-
inition 6.3.3 are computed by solving (6.4.1) with p := P, and (6.4.1) also has the

following affine form:

$C(r,p) = @*(1,p)SC(1,p) + O (1, p),

S(10,) = S§ (B)-

(6.4.32)

where @*,@8 : I x P — R¥%*2x and S§ := (S§¥,S§°) in (6.4.1).

LetA:I —R¥bea Carathéodory solution (as described in [102]) of the following adjoint

ODE system on [:
(A1) =—(A(1))"@*(1,p),

(A1) =p.

(6.4.33)
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Then, the following holds:

5= (A(10))"SS(B) +Po+ [ (A()"€F (1, B)ar. (6.4.34)

1o

Proof. Define a function ¥: 1 x R x R?" — R?" so that for each (¢,p,z) € I x R" x R?™,

¥(t,p.2) := @(1,p)(z —x"(1,p)) + ©°(1,p) (P — )-
Consider the following affine ODE system on / for each p € R"7:

)"(t,p) = 7<t7p7y(t7p))7
(6.4.35)
y(t0,p) = SG (B) (P~ P).

For a.e. r € I, since ¥(t,-,-) is affine, the Clarke’s generalized Jacobian (c.f. [136, Defini-
tion 2.6.1]) of ¥(z,-,-) at each (p,z) € R x R?" reduces to a singleton. Thus, [136, The-
orem 7.4.1] implies that the function y(tr,-) is strictly differentiable (c.f. [136, Proposi-
tion 2.2.1]) on R"». Furthermore, according to [97, Corollary 4.3], for each p € R"», the

mapping ¢ — 2 t,p) may be described as the solution of the following ODE system on /:
pping op y g y
H() = *(1,p)H(1) + ©°(1,p), H(to) = S§(p), (6.4.36)

which indicates that g—ly)(t, p) is independent of p, and thus the mapping y(¢,-) is affine for

each t € I. Observe that (6.4.36) and (6.4.32) are the same ODE system, which implies that

Q)|Q.)
= <

SC(tr,p) = == (t7,P). (6.4.37)
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Now define g : R x R"™ — R so that for each p € R"? and z € R,

g(p,z) == p(z—x (17,B)) + Po(P— D).

and define ¢ : R"? — R so that for each p € R"7,

ép) =&p.y(ts,p)).
Since y(¢ 12 -) is differentiable and g is differentiable by construction, ¢ is differentiable and
dé _ ay, .
—(p) = —(tr,P)-
apP) = Pot P (1r:B)
Since (6.4.31) and (6.4.37) hold,
(6.4.38)

Now, we show that g—g(f)) can be evaluated using adjoints. The remainder of this proof
is similar to the proof for adjoint sensitivity analysis for differentiable dynamic systems
(c.f. [90, Section 2.1]), but with essential differences, since y(z,p) is not differentiable
everywhere in ¢.
Consider an absolutely continuous function A : I — R?". It follows that for each p €
R"»,
¢(p) = &(p,y(ts,p))

= P(¥(t7:p) =x"(t7,B)) +Po(P—P) (6.439)
- [Mae)Tsepa+ [ A0 e )
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Note that the integral terms above are understood as Lebesgue integrals. Moreover, [147,

Corollary 5.4.3] implies that

[ )36 p)r = (e yla1,p) — (A 0) "y (10p)~ [ (R (0)"¥(1 ) (64.40)

Iy )

By construction, all integrands in (6.4.40) and (6.4.39) are differentiable with respect to p €
R" . According to [147, Corollary 2.8.7], plugging (6.4.40) into (6.4.39) and differentiating
at p := p yields

dé

B =PI 7.8)+ Po— (M) 5 17, B) + (A1) 5 (1)

+[Maor Eepas [Mao)(Fepyes)+ LT epym)a

Io To

By construction of ¥ and the initial values in (6.4.36), it follows that

9 3 =p %Y (11.5) + po— (At (17.5) + (A1) SS (B)
o t o 9 P 5 (6.4.41)
= [TaOrSepa [ 30)(0%0.5)+ 0w p T r.p))ar
Now, for a.e. t € 1, let
(A1) = —(A()"@(t,p),
(6.4.42)
A()T =p.
Then, (6.4.41) reduces to
5= d—i(p) = (o) "S5 ®)+po+ | (A1) 1. p)a
]
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Remark 6.4.14. For each ¢ € I, the integrand (A (1))T@® (¢, p) in (6.4.34) may be computed
based on the states (A(¢))T. Thus, tgf (A())T@® (¢, p)dr may be computed simultaneously

with numerical integration of (6.4.33).

6.5 New subgradients of established state relaxations

Based on the general subgradient evaluation results established in the previous sections,
we now propose new numerical methods for evaluating subgradients of the two estab-
lished state relaxation methods in the Scott—Barton framework (2.4.1): the Scott—Barton—
McCormick (SBM) relaxations [2] and the optimization-based (OB) relaxations [3]. These
subgradient evaluation methods assume that the underlying state relaxations do not touch
the predefined state bounds; i.e. (2.4.1) reduces to (6.3.2). Roughly, a forward subgradient
evaluation ODE system for the SBM relaxations will be constructed from Mitsos et al.’s
subgradients [35] of McCormick relaxations [5, 6], and an adjoint ODE sensitivity system
for the SBM relaxations will be constructed from Beckers et al.’s method for adjoint mode
computation of subgradients for McCormick relaxations. A forward subgradient evaluation
system for the OB relaxations will be constructed from a subgradient evaluation method for

the multivariate McCormick relaxations [7] proposed in [145].

6.5.1 Subgradients of Scott—-Barton—-McCormick relaxations

As mentioned in Section 2.4, Scott and Barton [2] construct functions (@,0) in Assump-
tion 2.4.11 using the generalized McCormick (gMC) relaxations [6] of fin (2.3.1), and then
construct appropriate (u,0) in (2.4.1) via (2.4.2). [2, Corollary 1 and Theorem 3] show that

by such construction, the unique solution (x°V,x°°) of (2.4.1) is a valid state relaxation for
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(2.3.1). Mitsos et al. [35] propose a forward subgradient evaluation method for the standard
McCormick (MC) relaxations, analogously to the forward mode of automatic differentia-
tion [149, 150]. The gMC relaxation method generalizes the standard MC relaxations by
allowing previously established relaxations to be inputs. Similarly, the subgradient evalu-
ation rules of Mitsos et al. may also be generalized to evaluate subgradients of the gMC
relaxations, by taking in valid subgradients of previously established relaxations. The fol-

lowing proposition formalizes this result for the gMC relaxations of fin (2.3.1).

Proposition 6.5.1. Denote the generalized McCormick relaxations [6, Definition 15] of f
in (2.3.1) on P as &i8MC 2MC : [ x P x R™ x R™ — R". Encode the subgradient evaluation
procedure of [35] for (@igMC, 52MC) as functions VEMC WEMEC . [ 5 P R x R x R™X"p x
R™>" — R™>"p by finitely composing the addition rule for subgradients in [35, Proposi-
tion 2.9], the multiplication rule for subgradients in [35, Theorem 3.3], and the univariate
composition rule for subgradients in [35, Theorem 3.2]. Then, Assumption 6.4.5 is satisfied

with (@,8) := (22MC 62MC) and (V, W) := (VeMC WeMC),

Proof. Firstly, we verify Assumptions 2.4.11 and 6.4.3 that are required in Assumption 6.4.5.
According to [2, 6], the functions (@igMC, 52MC) satisfy Assumption 2.4.11 and have the
uniform Lispchitz continuity required in Assumption 6.4.3. To establish the directional
differentiability requirement of Assumption 6.4.3, observe from [6] that the functions (c.f.
[6, Definition 15]) for computing relaxations for each binary addition, binary multiplica-
tion, and univariate composition are Lipschitz continuous and directionally differentiable.
Then [127, Theorem 3.1.2] implies that these functions are B-differentiable (c.f. [127, Sec-
tion 3.1]). According to [127, Theorem 3.1.1], (ﬁgMC, GgMC) are also B-differentiable since
they are finite compositions of B-differentiable functions. This implies that (@igM¢, 52MC)

are directionally differentiable.
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The remaining conditions for (VEMC WeMC) except Assumptions 2.4.11 and 6.4.3 in

Assumption 6.4.5 can be verified based on [35]. O

The following lemma establishes important bounds and measurability of the constructed
(VeMC WeMC) - These properties guarantee that a subgradient propagation ODE system

which will be constructed in Corollary 6.5.3 has solutions.

Lemma 6.5.2. Conditions II.1 and I1.2 of Theorem 6.4.8 are satisfied with the substitution

(V, W) = (VEMC yyeMC).

