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Abstract

Due to recent advances in the field of formal verification, the safety of complex au-
tonomous systems, such as a spaceship attempting to dock or a robot collaborating with
humans, may be formally verified. The verification of such reach-avoid problems, where
a set of initial states is to be steered to a given target under input and state constraints,
is often non-constructive since it only provides a yes-or-no answer. As a result, first
synthesizing the controller and then adapting it to guarantee safety turns out to be dif-
ficult. In this thesis, we thus combine numerical optimization and set-based reachability
analysis to synthesize controllers that ensure formal guarantees by construction.

The efficient optimization of these controllers requires differentiability of the consid-
ered synthesis problems. Hence, we first introduce an abstraction of these synthesis
problems, for which differentiability can be shown and which then implies differentiabil-
ity of all considered synthesis problems.

Since an exact formulation of these problems is often hard to solve, we need to derive
tractable approximations thereof. As we compute with sets, this often requires the
use of different set representations, as they are closed under different set operations.
To that end, we present the efficient conversions between different set representations.
Additionally, we describe set containment checks from the literature, which are required
to check input and constraint satisfaction for sets of states.

To synthesize piecewise constant controllers, we start by extending existing approaches
from previous work. To improve controller performance, for instance, we extend the class
of control laws that can be synthesized. Further, we propose a novel synthesis algorithm
based on trust regions, which iteratively synthesizes a piecewise constant controller under
input and state constraints. In contrast to previous work, this synthesis algorithm does
not require additional user input to achieve non-conservative results for state-constrained
systems. All presented algorithms have polynomial complexity in the state dimension
and we demonstrate their advantages compared to other state-of-the-art approaches
using numerical experiments.

To incorporate continuous state feedback, we present a novel algorithm for the com-
bined synthesis of a piecewise constant feedforward controller with continuous state
feedback. In contrast to other state-of-the-art approaches, we do not synthesize the
feedforward controller and the state feedback separately but combine the synthesis into
a single optimization problem and thus avoid the introduction of additional user-provided
algorithm parameters. The complexity of the proposed algorithm is polynomial in the
state dimension. As numerical experiments demonstrate, it outperforms existing syn-
thesis approaches while requiring reduced user input compared to the current state of
the art.






Zusammenfassung

Die Sicherheit komplexer autonomer Systeme — wie beispielsweise das Andocken von
Raumschiffen oder die Kollaboration zwischen Mensch und Roboter — kann dank jiingster
Fortschritte im Bereich der formalen Verifikation sichergestellt werden. Der Sicherheits-
beweis solcher “reach-avoid”-Probleme, bei welchen die initiale Zustandsmenge eines Sys-
tems zu einem gegebenen Zielzustand unter Einhaltung gegebener Spezifikationen ges-
teuert werden soll, liefert dabei haufig lediglich eine nicht-konstruktive Ja-Nein-Aussage.
Somit ist die Trennung von Design und anschliefender Verifikation des geregelten Sys-
tems oft schwierig. In dieser Arbeit kombinieren wir daher numerische Optimierung mit
mengenbasierter Erreichbarkeitsanalyse, wodurch die so berechneten Regler die gewiin-
schten formalen Garantien “by design” erfiillen.

Eine effiziente Optimierung dieser Regler setzt allerdings die Differenzierbarkeit des
zugrundeliegenden Synthese-Problems voraus. Daher fithren wir zu Beginn ein ab-
strahiertes Synthese-Problem ein, welches alle relevanten Optimierungsprobleme gen-
eralisiert und zeigen die Differenzierbarkeit dieser Abstrahierung, was damit direkt die
Differenzierbarkeit aller abstrahierten Synthese-Probleme impliziert.

Da eine exakte Formulierung dieser Probleme oft schwierig zu 16sen ist, miissen effizien-
tere Approximationen konstruiert werden. Da wir in dieser Arbeit mit Mengen rechnen,
ist dazu oft die Zuhilfenahme verschiedener Mengenreprésentationen nétig, da unter-
schiedliche Reprasentationen unter verschiedenen Mengenoperationen geschlossen sind.
Daher zeigen wir die effiziente Konvertierung verschiedener Mengenreprisentationen.
Zur Uberpriifung von Zustands- und Eingangsbeschrinkungen fiir Mengen beschreiben
wir auBerdem Methoden zur Uberpriifung der Teilmengen-Eigenschaft zweier Mengen
aus der Literatur.