Proof. Denote the subgradient evaluation rules [35] for binary addition, binary multipli-

Um Uni)

cations, and univariate composition as functions (¥7,w™), (¥°,W*), and (¥ , Te-

CV CC .__ CC CC CV CV Ccv CC CC CC n
spectively. Let w? := (w{¥,w5") and w := (w{®, w5®). Let s{} , s\ siY syt 800 s € R

be arbitrary row vectors. Let

cv cc
cv . w1 cCc.__ w1
Sy = and Sy, :=
cv cc
SW2 SW27

vUn) have the follow-

Observe from [35] that the subgradient evaluation functions (V+ Ve, ¥

ing affine forms:

(W, W, 89, 8%) 5 @ (1w wee) | T |

v, W, w8 SY) @X(t,wcv,wcc) v ,

and VU“i:(t,wgv,w3,fvv3, )>—>® ( ws", ws") i
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X+ = Uni . .
where ®+, O IxR2xR2 R and ® " :1x R xR — R'2 are coefficient matrix-
. . At & ~ Uni . . .
valued functions. Also observe that the functions (® ,@X , 0 m) are piecewise continuous

in the sense of Filippov [102], and thus these functions are bounded on any bounded do-

main, and are Borel measurable. Similarly, the functions (V~V+7V~VX , \TVUni) also have similar

affine structure and the corresponding coefficient matrix functions are bounded and Borel

measurable. Since (VEMC WeMC) are constructed by finitely composing these functions

=~ Uni

Uni &t W, w ), they have the following affine forms:

(VF, v, ¥

- - M -
VEMC . (1 p EYY E€ MN) > O (1,p, £V, E€) | | + 0P (r,p,E E)

N
%7gMC | oV gce A CC,A cv gce M ~cc,B cv gcc
and W '(t7p7§ ?g 7M7N)'—>® (t7p7§ 7& ) —"_@ (t7p7§ 7& )7
N
o (6.5.1)
where @ @™ @ @" . [ x P x R™ x R™ — R™*2™_ Since G (:)X,@)Uni) are

~cv,A xcc,A

bounded and Borel measurable, (@ ", © ,@CV’B, @CC’B) are bounded on the bounded
domain I x P x X x X, and are Borel measurable according to [147, 2.12(ii) and Theo-
rem 2.1.5]. Thus, (VeMC WeMC) in (6.5.1) are Borel measurable, which indicates that
Condition II.1 is satisfied. Moreover, since Z € IR™*"r is also bounded, (VgMC,WgMC)

satisfy Condition II.2. O

The following corollary shows that we may combine (VEMC WeMC) above with the
flattening operations in Definitions 2.4.3 and 6.4.7 to construct valid subgradient propaga-
tion functions (V, W) for (&2M€ 2MC) in (6.4.1). Then, the unique solution (S¢,8) of
(6.4.1) is guaranteed to comprise valid subgradients of the SBM relaxations obtained using

(6.3.2).
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Corollary 6.5.3. Consider functions (iigMC, §sMC VeMC WeMC) a5 in Proposition 6.5.1.
Define functions u,0: I x P x R™ x R™ — R using (2.4.2) with (ii,) := (@M€, §sMC).
Then, the mappings u(z,-,-,-) and o(z,-,-,-) are directionally differentiable and Lipschitz
continuous on P x R™ x R™, uniformly over ¢ € I. Suppose that the remaining conditions of
Assumption 6.3.2 also hold. Define functions V, W : I x P x R x R™Xp —y RWXp yg-
ing (6.4.22) with (V, W) := (V8MC WeMC) Then, (6.4.1) has local existence and unique-
ness of solutions, and the unique solution (S°,S°) comprises valid state relaxation sub-

gradients of (x®V,x¢).

Proof. Since Proposition 6.5.1 and Lemma 6.5.2 hold, Theorem 6.4.8 implies that (V, W)
are valid subgradient propagation functions for (u,0). Then, the claimed result follows
from Theorem 6.4.2.

O]

Remark 6.5.4. Since the functions (VEMC WeMC) have the affine forms as in (6.5.1), and
since (R"™ R“V) are affine functions, the functions (V,W) in the corollary above also

have similar affine forms to (6.5.1), as follows. For each i € {1,...,n,}, define identity

matrices &, ¥ € R¥%*2%_and then replace the (n, + i)™ row of @' by [0,...,0,1,0,...,0],
i1

2n,—1i
and replace the i row of P! by [0,...,0,1,0,...,0]. Then, for each i € {1,...,n,}, observe
ne+i—1 Ny—I
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that v(;) (t,p,M,N) and w; (¢,p,M,N) are equivalent to the following:

A M
v (6P, M,N) = 87 (1,p,r" " (x(¢,p), £ (¢.p)) @
N
~cv,B i v C
_'_6(1) <t7p7r7L(XC (t7p>7§c (tvp)))v
(6.5.2)
o . .M
and  w(1,p.M,N) = 875" (1,p,rV (xV (¢,p), £ (1,p))) ¥’
N

+ 00 (1,p, 0V (xV (1,p), £°(1,p)))-

Thus, the constructed subgradient propagation system (6.4.1) is actually an affine paramet-

ric ODE system, which may be easily integrated by off-the-shelf numerical ODE solvers.

Corollary 6.5.3 and Remark 6.5.4 above show that subgradients of the SBM relaxations
may be computed by solving a forward affine parametric ODE system constructed from
Mitsos et al.’s vector forward mode subgradient automatic differentiation [35]. Beckers et
al. [144] propose a method for adjoint mode computation of subgradients for McCormick
relaxations, which is empirically more efficient than Mitsos et al.’s subgradient evaluation
method for a large number of parameters. Based on these results, analogously to the adjoint
sensitivity analysis for smooth dynamic systems [90], the following corollary and remark
propose a new adjoint subgradient evaluation method for the objective function ¢¢¥ of the
lower bounding problem (6.4.30) in global dynamic optimization. This method may re-
duce the computational effort required to evaluate the subgradients required by nonsmooth
optimizers for minimizing ¢, and may thus speed up an overarching global dynamic opti-

mization method.

Corollary 6.5.5. For each p € P, consider computing the objective value ¢ (p) of (6.4.30)
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by first constructing the SBM relaxations [2] x(t7,p) := (x¥ (7, p),x*(¢£,p)) for which
(x°V,x¢) satisfy (6.3.1), and then evaluating g% (¢, p,x (¢, p)) using the generalized Mc-
Cormick relaxation method [6]. Consider the functions and quantities in (6.5.2), and define

functions @*, @B : I x P := R x R%" so that for each i € {1,...,n,} and (¢,p) € I x P,

0% (1,p) := 01 (1,0, 1" (xV (1,p), E° (1, D)) @',
00 . (1.p) = 00" (1,p. "V (x (1,p), E< (1, ) ¥,
0% (1,p) == 87" (1,p, " (x"(2,p), £ (1,D))),
and 08, . (1.p) == 80" (1,p,r"V (x**(1,p), E<(1.p))).

Consider any fixed p € P. Let (py,p) € R™ x R?>™ be the transpose of a subgradient
of g¥(ts,-,-) at (p,x%(z,p)). Let S§ := (S5",S5°) as in (6.4.1). Let A : 1 — R>™ be a

Carathéodory solution (c.f. [102]) of the following reverse ODE system on I:

A@0)"=~(A(1)"©%t,p),
@) =p.

(6.5.3)

Then, the quantity (equation (6.5.4) below) is the transpose of a subgradient of ¢¥ at p:

si= (A10))"S5(3)+ po + [ (A(1)"6" (1, p)dr (6.5.4)

fo

Proof. Since g is constructed using the generalized McCormick relaxation method, Con-
dition III.1 of Theorem 6.4.13 is satisfied when using the subgradient propagation method
in [35] for computing § based on (p, p,S(t,p)). According to the discussion in Re-
mark 6.5.4, Condition III.2 is also satisfied when using the dynamic forward subgradi-

ent propagation system constructed in Corollary 6.5.3 for computing Sc(tf,f)). Then, the
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claimed results follow from Theorem 6.4.13. O]

Remark 6.5.6. In the corollary above, the subgradients (p,, p) and the term (A (r))T®® (¢, p)
may be computed efficiently using an established method for adjoint mode subgradient
computation [144] for McCormick relaxations. The term (A (r))T@" (¢, p) may be com-
puted efficiently by an easy modification of this adjoint subgradient computation method,

which incorporates the operations (®;,¥;).

6.5.2 Subgradients of optimization-based relaxations

This subsection first summarizes our recent OB state relaxations [3], and then presents a

new dynamic forward subgradient evaluation method for the relaxations.

Formulation of optimization-based relaxations

Define a function v : R™ x R™ x R™ — R so that for all i € {1,...,n,} and &, &, E*
R™,

vi(0, 6, 6%) i=I[(o + 1)E — (o — 1)ESY]. (6.5.5)

Consider functions fV ¢ : I x P x R™ — R that satisfy [3, Assumption 3]. Roughly,
for each ¢ € I, the mappings f*¥(z,-,-) and f*°(z, -, -) are, respectively, convex and concave
relaxations of f(z,-,-) in (2.3.1) on P x X (¢). [3] construct the following u,0: I x P x R™ X

R — R™ for use in (2.4.1): foreachi € {1,...,n,} and (¢,p,& ", E) € I x P x R™ x R™,

ui(t’p’gcv7€cc> = aefl;lilnl]nxf‘icv(t7p7v(a7€CV7€CC>) SUbjeCt to al = _17

(6.5.6)
and 0;(t,p,EY,E) ;= max f(t,p,v(a,ET,ET)) subject to o = +1.

oc[—1,1)m
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Then, [3, Lemmata 1 and 2] show that these functions (u,0) are valid Scott-Barton right-
hand side functions, and [3, Theorems 3 and 4] show that the unique solution (x¥,x) of
(2.4.1) comprises valid state relaxations for (2.3.1). Now, define functions 98 698 : [ x

P x R™ x R™ — R™ so that for each i € {1,...,n,} and (¢,p,& ", &) € I x P x R™ x R™,

BB (r,p,V,6%) = min f(1,p,v(a, £V, E))

oc[—1,1]"

(6.5.7)
and oP°(1,p,§,6°) == max f(t,p,v(a,&7,E7)).
ac[—1,1)x
Observe that
ui(t,p, &%, 6%) = i (1,p.r" (&7, %))
(6.5.8)

and 01( P, gcv gcc) _ ~OB( ,p7ri,U(€Cv7€cc)>'

On aset S:= {(t,p,EV,EF) cIxP xR xR™ : EVY E c X(t)and £ < E°Y, the

functions (i#°8,698) in (6.5.7) reduce to

( 7p gcv gCC)E [rgrl écc}f‘l'cv(t’p’g)7
7 (6.5.9)
and o9B(1,p,EY,EY) = max f(t,p, &).
gele™ 8"
Dynamic subgradient evaluation method
Lemma 6.5.8 below shows that under mild assumptions on (£, f°¢), the functions (i, 6°B)

in (6.5.7) satisfy Assumption 6.4.3.

Assumption 6.5.7. Suppose that functions ¢V ¢ : I x P x R"™ — R"x satisfy the following

conditions:

IV.1 The mappings f¥(t,-,-) and f°(¢, -, -) are Lipschitz continuous on P x R™, uniformly

overt € 1.
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IV.2 There exist functions fV-1 V-2 fovk feo.l gee.2 foek . [y P x R™ — R™ so that
for each ¢ € I, each ¥/ (¢,-,-) and f*/(¢,-,) is continuously differentiable, and is
respectively convex and concave on P x R™. Moreover, for each i € {1,...,n,} and

(1,p,8) € I x P x R™,

N (r,p, &) = max (£ (1,0, &), £ (1,9, &), oo £ (2,0, E))
and 5 (1,p,&) = min(f5 (1,0, &), [72 (6,0, &),y [ (1,9, E)).

Lemma 6.5.8. Consider functions (f<V,f°°) that satisfy [3, Assumption 3] and Assump-
tion 6.5.7. Then, Assumptions 2.4.11 and 6.4.3 are satisfied with (ii,8) := (i°B,6°8) in

(6.5.7).

Proof. Since Condition IV.1 holds, by an analogous argument to the proof of [3, Propo-

sition 2], (a°B,898)

have the uniform Lipschitz continuity required in Assumption 6.4.3.
Since (6.5.9) holds, [7, Theorem 2] implies that (298, 6°8) satisfy Assumption 2.4.11.
Now, we prove the directional differentiability in Assumption 6.4.3. Consider any
(t,p, &, E) €1 x P x R™ x R™. Since Condition IV.2 holds, we may reformulate #°8 (¢, p, &, £)
as
i (tp. 87, 6%) = | min

subjectto £ " (t,p,v(et,EV, EC)) <y, Vme{l,.. k}.
(6.5.10)

Observe that since v is affine in & and due to the convexity of f;""™", the mapping
£, p,v (-, ETY EF)) is convex. Since #PB(r,p, €Y, E) inherently minimizes a finite
convex function on a box domain as in (6.5.7), IZ?B (t,p, &CV, §CC) in the form of (6.5.10)

is finite. Observe that the domain of the right-hand side optimization problem in (6.5.10)
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has nonempty interior, and the optimal solution set is nonempty and bounded. Moreover,

since f;""(t,-,-) is assumed to be continuously differentiable, [151, Theorem 2] implies

that #98(t,-,-,) is directionally differentiable. By a similar argument, 698 (t,-,-,-) is also

directionally differentiable. 0

Remark 6.5.9. Appropriate functions (f¢V,f*°) in the lemma above may be constructed by
first constructing Lipschitz continuous and piecewise differentiable (in the sense of e.g.
Scholtes [127]) relaxations of f(z,-,-) on P x X(¢), such as McCormick relaxations [5] and
BB relaxations [9]. Then, an appropriate convex extension ( [129, Proposition 3.1.4]) of

such relaxations from P x X (¢) to P x R™ may be applied.

OB §OB), the following proposition constructs new functions (VOB WOB)

In concert with (@t
that satisfy Assumption 6.4.5, based on a recently established subgradient evaluation method
[145, Theorem 5.3.2] for multivariate McCormick relaxations (mMC) [7]. The mMC re-
laxation method computes convex and concave relaxations for multivariate composite func-
tions by solving convex optimization problems. Unlike the original subgradient evaluation
method for mMC relaxations that solves dual NLPs proposed in [7, Theorem 4], once

the optimization problems for computing the mMC relaxations are solved, [145, Theo-

rem 5.3.2] evaluates the subgradients in closed form, and no NLPs need to be solved.

Proposition 6.5.10. Consider functions (f°¥,f) that satisfy [3, Assumption 3] and the
functions (°B,6°B) defined in (6.5.7). Forany 6 € R, let 6+ denote 6+ = max (0, ), and
let 6~ denote 6~ = min(0, 6). Define functions VOB, WOB : I x P x R™ x R™ x R™%*" x
R™>M s R™*M so that for each i € {1,....n.},t €1, pc P, E E c X(t) for which
ET < E° and M,N € R, V%?‘(t,p,écv,écc,M,N) and wgf'(t,p,gcv,.’;“,M,N) are

defined by the following procedure:
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1. Compute an optimal solution & " of the optimization problem for defining B (¢, p, £, £°)
in (6.5.9), and compute an optimal solution & > of the optimization problem for

defining 698 (¢, p, &Y, E°) in (6.5.9).

2. Compute a subgradient (sP# s*7) € R" x R of fV(t,-,-) at (p,&™"), and compute

a Subgradient (Spﬁ? S*ﬁ) € R" x R"™ of ficc (t7 ) ) at <p7 5*75)'

3. Set

Vo (69,8, € MN) 1= P ¢ Z (17" my+ I57) 7))
j=

and ?. (t,p,E,EC M,N) :=sP¥ + Z ( [s;’o]Jrn(j)).

Then, Assumption 6.4.5 is satisfied with (,8) := (2°8,6°%) and (V, W) := (VOB , WOB),

Proof. By Lemma 6.5.8, (i°8,69B) satisfy Assumptions 2.4.11 and 6.4.3. Since (#°8,698)
reduce to (6.5.9) on the set S, (VOB, WOB) satisfying Assumption 6.4.5 can be verified
by applying [145, Theorem 5.3.2] to ﬂOB( ,y+,+) and —OOB(t,-,-,-) for a.e. t € I and

ie{l,...n}. O

The following corollary shows that we may construct valid subgradient propagation
functions (V, W) for (u,0) defined in (6.5.6), based on the (VOB, WOB) constructed in the
previous proposition. Using such (V, W), the subgradient evaluation ODE system (6.4.1)
yields valid state relaxation subgradients (S, S) for the OB relaxations (x°V,x°). Even
though the state relaxation system’s right-hand side nominally requires solving convex op-
timization problems as in (6.5.6), the new subgradient propagation system’s right-hand side
only employs closed-form functions which can be evaluated efficiently. However, we have

to generally assume that these functions have the measurability and bounds required in
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Conditions II.1 and II.2 in Theorem 6.4.8. These properties are essential for guaranteeing

the local existence and uniqueness of solutions of (6.4.1).

Corollary 6.5.11. Consider functions (f¢V,£°°) that satisfy [3, Assumption 3] and Assump-
tion 6.5.7, and consider functions (u,0) defined in (6.5.6). Then, the mappings u(z,-,-,-)
and o(t,-,-,-) are directionally differentiable and Lipschitz continuous on P x R™ x R™,
uniformly over t € I. Suppose that the remaining conditions in Assumption 6.3.2 also
hold. Consider the notations (6+,6~) and functions (VOB, WOB) as in Proposition 6.5.10,
and suppose that Conditions II.1 and I1.2 of Theorem 6.4.8 are satisfied with (V, W) :=
(VOB WOB)_ Define functions V, W : I x P x R™ x R x R™*"» x R — R™>" 50 that
foreachi€ {1,...n},t €1,pe P, EY E € X(t) for which £ <&, and M,N € R™=>",
V) (t,p, &, E,M,N) and W(i) (t,p, &, E°,M,N) are defined by the following proce-

dure:

1. Compute an optimal solution & " of the optimization problem for defining u;(¢,p, ", &)
in (6.5.6), and compute an optimal solution &’ of the optimization problem for

defining o;(¢,p, &, E) in (6.5.6).