Zur Synthese von stiickweise konstanten Regelgesetzen beginnen wir zunéchst mit der
Erweiterung existierender Ansétze zur Regler-Synthese aus vorangegangenen Arbeiten.
Um die Leistung der berechneten Regler zu verbessern, erweitern wir beispielsweise
die Klasse an berechenbaren Regelgesetzen. Wir préasentieren zudem einen neuartigen
Synthese-Algorithmus, welcher — basierend auf sogenannten “Trust Regions” — itera-
tiv ein stiickweise konstantes Regelgesetz berechnet, welches sowohl Zustands- als auch
Eingangsspezifikationen beriicksichtigt. Dabei bendtigt der prasentierte Algorithmus —
im Gegensatz zu vorhandenen Ansétzen — neben den gegebenen Spezifikationen keine
zusétzlichen Angaben des Nutzers, um performante Regelgesetze zu berechnen. Die
beschriebenen Methoden haben hierbei alle eine polynomielle Laufzeit im Bezug auf die
Zustandsdimension. Wir demonstrieren die Vorteile der entwickelten Algorithmen im
Vergleich zu existierenden Methoden mit Hilfe numerischer Experimente.

Zur Kombination des stiickweise konstanten Regelgesetzes mit einem kontinuierlichem
Feedback-Regler beschreiben wir dann einen Synthese-Algorithmus fiir das kombinierte
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Zusammenfassung

Regelgesetz. Im Gegensatz zu bekannten Ansétzen synthetisieren wir dabei den stiick-
weise konstanten und den kontinuierlichen Feedback-Regler in einem Optimierungsprob-
lem, wodurch wir zusétzliche Parameter vermeiden, die vom Nutzer spezifiziert werden
miissten. Der beschriebene Algorithmus hat polynomielle Laufzeit im Bezug auf die Zu-
standsdimension, bendtigt im Vergleich zu existierenden Ansétzen reduzierten Nutzere-
ingriff, und zeigt in numerischen Experimenten eine verbesserte Regelperformance.
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Notations

In this thesis, we denote scalars and vectors with lowercase letters, matrices with upper-
case letters, and sets with uppercase calligraphic letters.

Definitions

Number Sets

The set of real numbers, non-negative real numbers, and positive real numbers is denoted
by R, R>g, and Ry. Further, the set of complex numbers is denoted by C. Additionally,
N and N denote the sets of natural and positive natural numbers. Lastly, the sets of
symmetric, symmetric semi-positive definite, and symmetric positive definite matrices
are given by S, S;, and Sy .

Vectors, Matrices, and Sets

The element of a matrix M € R™ ™ in the i-th row and j-th column for 1 < ¢ < n and

1 < j < m is denoted by M;;; further, we denote with M;.) and M. ;) the i-th row and

T T
j-th column of M, and define the shorthand M(?:) = (M(Z-,:)) and M(T:’j) = (M(;,j)) .
For a vector v € R", we similarly denote with v; € R the i-th component of v € R" for
1<i¢<n. Fora € Nand b € N with a < b, the vector of all integers between a and b
(both included) is denoted by a : b = {a, a+1, ..., b}; for a matrix M € R™*™ we
extend this notation and denote with M. ,.) = M. 4.,) the matrix consisting of the a-th
to the last column with a < m. Similarly, we denote with Mg the projection of the
set M C R" onto its a-th to b-th dimension, where a < b < n. For two matrices of equal
size, inequality relations between them are to be interpreted element-wise. Moreover,
1, and I, = [e&)), ce QEZH denote the n-dimensional all-ones vector and the n-

dimensional identity matrix, where EEQ) € R” denotes the i-th unit vector of dimension
nfor 1 <i<n.

Mathematical Operators

For a given vector v € R", diag (v) € R™*" denotes the diagonal matrix with entries of v
on its diagonal. Further, mod (v,k) = [mod (v1,k), mod (ve,k), ..., mod (v, k:)}
denotes the modulo operation on all components of v € R™ where k € R. The trace
of a square matrix M € R"™ " is defined as trace (M) = >, M;;. For two sets

Xix



Notations

A € N" and B € N, their set difference is given by A\ B = {a € A|a & B}. More-
over, |S| € N denotes the cardinality of a set & € N". Further, the empty set is
denoted by ). The transpose of a real matrix R € R™*" and the conjugate trans-
pose of a complex matrix C € C™*" are denoted by RT and C*, respectively. The
minimum and maximum entry of a given matrix A € R" ™ are denoted by min (A)
and max (A), respectively; for B € R"*™ we further denote with min (4, B) € R»*™
(“max” analogous) the matrix that results from taking the minimum over each matrix
element separately. For a finite number of vectors vV € R™ with 1 < i < m, we denote
by mini<;<m () = {minlgigm yi’% cevy MiNj<i<m v,(f)}T the finite minimization over
each vector component, where the result is again collected in an n-dimensional vector
(analogous for max). Further, AKX B € R™P*™ denotes the Kronecker product of ma-
trices A € R™*" and B € RP*?, and CEH D = C X I,, + I,, ¥ D denotes the Kronecker
sum for C € R™™ and D € R™*™, For a set of m points {v(l),v(z),...,v(m)} with

v € R" and 1 < i < m, we denote its convex hull, i.e., the smallest convex set contain-
ing all v, with convh ({v(l),v(z), cee U(m)}) C R™. For a complex matrix C' € C"*™
real (C') € R™™ and imag (C) denote the real and imaginary part of C, respectively.
For a matrix M € ST", we alternatively write M > 0.