2. Compute a subgradient (sP",s*") € R x R™ of fV(t,-,-) at (p,&™"), and compute

a subgradient (sP°,s*) € R x R"™ of f*(t,-,-) at (p,&™).
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3. Set
Ql(l) (tapv gCV’ €CC7M5N> = Spvu + Z ([S?M]er(j) + [S;’u]in(j)>
J=1j#i

+ ([s7"]" 4 [s7"] 7 )my,y

and Wi (1,p. 7 ECMN) == 5P+ Y ([s77) T m+ [57) )

J=Lj#

+ (571 + 57T gy,
Define functions V,W : I x P x R x R™>M s R™W*Mp by setting

V(t,p,M,N) := V(£,p,x*"(t,p),x(t,p),M,N)

and W(r,p,M,N) := W(z,p,x"(¢,p),x(r,p), M,N).

Then, (6.4.1) has local existence and uniqueness of solutions, and its unique solution

(SY,8) comprises valid state relaxation subgradients of (x°V,x¢).

Proof. Observe that

V(t7p7 &CV7 €0C7M7 N) = VOB <t7p7ri’L(€Cv7 écc)7Rl/L(M7N))

and W(t,p,EY,EC MN) = WOB(z p,r'L(EYY %), R'L(M,N)).

Since (6.5.8) holds, Lemma 6.5.8, Proposition 6.5.10, and Theorem 6.4.8 imply that (V, W)
are valid subgradient propagation functions for (u,0). Then, the claimed result follows

from Theorem 6.4.2. L]

Remark 6.5.12. Observe that the functions (V, W) constructed in the corollary above have
similar affine forms to (6.5.2), which implies that the constructed forward subgradient prop-

agation system for the OB relaxations is an affine ODE system. Thus, in principle, there is
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also a corresponding adjoint subgradient evaluation system for the OB relaxations, accord-
ing to Theorem 6.4.13. However, implementing this adjoint method would require develop-

ing new adjoint counterparts of the forward subgradient evaluation functions (VOB, WOB),

6.6 Implementation and examples

6.6.1 Implementation

Proof-of-concept implementations were developed in Julia v1.4.2 [95] to compute sub-
gradients for the SBM relaxations [2] and the OB relaxations [3], according to Corollar-
ies 6.5.3 and 6.5.11. These implementations simultaneously integrate state bounding sys-
tems, state relaxation systems, and subgradient propagation systems. Harrison’s bounding
method [69] is employed, which computes state bounds (x,xV) via an auxiliary ODE sys-
tem whose right-hand side is derived from natural interval extensions [48]. The SBM state
relaxation system [2] introduced in Section 2.4 is constructed. The corresponding subgradi-
ent propagation system is thus constructed according to Corollary 6.5.3, whose right-hand
side employs subgradients of generalized McCormick relaxations by Mitsos et al. [35].
We have developed a new implementation of the OB relaxations [3] in Julia. Similarly to
to the MATLAB implementation used in [3], the new Julia implementation automatically
constructs (fV,f) as the McCormick relaxations of f in (2.3.1), and then the right-hand
side functions (u,0) are evaluated naively by solving the convex optimization problems
in (5.2.2) using numerical NLP solvers. The local optimizer IPOPT v3.13.2 [120] is em-
ployed in the Julia implementation with a convergence tolerance of 10~8. The subgradients
of (f¢V,£°), as described by Mitsos et al. [35], are supplied to IPOPT in place of gradients.

Refer to [3,124] for further discussion about using [POPT to solve nonsmooth optimization
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problems. The corresponding subgradient propagation system is thus constructed accord-
ing to Corollary 6.5.11. EAGO v0.4.1 [94] is used to automatically compute natural interval
extensions, generalized McCormick relaxations, and Mitsos et al.’s subgradients via opera-
tor overloading. We employ the ODE solver BS3 () from the package DifferentialEquations
v6.15.0 [123] with an absolute tolerance of 10~° and a relative tolerance of 10~ to solve
all ODE systems. We employ JuMP v0.21.3 [121] as an interface with IPOPT. All compu-
tation in this section was performed on a Dell desktop computer with two 3.00 GHz Intel

Core 17-9700 CPUs and 16.0 GB of RAM.

6.6.2 Numerical examples

Using the implementations described in Section 6.6.1, this subsection presents two nu-
merical examples to illustrate our new forward dynamic subgradient evaluation methods
proposed in Corollaries 6.5.3 and 6.5.11.

The following example is adapted from [2, Example 1], and shows that the new subgra-
dient propagation system proposed in Corollary 6.5.3 appears to yield valid subgradients

for the SBM relaxations [2].
Example 6.1. Let P:=[—3.0,3.0] x [0.21,0.5] and I := [0,4.0], and consider the following
instance of (2.3.1):

%1 (1) = —(24sin(p1 /3))x3 + paxixz, x1(0) = 1.0,
(6.6.1)

Xz(l‘) = sin(p1/3)x% —pz\x1x2|, )CQ(O) =0.5.

The SBM relaxations (xV,x) for (6.6.1) were generated numerically by applying our Julia
implementation, and it was observed that (xV,x) satisfied (6.3.1). We arbitrarily picked

two mesh points p* € P, and then (S (z7, p*),S%(¢7,p*)) were generated numerically at
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the two mesh points p* by applying our Julia implementation of the new subgradient prop-
agation system in Corollary 6.5.3. Figure 6.1 presents two cross-sectional plots, which de-
pict the original parametric solution of (6.6.1), the SBM relaxations, and two candidate sub-
tangent cross-sections derived from (S (7, p*),S(t7,p*)) and (xV (17, p*),x(t7,p")).
Observe that these candidates are indeed valid subtangent cross-sections in both smooth and
nonsmooth cases, which implies that our new dynamic subgradient propagation system ap-

pears to yield valid subgradients for the SBM relaxations, as guaranteed by Corollary 6.5.3.

0.4r
0.3r
3
0.2r
-0.5F
01F
| S .- -1.0F
32101 2 3 32101 2 3
R4 P4

Figure 6.1: A cross-section at p; := 0.4 of the solution x;(4.0,-) (left, dashed black) and
x2(4.0,-) (right, dashed black) of the ODE system (6.6.1) from Example 6.1, along with
corresponding SBM relaxations (solid red) and subtangent cross-sections (dotted blue) de-
rived from the subgradients at two reference points (blue circle)

The following example is a model of catalytic cracking of gas oil from [152, Exam-
ple 15.3.5], which was studied in [108] for global optimization. This example shows that
the new subgradient propagation system proposed in Corollary 6.5.11 appears to yield valid

subgradients for the OB relaxations [3] as summarized in Section 6.5.2.
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Example 6.2. Let P:=[11.0,14.0] x [7.0,10.0] x [1.0,3.0] and I := [0,0.95], and consider

the following instance of (2.3.1):

x1(t) = —(p1+p3)xi, xi(0) = 1.0,
(6.6.2)

%(t) = p1xt —pax2,  x2(0) = 0.0.

The OB relaxations (x¥,x°¢) for (6.6.2) were generated numerically by applying our Ju-
lia implementation, and it was observed that (x°V,x¢) satisfied (6.3.1). We arbitrarily
picked two mesh points p¥ € P, and then (S (¢,p¥),S%(s7,p¥)) were generated nu-
merically at the two mesh points p* by applying our Julia implementation of the new
subgradient propagation system according to Corollary 6.5.11. Figure 6.2 presents two
cross-sectional plots, which depict the original parametric solution of (6.6.2), the OB relax-
ations, and two candidate subtangent cross-sections derived from (S (¢7,p*),S%(z7,p"))
and (x*(t7,p*),x(t7,p*)). Observe that these candidates are indeed valid subtangent
cross-sections in both smooth and nonsmooth cases, which implies that our new dynamic
subgradient propagation system appears to yield valid subgradients for the OB relaxations,

as guaranteed by Corollary 6.5.11.
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Figure 6.2: A cross-section at (p;, p3) := (8.5,2.0) of the solution x1(0.95,-) (left, dashed
black) and x,(0.95, ) (right, dashed black) of the ODE system (6.6.2) from Example 6.2,
along with corresponding OB relaxations (solid red) and subtangent cross-sections (dotted
blue) derived from the subgradients at two reference points (blue circle)

6.7 Conclusions and future work

This article has proposed new methods for evaluating subgradients of state-of-the-art ODE
relaxations [2, 3] in the Scott—Barton ODE relaxation framework (2.4.1), which enable
computing lower bounds with these ODE relaxations in deterministic algorithms of global
dynamic optimization. These methods assume that the underlying state relaxations (x°V,x°)
do not touch the predefined state bounds (x",xY), which is guaranteed to be satisfied for a
sufficiently small domain of the uncertain parameters. Unlike a recent sensitivity evaluation
approach [97] for nonsmooth dynamic systems, the new forward subgradient propagation
systems constructed in Corollaries 6.5.3 and 6.5.11 are affine ODE systems, which may
be easily integrated using off-the-shelf numerical solvers. Besides, the RHS of these ODE
systems are constructed based on arbitrary subgradients of the relaxations embedded in

the relaxation systems’ RHS, which may be easily computed by established subgradient
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evaluation methods. Theorem 6.4.13 and Corollary 6.5.5 for the first time show that a
subgradient of the objective function of a lower-bounding problem in global dynamic opti-
mization can be directly evaluated using dynamic adjoint sensitivity evaluation approaches,
which would speed up the lower-bounding procedure in global dynamic optimization.
Future work may involve developing subgradient evaluation methods for the Scott—
Barton ODE relaxation framework without satisfying (6.3.1). This is important since at a
node of the branch-and-bound tree in global optimization, the satisfaction of (6.3.1) may
not be known a priori. Future work will also involve developing an implementation for the

dynamic adjoint subgradient evaluation method in Corollary 6.5.5.
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Chapter 7

Bounding Convex Relaxations of Process
Models from Below by Tractable
Black-Box Sampling

As mentioned in Section 1.1, when computing lower bounds in global dynamic/non-dynamic
optimization methods by minimizing convex relaxations, subgradients are typically re-
quired by nonsmooth local optimization solvers to proceed effectively. However, due to
limitations in convex analysis theory, there are currently no methods for computing sub-
gradients for certain useful convex relaxations, such as state relaxations obtained using the
Scott—Barton framework as summarized in Section 2.4. Recall that the dynamic subgra-
dient evaluation methods for these state relaxations proposed in Chapter 6 require certain
assumptions. In the case where convex relaxations are known to be correct but subgradients
are unavailable, this chapter, reproduced from the published journal article [4], proposes a

new approach for tractably constructing useful, correct affine underestimators and lower
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bounds of the original convex relaxations just by black-box sampling. No additional as-
sumptions are required, and no subgradients or gradients must be computed at any point.
The new affine underestimators are shown to converge rapidly to an original nonconvex
function as domain shrinks, which is beneficial in global optimization. Variants of these
methods are presented to account for numerical error or noise in the sampling procedure.
Notably, [4, Example 7] successfully employed the SBM relaxations [2] for solving a dy-
namic parameter estimation problem, without access to dynamic subgradients. The associ-
ated article [4] was written in collaboration with colleagues, but this chapter only presents

the contributions of the author of this thesis.

7.1 Introduction

This chapter considers general nonconvex dynamic/non-dynamic optimization problems.
Models of chemical processes may exhibit nonconvexity [30], thus complicating simulation
and optimization. Nonconvexity in process models may arise, for instance, due to process
dynamics [1,2], standard thermodynamic relationships such as the Peng-Robinson equation
of state, discrete switches between design choices [153] or operating regimes [154], or
established correlations used to model individual process units such as compressors [155].

Though stochastic global search algorithms can be useful for nonconvex process opti-
mization [156], deterministic methods for global (nonconvex) optimization typically guar-
antee that an €-optimal solution will be located and verified in finite time under relatively
mild assumptions [30, 157]. Typical branch-and-bound methods for deterministic global
optimization proceed by generating upper and lower bounds on the globally minimal ob-
jective value on various subdomains. Upper bounds are generally computed by off-the-

shelf local nonlinear programming (NLP) solvers, whereas lower bounds are computed by
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constructing convex relaxations of the original problem, and minimizing these convex re-
laxations using local NLP solvers. Several established methods construct useful convex
relaxations automatically; for nontrivial composite nonconvex functions, these methods
include the Auxiliary Variable Method underlying BARON [30, 60], McCormick relax-
ations [5,35] and later variants [7, 33, 34], «BB relaxations [9,49], and convex envelopes
of edge-concave relaxations [158]. Beyond the context of global optimization, convex re-
laxations are also used to provide useful enclosures for reachable sets of uncertain dynamic
process models [81, 159].

When computing lower bounds in global optimization methods by minimizing convex
relaxations, typical local NLP solvers require gradient information to proceed effectively,
or subgradients in the case of nonsmoothness. The McCormick relaxations of functions are
often nonsmooth, for example [35]. However, for certain useful convex relaxations such as
the dynamic relaxations of [2], there are currently no methods to compute subgradients due
to limitations in convex analysis theory. As shown in [130], if subgradients are unavailable,
then finite differencing methods may also fail to approximate subgradients well even in the
absence of numerical error. Moreover, when testing new types of convex relaxation in
a global optimization setting, automatic differentiation tools for computing subgradients
correctly may be unavailable or difficult to implement in the employed software platform.

Thus, in a global optimization setting, this chapter considers convex relaxations that are
known to be correct, but are only available via black-box evaluation. Hence, subgradients
are unavailable, and we must resort to derivative-free techniques [160] instead. The main
contribution of this chapter is to show that, for a convex function of n variables defined
on a box, without any further assumptions, a guaranteed closed-form affine underestimator

of this function may be constructed by performing at most (27 + 1) black-box evaluations
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of the function, and assembling the results tractably using a new variant of centered finite
differencing. Since global optimization methods typically require numerous lower bound
evaluations, computational tractability becomes particularly important. Being affine, this
new underestimator has a closed-form minimum on the domain box. These results are
generalized to account for uncertainty or errors in the function evaluations, and to relax
convex optimization problems by sampling the objective function and constraints. We also
show that, under mild assumptions, our sampling-based underestimators converge to the
original function rapidly in the sense of second-order pointwise convergence [36]. Thus,
our sampling approach may be deployed effectively in methods for global optimization
and reachable set estimation when subgradients are difficult or impossible to evaluate. No-
tably, [4, Example 7] successfully employed the dynamic SBM relaxations [2] (summarized
in Section 2.4) for solving a dynamic parameter estimation problem to global optimality,
without access to dynamic subgradients. In the vein of [9, Section 2.7], our approach also
permits global optimization solvers to handle sums of known nonconvex functions and
black-box convex functions, by using sampling to handle the latter. Another application
of affine relaxations involves sidestepping the nonsmoothness of McCormick relaxations
(c.f. [33]) during lower-bounding problems in global optimization.

We note that, as discussed by [160], black-box methods are only recommended when
gradients or subgradients really are unavailable. By construction, our new black-box affine
underestimators are guaranteed to underestimate the original convex relaxations they are
sampled from, and are guaranteed to underestimate affine relaxations constructed from
actual subgradients.

Larson et al. [161] recently considered a similar problem. In the context of mixed-

integer nonlinear programming, Larson et al. sample a convex function several times in
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a box, deduce secant information from these evaluations, and combine these secants to
construct a nonconvex discontinuous piecewise-affine underestimator of this function. This
underestimator may be evaluated by solving a mixed-integer linear program with a number
of constraints that grows exponentially with problem dimension. Unlike [161], we seek
to obtain underestimators that are convex and may be tractably constructed and evaluated.
Nevertheless, our results are related; we employ intermediate results obtained by [161] in
our proofs, and it can be shown that our new affine underestimators are also underestimators
of the discontinuous piecewise-affine relaxations of Larson et al. when the same sampled
points are chosen.

The remainder of this chapter is structured as follows. Section 7.2 presents the new
affine relaxation approach for a convex function via black-box sampling, and Sections 7.3,
7.4, and 7.5 summarizes Song’s contributions in theory development of [4]. Section 7.3
establishes tightness and convergence properties of the new affine underestimator. Sec-
tion 7.4 derives an extension of the new affine relaxation approach to account for numeri-
cal error or noise in the sampling procedure. Section 7.5 presents another extension of the
new approach, which employs a sampled set that is not centered within the considered box

domain.

7.2 New affine relaxation formulation

The new affine relaxation approach focuses on a generic convex function defined on a box

domain, as formalized in the following definition.

Definition 7.2.1. Consider vectors x“,xV € R” for which x" < xY, the nonempty box X :=

{€ cR":x" < & <xY}, and a convex function f : X — R. With slight abuse with notation,
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f and (x",xY) in this chapter do not represent the original ODE right-hand side and state

bounds of x in (2.3.1).

Under this problem setup, we suppose that black-box evaluations of f are possible,
and we wish to generate a guaranteed affine relaxation of f on X without assuming any
additional knowledge of f. To proceed, we sample this function (2n+ 1) times in a star-
shaped stencil that is formalized in the following definition. This definition also describes

certain intermediate quantities that will be useful when formulating our results.