Functions

For a function f : R +— R"™ and time ¢t € R>¢, its time derivative is denoted by f(t) =

df (1) dfn ()" - ' , , - n
[ T e #} . For once and twice continuously differentiable functions f : R +—

R™ and g : R" — R with vector x € R", the Jacobian matrix J; () € R™*" of g is
defined by [Jy (2)];; = %ﬂfjﬂc)

Hg () € R™" of g is defined by [H, (z)];; = % forl1<i<mand1<j<n.

for1 <7< mand 1< j <n, and the Hessian matrix

List of Symbols

Scalars

Symbol Dimension Description

t € Rx>o current point in time

t eRy time horizon length

Mg € Ny number of discrete-time feedback steps

Me e N, number of piecewise constant control inputs per feedback
step

ts eR time between discrete-time feedback

te e Ry duration of piecewise constant control inputs per feedback
step

a e Ny number of monomials for the controller template

K e Ny controller order

XX



Symbol Dimension Description

m e N, abstraction order for reachable set computations

0 e Ny reduction order for zonotopes and polynomial zonotopes

vy € (0,1] trust-region radius for piecewise constant controller param-
eters P

n € (0,1] trust-region radius for feedback controller parameters ¢ and
R

mq e N4 number of steps for the time discretization of time-varying
matrices

Ny e N4 state dimension

o e N, input dimension

Ny e Ny disturbance dimension

OX; e N, number of halfspaces making up the final state constraints

ox e N, number of halfspaces making up the state constraints

oy e Ny number of halfspaces making up the input constraints

h e Ny extended optimization horizon

my e N, number of steps for reachability analysis

,u eRy optimality tolerance

o eRy constraint penality multiplier

¢ eR, input penalty factor

lmax e Ny maximum number of iterations for a given algorithm

Ny e N, number of controller parameters for the combined controller

w e Ry exponent for the computational complexity of matrix mul-
tiplication

Vectors

Symbol Dimension Description

x(t) € R state vector
u (t) € R™ controllable input vector
w(t) € R™» uncontrollable input vector (disturbance)
Tt € R"= target state
Trof € R" reference state trajectory
Upef € R reference input trajectory
U € Rgo weight vector for the objective function using the extended
horizon h
Matrices
Symbol Dimension Description
P € [—1,1]MemsmuX%  controller parameter matrix for all mems steps
Qref € Si‘”xnm state weighting matrix for reference trajectory
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Symbol Dimension Description

Ryet € Shuxnu input weighting matrix for reference trajectory
K € RMuxne state feedback matrix

Q € Sz xMe state weighting matrix for LQR control

R € Shuxmu input weighting matrix for LQR control
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Symbol Dimension Description

R C R" exact reachable set

R C R"= outer approximation of the reachable set

R CR™ approximation (without formal guarantees) of the reachable
set

x© C R"= set of initial states

x© C R"= parallelotope outer approximation of X'(©)

U C R™ input constraint set

W C R"™w disturbance set

X C R" state constraint set

X C R final state constraint set

X C R adapted state constraint set

U C R™ adapted input constraint set with o C U

X C R adapted final state constraint set

M@ C Sﬁﬁxnl bounded set of state weighting matrices for LQR control

ME) C S bounded set of input weighting matrices for LQR control

xxiii






Computing Platform and Implementation

All numerical experiments and computations are carried out in the matrix Laboratory
(MATLAB) 2022b on an Intel(R) Core(TM) i7-9700K with 16 GB of RAM. Further, we
implemented all presented set operations and conversions in the continuous reachability
analyzer! [2] (CORA) toolbox, and all proposed synthesis algorithms in the automated
reachset optimal control? [63] (AROC) toolbox, which are both publicly available.