Definition 7.2.2. Consider the problem setup in Definition 7.2.1, and define the following

additional sets and quantities:
« anondegenerate index set / := {i € {1,...,n} : x- < xY} (note that I here is not the
time horizon of ODE systems as in chapters above),

the midpoint w®) := %(XL +xY) of X,

let e() € R”" denote the i™ unit coordinate vector in R”, for each i € I a step length

o; € (0,1], and two vectors

wit) = w0 4 %(x,U —xF)el,

* asample set

W= {wO u{wienpu{w ier} cx,

function values yo := f(w(®) and y; := f(w(*)) for each i € I,
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* avector b € R” for which, for eachi € {1,...,n}:

Y+i —Y—i V+i—Y—i ip .
= - - ifiel
o OO =) T WE — WO
0 ifidgl,
¢ ascalar ¢ € R for which
1 Vyity_i— 2y0>
C:=Y0— =% s
2 ;1' ( o
« and a scalar f& € R for which
max (y1i,y—i) — Yo
fH=yo— < ) :
lek
o xY
w2
1
1
e 'f;,?of e 2
1
é,-2)
[
XL
X1 ]

Figure 7.1: Illustration of the domain of the function f described in Definition 7.2.2.

Some of these quantities are depicted in Figure 7.1. The vector b has been employed in
established derivative-free optimization approaches, where it is known as a centered sim-

plex gradient of f at w(©) sampled along the coordinate vectors [160]. If f were smooth,

246



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

then b would also be a standard centered finite difference approximation of the gradient
Vf (w(o)). The sum in the definition of ¢ resembles a standard finite difference approxima-
tion of the (possibly nonexistent) second-order partial derivative %(W(O)), except with a
different denominator.

Then, as proved in [4, Theorem 1 and Corollary 1], foff o x s o+ (b,x — W(0)> is the
new affine underestimator of the convex function f on X, and f" is a lower bound of f on
X. For illustration, Figure 7.2 (reproduced from [4, Fig. 6]) depicts an original nonconvex

function, convex relaxations on various subdomains, and corresponding new sampling-

based affine relaxations derived from the convex relaxations.
-0.2}

—-0.4f

- —0.6f

—0.8}F

-1.0f

0.00 0.25 0.50 0.75 .00
X

Figure 7.2: Illustration of an original function ¢ (dotted blue), along with convex relax-
ations (dash-dotted) on various subdomains, and corresponding new sampling-based affine
relaxations (solid), from [4, Fig. 6]. One sample data point (W(O) ,Yo) (circle) is depicted in
each case.

7.3 Tightness and convergence properties

[4, Theorem 1 and Corollary 1] show that the constructed f2f and f“ are guaranteed to be

respectively an affine relaxation and a lower bound of f on X in Definition 7.2.1. A tighter
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sampling-based affine relaxation formulation in a univariate case is discussed in [4, Sec-
tion 3.3]. This section then summarizes two theoretical results developed by the author of
this thesis. Theorem 7.3.1 below shows that the sampling-based affine relaxation is tighter
as each ¢; in Definition 7.2.2 shrinks. Theorem 7.3.4 shows that under mild assumptions,
the new affine relaxation is guaranteed to exhibit second-order pointwise convergence [36]
to an original nonconvex function, which help mitigate the cluster effects [37,38] in global

optimization.

Theorem 7.3.1. Consider the problem setup in Definition 7.2.1 and the auxiliary quantities
in Definition 7.2.2, except with two choices of ¢; for each i € I, denoted with superscripts
“A” and “B”. Suppose that alA < aiB for each i € I. Let quantities computed with Otl-A in
place of o; be given the superscript “A”, and let quantities computed with Ole in place of

a; be given the superscript “B”. Then, for each x € X,
A+ 2 x—wO) > B b8 x—w),

and fL,A > fL’B~

Proof. For eachi € 1, define a function h; : (0, 1] x [xF,xP] — R for which

Y

hi . (a,g) N y+i(a> _y—i(a) (é _W§0)> _ y+,-(a) -|—y_l~((x) _2y0

o xlU —x% 20

where y;;(a) and y_;(@) are defined according to Definition 7.2.2 except with @; := «.

Thus, for each o € (0, 1],
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[146, Theorem 23.1] implies that both mappings /;(+,x>) and /;(+,x’) are non-increasing,
and so

hi((XiB,X%) Shi((XZA,X%) and hi(aszx}J) Shi(aIAax}J)'

Thus, noting that ;(a2,-) and h; (0, -) are affine on [x-,xV], it follows that
hi<azBa ) < hi(aiA7€)7 \V/é S [x}asz]'
Hence, for each x € X, we have

(™ + b x—wO)) — (B + 0B x—w) =Y (hi(af,x;) — hi(aP,x;)) >0,
i€l

as claimed. Thus,

it = in)f((cA + (A x—w?)) > in)f((cB + (b8, x — w)y) = fLB.
XE Xe

as claimed. ]

Now, consider the following setup involving an underlying nonconvex function and a

scheme of convex relaxations.

Definition 7.3.2. Consider a nonempty open set Z C R”, a nonempty compact set Q C Z,
and a nonconvex function g : Z — R. Let IQ denote the collection of boxes of the form

{xeR": xL < x < XU} that are subsets of Q. For any box X € [Q, define the width of X as
wid X := max{||x — €|~ : x,€ € X}

Consider a scheme of convex relaxations {g* }xc1p of g for which, for any X € 10,
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g% : X — R is a convex relaxation of g on X.

With this foundation, we now modify the setup of Definition 7.2.2 as follows by substi-

cv, X

tuting g°* in place of f.

Definition 7.3.3. Under Definition 7.3.2, consider the quantities in Definition 7.2.2 for each
X € IQ, with g% in place of f. Denote the dependence of these quantities on X explicitly
with a superscript (e.g. X=X, I, w(0:-X OciX ). Let g2TX : X — R denote the corresponding

affine relaxation of g&* on X provided by [4, Theorem 1]. Thus, for each x € X,
X (x) := X + (b¥ x — w0 X)), (7.3.1)

The following theorem shows that if a smooth function g has a scheme of convex re-
laxations with second-order pointwise convergence in the sense of [36, Definition 10], then
our new sampling-based affine relaxations of this scheme will inherit this second-order

pointwise convergence.

Theorem 7.3.4. Consider the setup of Definitions 7.3.2 and 7.3.3. Suppose that the func-

tion g is twice-continuously differentiable on Z, and that there is a scalar T > 0 for which

sup (g(x) — g™ (x)) < t(wid X)?, VX €IQ. (73.2)
xeX

Then, there exists another scalar 72 > 0 for which

sup (g(x) — ¢ (x)) < t*M(wid X)?, VX €1Q. (7.3.3)
xeX

Proof. For each X € IQ, consider a subgradient s(OX of goVX at w(O-X (with sgo)’x arbi-

trarily chosen to be 0 whenever i ¢ IX), and let g**®X : X — R denote the corresponding
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subtangent, so that:

0K (x) = y& + (s —wOXy vk eXx.

Since w(0):X

is in any centrally-scaled interval in X in the sense of [46, Definition 4.1],
since g is twice-continuously differentiable, and since (7.3.2) holds, [46, Theorem 4.2]

shows that there is a scalar 7°"° > 0 (independent of X) for which

sup (g(x) — gSUb’X(X)) < 7% (wid X ). (7.3.4)

xeX

According to Theorem 7.3.1, for any X € IQ and x € X, g*X(x) decreases as any Ocl-X
increases. Thus, in the remainder of this proof, it suffices to consider only the case in which
Ocl.X := 1 for each X € IQ and each i € IX.

Now, consider any fixed X € IQ and i € IX. Since g is twice-continuously differentiable,
Taylor’s Theorem (as described by [162, Theorem 2.1]) implies that there exists a point

A= AAWEDX (1 = AA4)w(OX for some 0 < A2 < 1 for which

, 10
g(w ) — g(wOX) = 2 5@ (7 ). (735)

Similarly, there exists a point dB := ABw(=)X (1 — AB)w(OX for some 0 < AB < 1 for
which
(W) — (W) = =2 =2 (d%) (7 — ). (1.3.6)
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Adding (7.3.5) and (7.3.6) yields

W) o)~ 2w0) = (95 @) = FE ) )
8gl agl (7.3.7)
A B :
gza (d*) — ax(d)w1dX.

Now, Taylor’s Theorem implies there is a point d© := A¢d* + (1 — 1°)d® for some 0 <
A€ < 1 for which
98
ox;

dg
ax;

d%g

S-(a%) - P

==(d®) === (d") (@} - dP).

Moreover, since g is twice-continuously differentiable and Q is compact, there exists H > 0

(independent of X) for which

328 H .
ﬁ(X) <7 y V_]E{l,,l’l}, VXGQ
J
Thus,
g A Jdg B H_ .
o —=(d™) — T —=(d%)| < 77wid X. (7.3.8)

Combining (7.3.7) and (7.3.8) yields

g(w(”)’X) + g(w(_i)’X) _ 2g(w(0)’X) < %ch(wid X)z. (7.3.9)
Since g°V*X is a convex relaxation of g on X, we have
i—gw ) <o and X —g(wl¥) <o (7.3.10)
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Moreover, (7.3.2) implies
2g(wOX) —2)X < 27 (wid X). (7.3.11)
Adding (7.3.10) to (7.3.11) yields

O 0% =258) = (W 0%) 4 g(wl= %) —2g(wOX)) <27 (wid X)*.

cv,X

Moreover, since (7.3.9) holds and since g°V* is convex, we have

0 <X +y% 2% < (27 + Loty (wid X)%. (7.3.12)

Combining (7.3.12) for each i € IX with the definition of ¢X, and recalling that ¢o; = 1 for

each i € IX by assumption, we obtain

0y X =3 ¥ (%45 - 2f) <n(x 4+ ) (wid x )2 (713.13)

iclX

Next, consider any fixed i € I and any subgradient s(OX of g% at wOX | Thus,
AKX SOX Xy, (7.3.14)

The positive branch of (7.3.14) implies that

(0),x < 2()’11'_%)()
Sl' _ x[.j7X B L7X .
l l
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Thus, according to (7.3.12) and the definition of bf( ,

X _x 205%;—y5) — O —5)
5 i = UX_ LX
l l
Y5 2y
UX LX
X X

H
cv | T
27V + 5

< Ux¥Lx (wid X)?
(" —x")

i X

Similarly, combining the negative branch of (7.3.14) with the definition of bf and (7.3.12)

yields
H
X _x 20T )2
Si _bi Z—W(Wld)() .
1 1
Combining the above results yields:
27V + il
0).X .
i

Since (7.3.13) and (7.3.15) hold, for any X € IQ, s©X and x € X, we have

£ (3) = g ()] = |y — ¥+ (50 — ¥ x— w(0))|
< 0 — X (50X — b x— w0
(0).x

1
< (e + e (wid X2+ )} (|s§0)’x — Yl —
iclX

)

<n( 4+ 1) (wid X2+ ¥ ((21” +LeH) (wid X)2>

iclX

<(3n7® + 2ntH) (wid X)2.
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Thus, since (7.3.4) holds, we have

sup (g(x) — g™ (x)) < sup (g(x) — g™¥(x)) + sup (g*™* (x) — g""** (x))
xeX xeX xeX

< (2 4307 + 3n7t) (wid X)2.

Thus, the claimed result holds with 72 := 7590 4 3,7V 4 %nrH. O]

7.4 Accounting for noise of sampling

This section modifies [4, Theorem 1 and Corollary 1] to account for a case in which the
function evaluations yy and y+; in Definition 7.2.2 are unavailable directly. Instead, we
suppose that corresponding approximations Jy and y; are available, and it is known that
these approximations are valid to within a known absolute tolerance € > 0.

These results permit us to construct guaranteed affine underestimators and lower bounds
for convex functions when there is empirical noise or numerical error in these functions’
evaluations, or when validated arithmetic or outward rounding are employed. Explicitly
accounting for noise in this context can be crucial; if neglecting noise leads us to construct
an approximate convex relaxation that is not in fact a valid relaxation, then we may inad-
vertently relax a feasible optimization problem into an infeasible approximate relaxation,

and incorrectly conclude that the original problem was infeasible.

Corollary 7.4.1. Consider the setup of Definition 7.2.2, and suppose that there exist values

€>0,9y € R, and y1; € R for each i € I, for which:

|)70—y0| <eEg, |)7+,~—y+,-| <eg, and |)7_,-—y_,-| <eg Viel. (7.4.1)
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Define a vector b € R” so that for each i € {1,...,n},

Vii— Vi
i)i = ai(xp—x%)

ifiel
0 ifigl,

and a scalar ¢ € R for which

- )7+i+)7i_2)70+48)
c:=yp—€&— ( .
;1’ 2061'

Then f(x) > &+ (b,x —w(®) for each x € X.

Proof. Consider the following affine functions fT, f2T : [x xU] — R:
A x s e+ bx—w?) and  Tx s @+ (b, x—w®).

According to [4, Theorem 1], f“lff is an affine relaxation of f on X. The claimed result will

be proved by showing that
F(x) < fAff(x), vxeX.

Now, for each i € I, consider affine functions A;, h; : [x},xlU] — R for which, for each

& € il

i~ Vi ity—i—2
hi(&) = 2 (& — ) - TS0

Y

oY — b 20
F ey Vai— Vi ©0)y Y+itV-i—20
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Observe that the mapping 4;(-) — &;(-) is also affine, and thus attains its extreme values on

X at xg“ and x}J. Direct evaluation yields:

hl'(XL) —ili<XL) — )’+i—)’+i+y0_y07
o

/’li(XU) —ili(XU) _ y—i_y—:';—yo_yO.
i

Moreover, it follows from (7.4.1) that for each £ € [x}“,xU],

1

(&) —R(E)] < £,

04

Observe that for each x € X,

FI(x) — FAf(x) = yo—Fo+ €+ Z (hi(x;) — hi(xi) + %‘f)

icl
Moreover, since (7.4.1) and (7.4.2) hold,

~ 2¢e
yo—Jo=>—¢ and hi(x;) —h(x;) > o Viel.
i

Thus,

%) - (x) 20, vxex,

as required.

Corollary 7.4.2. Consider the setup of Corollary 7.4.1, and define a quantity:

F=so—e-Y <max()~’+i>)~’i) — Yo +28>.

i€l &

257

(7.4.2)



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

Then f(x) > f* for each x € X.

Proof. Observe that f& = min{é+ (b,x —w(®) : x € X}. The claimed result then follows

immediately from Corollary 7.4.1. [

In the limit € — 0T, these results converge to the corresponding noise-free results [4,
Theorem 1 and Corollary 1].

The proof of Corollary 7.4.1 also suggests the following way to choose the step length
quantities ¢; in general when the numerical error € in evaluations of f is reasonably small.
Suppose that, for some scalar &y > 1, an absolute numerical error of ay€ is permitted
in evaluations of the affine underestimator provided by [4, Theorem 1]. Then, a similar

3—f1, 1] foreachi €1,

argument to the proof of Corollary 7.4.1 shows that whenever ¢; € | o

this error bound will be satisfied.

7.5 Moving the sampled set

This section adapts the above results to accommodate sampled sets W for which w0 is
not the midpoint of X, and so W is not centered within X. One benefit of the results of
this section is that these allow constructing piecewise-affine underestimators via black-box
sampling, by applying the sampling-based affine relaxation approach to multiple w(®s on
a box domain. As shown in [44], piecewise-affine underestimators, constructed as point-
wise maximum of multiple affine underestimators, are efficient to evaluate and effective
for lower bounding in global optimization. Throughout this section, consider the following

variant of Definition 7.2.2.

Definition 7.5.1. Consider the problem setup in Definition 7.2.1, and define the following

additional sets and quantities:
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anindex set 1 := {i € {1,...,n} : xF <xV},
the midpoint x™4 := L (x" +xV) of X,
a scaled displacement A; € (—1,1) foreachi €1,

a central sampled point w©) € X for which, for each i € I,

for each i € I, a step length o; € (0,1 —|A;|] and vectors

wit) = w® ¢ %(x? —xel ex,

function values yo := f(w(®) and y; := f(w(*)) for each i € I,
a vector b € R” for which, for eachi € {1,...,n}:

Y+i—YV-i Vi —Y—i

= ; y ifiel
a(¥ =)~ wr —wla)

bl' =
0 ifigl,

a scalar ¢ € R for which

c=yo-Y ((1 + |)~i|)(y+i+)7—i—2)’0>> ’

20

and a scalar f& € R for which

1 kl' max iYy—i) —
tﬁ:m_;<(HIXa£4y) mw.
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Under this modified setup, a guaranteed affine underestimator and lower bound may still
be generated as before, and these results may be improved as before in the one-dimensional

case.
Corollary 7.5.2. Consider the problem setup in Definition 7.2.1 and the auxiliary quantities
in Definition 7.5.1. For each x € X,

f(x)>c+ (b,x—w(0)> > fL
Proof. This result follows from an analogous argument to the proofs of [4, Theorem 1 and
Corollary 1]. 0

Corollary 7.5.3. Consider the problem setup in Definition 7.2.1 and the auxiliary quantities

in Definition 7.5.1. Suppose that n = 1, and define another quantity

¢:=2y0— 3(y11+y-1)-

Then ¢ < é < yy. Moreover, for each x € X, f(x) > é+by(x— w(o)).

Define another quantity

fL::min{zyO_y-l-lv 2)’0—)’—17

2(y-1—=y0) , () L 20+1=Y0) ;v (0)
— (W = x7) +y0, — (1 —w; ) +yo -
o (x}] —x%) ! 1 o (xllJ —xll‘) ! !

Then & < f& < yo. Moreover, for each x € X, f(x) > f.

Proof. This result follows from an analogous argument to the proofs of [4, Theorem 2 and

Corollary 2]. 0
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An analogous argument to the proof of Theorem 7.3.1 shows that the affine underesti-
mators and lower bounds provided by Corollary 7.5.2 become tighter as any ¢; is decreased.
Theorem 7.3.4 still holds with Definition 7.5.1 in place of Definition 7.2.2, with the

additional requirement that there exists a scalar 0 < y < 1 for which
AX <y, vxelg, Vviel.

This requirement is necessary to apply the result [46, Theorem 4.2] where required in
the theorem’s proof. Roughly, this avoids problems due to convex functions potentially
behaving oddly near their domains’ boundaries. Hence, with this requirement enforced,
second-order pointwise convergence is still inherited by the sampled affine underestimators

even when w(0X

is not the midpoint of X.
Lastly, uncertainty in the function evaluations in Definition 7.5.1 may be handled as

follows.
Corollary 7.5.4. Consider the setup of Corollary 7.5.2, and suppose that there exist values
€ >0, ¥R, and j1; € R for each i € I, for which:

Fo—yo| <&, |Fri—y+il <€, and [j_i—y_i|<e Viel.

Define a vector b € R” so that for each i € {1,...,n},

Vii—Y-i
b= o — )

ifiel

0 ifi¢l,
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and a scalar ¢ € R for which

Fi=5o—e—Y ((1 + |)'i|)()7+i+)7i_2)70+48>) .

icl 20

Then f(x) > &+ (b,x — w(0)> for each x € X. Moreover, for each x € X,

f(x

1+2/ maX 1y ~+28
EE Y (G )
1

i€l
Proof. This result follows from an analogous argument to the proofs of Corollaries 7.4.1

and 7.4.2. ]

7.6 Conclusions and future work

This work shows that, given a convex function of n variables on a box, a correct closed-form
affine underestimator of this function may be constructed by sampling the function (2n+1)
times in a star-shaped stencil W. Such affine underestimator is particularly helpful for using
newly-developed convex relaxations whose subgradients are not yet available in global op-
timization. Subsequent results show that we can also compute an analogous lower bound,
and improve these results further when n = 1. Variants of these methods permit explicit
consideration of noise in the black-box function evaluations. The new affine underestima-
tors also inherit second-order pointwise convergence from an underlying scheme of convex
relaxations. Refer to [4, Section 4] for implementations and case studies which employ the
new affine underestimators in deterministic algorithms of global optimization.

The results in this chapter depend heavily on convexity of the sampled system; convex-

ity allows us to infer the global behavior of the considered function from samples that are
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restricted to certain search directions. It may be possible to use these new underestimators
in a derivative-free method for convex optimization. However, we do not expect this ap-
proach to generalize in a useful way to black-box nonconvex process models, beyond the

finite differencing results of [130].
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

This thesis has proposed novel approaches for computing convex relaxations with the corre-
sponding subgradients for the solution of the parametric ODE system (2.3.1), to ultimately
improve computational efficiency of deterministic global dynamic optimization. This work
is based on a state-of-the-art ODE relaxation framework (2.4.1) by Scott and Barton [2],
and achieve the various goals of this thesis by resolving the limitations of this framework
summarized in Section 1.3.

Firstly, in the Scott—Barton framework, it was previously unknown whether the tight-
ness of the original right-hand side’s relaxations translates into tightness of ODE relax-
ations. Hence, Chapter 3 proposes new ODE bounding and comparison results, which
have significantly less stringent conditions than the previously established results. These
new results are then applied to show for the first time that in the Scott—Barton framework,
tighter relaxations of the original right-hand side will necessarily lead to ODE relaxations

that are at least as tight.
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Secondly, since only generalized McCormick relaxations were previously allowed to
be used in the Scott—Barton framework, Chapter 4 proposes a new versatile optimization-
based (OB) ODE relaxation formulation by using Scott—Barton relaxation theory in a new
way. This new formulation allows using any convex and concave relaxations of the original
right-hand side, and tighter such relaxations necessarily lead to ODE relaxations that are at
least as tight, as indicated by the tightness results developed in Chapter 3. Notably, if Mc-
Cormick relaxations are applied in the new formulation, then the resulting ODE relaxations
are guaranteed to be at least as tight as the SBM relaxations [2]. Such tightness is shown
to lead to fewer iterations required in branch-and-bound in a global dynamic optimization
case study. An efficient evaluation method for the OB relaxations is described in Chap-
ter 5, provided that the employed right-hand side relaxations have known monotonicity.
Chapter 5 also proposes a new AVM-based ODE relaxation formulation based on the OB
formulation. The AVM-based formulation effectively handles a factorable original right-
hand side function using the Auxiliary Variable Method (AVM) [8, 50], which is shown to
yield ODE relaxations that are at least as tight as both the SBM relaxations and the OBM
relaxations.

Thirdly, since there was previously no subgradient evaluation approach for ODE re-
laxations obtained using Scott—Barton framework, Chapter 6 proposes new subgradient
evaluation theory, and proposes new forward sensitivity methods for evaluating subgradi-
ents of the SBM relaxations and the OB relaxations in the Scott—Barton framework. These
methods assume that the ODE relaxations are strictly within the predefined state bounds
during ODE solving, which is guaranteed to be satisfied for a sufficiently small domain of
the uncertain parameters. Moreover, it is shown for the first time that the dynamic sub-

gradients may be computed efficiently using a modified adjoint ODE sensitivity system,
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which would improve computational efficiency of the lower-bounding procedure in global
dynamic optimization.

Lastly, Chapter 7 proposes a new approach for bounding convex functions from below
via black-box sampling. This new approach allows computing bounding information in
global optimization using convex relaxations with unknown subgradients. The new bounds
are shown to have second-order pointwise convergence [36] to an original nonconvex func-
tion as domain shrinks, which may help mitigate the cluster effect [37,38] in global opti-
mization. Numerical error or noise in the sampling procedure can be easily handled in the

new approach.

8.2 Future work

As introduced in Section 4.4.1, the current proof-of-concept implementation of OB relax-
ations numerically solves convex NLPs for each right-hand side evaluation, which may
lead to prohibitively expensive computational effort. In branch-and-bound deterministic
global optimization algorithms, both tightness and efficiency of convex relaxations are ex-
tremely important. If a convex relaxation is promisingly tight but very difficult to evaluate,
then this may still lead to expensive overall computational effort for an overarching global
optimization method. Thus, a first avenue for future work would be developing more effi-
cient implementations for the OB relaxations proposed in Chapter 4, using the techniques
outlined in Section 4.3.7. I believe that these techniques would indeed drastically improve
computational efficiency for evaluating the OB relaxations. From numerical experiments,
the active constraints of the right-hand side optimization problems typically only change
several times when computing the OB relaxations. This implies that if these active con-

straints are effectively tracked during ODE solving, then at most time steps, the right-hand

266



Ph.D. Thesis — Y. Song McMaster University — Chemical Engineering

side of OB relaxation system may be efficiently evaluated in closed form. Similar behaviour
is also observed for the AVM-based ODE relaxations in Chapter 5.

A second avenue for future work would be developing improved state bounds (x,xY)
in Definition 2.4.2, which are employed in the Scott—Barton framework (2.4.1). As revealed
by the tightness results developed in Chapter 3, the tightness of these bounds necessarily
translates into the tightness of ODE relaxations. Moreover, if the employed state bound-
ing method is not applicable to the original ODE system (2.3.1), then all approaches in the
Scott—Barton framework, including the SBM relaxation approach, OB relaxation approach,
and AVM-based relaxation approach, cannot yield valid relaxations. For example, Harri-
son’s state bounding method [69] is prevalent over the past decades for its efficiency and
simplicity of implementation, and is employed in many dynamic reachable-set generation
researches [2,3,13,75,76,78,93,104, 159]. However, for oscillating systems such as the
Lotka—Volterra system and the Lorenz attractor system, Harrison’s state bounds explode
very easily. Thus, no ODE relaxation approaches based on Harrison’s bounds would work
for these systems. Note that there are several recent advances [70,72,74] for state bounding.
It is also encouraged to use these bounds to construct ODE relaxations.

A third avenue for future work would be developing an implementation for the dynamic
adjoint subgradient evaluation proposed in Chapter 6. Unfortunately, due to time limitation,
the work in Chapter 6 only provides underlying mathematics for adjoint subgradient evalu-
ation. Considering the success of adjoint sensitivity analysis for smooth dynamic systems,
it is reasonable to expect that such adjoint subgradients could significantly improve compu-
tational efficiency for lower bounding in global dynamic optimization. Besides, it will be
promising to develop new subgradient evaluation methods for the Scott—Barton framework,

without assuming that the state relaxations are strictly within the state bounds; this seems
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to be difficult due to the switching conditions in (2.4.1). Currently, my colleague Huiyi
Cao is working on eliminating the switching conditions using a safe-landing mechanism.
The ultimate long-term goal for this line of research is to use deterministic global dy-
namic optimization techniques to solve problems in engineering applications. In the cur-
rent stage, by using our ongoing Julia global dynamic optimization implementation with
the new ODE relaxation and subgradient evaluation techniques embedded, we are already
able to solve several benchmark problems of dynamic parameter estimation and global op-
timal control in [152]. Here, I would suggest for researchers in this field to always publish
a usable version of their methods along with their publications. This will save much time
for researchers when reproducing others’ methods for comparison. Since significant state
bounding and relaxation research has been conducted over the past decades, I believe that
facilitating easy comparison between competing methods is important for the community

to foster future advances in this field.
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