"https://cora.in.tum.de/
’https://aroc.in.tum.de/
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1 Introduction

1.1 Motivation

In 1965, Gordon Moore, co-founder of one of today’s biggest semiconductor chip man-
ufacturers in the world, posited that the number of components on a chip of fixed size
would double every year. His revised version, which stated that this number would dou-
ble every two years and which has held true every since, became known as Moore’s law
and is de facto synonymous with the exponential rise of computational power we have
seen over the last decades. Incidentally, the birth of Moore’s law in 1965 coincided with
the publication of the first machine learning paper. While back then, machine learning
was restricted to very basic applications, today’s availability of computational resources
predicted by Moore has truly enabled the application of artifical intelligence (AI) to
nearly every aspect of our lives, with applications ranging from smart kitchen appliances
and vacuuming robots to highly sophisticated chat bots.

Among many, autonomous driving is one prominent area of research that benefited
from the increasing capabilities of AI. However, while smart vacuuming robots may
have some form of human interaction, guaranteeing the safety of their machine-learning-
guided journey through one’s home is not safety critical. In contrast, Al systems which
enable fully autonomous driving are highly safety critical. However, the high complexity
of such Al systems, often using millions or even billions of neurons, makes it hard or
even impossible to verify them. As a result, these autonomous vehicles are required to
validate their safety to within some statistical margin by extensive testing. For self-
driving cars, this involves driving thousands or even millions of kilometers in varying
environments. Furthermore, changes to any safety-critical system in the car can require
additional testing, or even demand a complete restart of the testing campaign.

Instead of only validating a given system through extensive testing, one may formally
verify it to obtain guarantees about its behavior. With the increase of digital computers
in all aspects of our society, cyber-physical systems, which combine both physical and
software components, are becoming increasingly popular to model these systems. Reach-
ability analysis is one popular formal verification tool to verify cyber-physical systems:
The reachable set contains all possible future states of a system that can be reached,
starting from a given set of initial states under any possible disturbance realization. A
state hereby collects the necessary information of a system to describe it fully. For au-
tonomous vehicles, this means that its subsystems can be formally verified by checking
intersections of unsafe states with the reachable set; changes to a subsystem then only
require the re-verification of that subsystem but leaves the formal guarantees of all other
subsystems untouched. Additionally, reachability analysis can account for uncertainty in
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Figure 1.1: Concept of a reach-avoid problem: From a given initial set of states (white), the
system is steered to the target state (“x”) within a given time horizon while avoiding
all obstacles (red). The grey area hereby is the reachable set, where the grey lines
visualize possible trajectories for a specific initial state (grey square).

the system, such as measurement errors of radar or light detection and ranging (LIDAR)
sensors.

However, reachable sets of more complex systems cannot be computed exactly. There-
fore, an outer approximation of the reachable set, which is an approximation containing
the exact reachable set, is computed. That said, autonomous systems, such as au-
tonomous cars, are often first designed, i.e., a controller that executes a certain task is
synthesized, and only then verified. As a result, tuning the controller manually in order
to verify safety may be impractical for highly complex systems. Therefore, instead of
verifying existing controllers, we focus in this thesis on combining numerical optimiza-
tion and reachability analysis to obtain correct-by-construction controllers that already
provide formal guarantees about the behavior of the closed-loop system.

A wide range of these tasks can be classified as reach-avoid problems, which are visual-
ized in Fig. 1.1: For a given system with a set of initial states, we try to find a controller
that, within a given time horizon, avoids all obstacles and steers the system state close to
a given target state while minimizing the required control effort. In previous work, the
combination of reachability analysis and optimization theory for the synthesis proved to
be a powerful combination as it allows to optimize over a set of initial states instead of
a single initial state. That said, the computation of reachable sets is computationally
expensive when executed repeatedly. Thus, in this thesis, we propose novel synthesis
approaches that avoid the computation of reachable sets as much as possible while still
using their formal verification properties.

1.2 State of the Art

The task of synthesizing a controller for a given system has already been extensively
explored in literature. We subsequently summarize the most important work.

1.2.1 Optimal Control

When only a single initial state needs to be controlled, many approaches in the field
of optimal control have been proposed [92]. For a given system of possibly nonlinear
ordinary differential equations (ODEs), optimal control approaches try to find a function
for the input vector subject to these ODEs that minimizes a functional while respecting
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constraints on the input and state of the system. When there are no constraints on a
linear time-invariant (LTI) system and one optimizes over a quadratic cost function in
both state and input, Kalman derived in his seminal paper [56] the optimal control law
— now known as linear-quadratic regulator (LQR) control — using Pointryagin’s maxi-
mum principle, which provides necessary (but not sufficient) conditions for an optimal
control law. For general nonlinear optimal control problems, however, it becomes neces-
sary to use numerical methods [105]. We differentiate between two approaches: Starting
from the first-order necessary conditions of the original optimal control problem given
by the Hamiltonian boundary-value problem, indirect methods numerically solve this
boundary-value problem for given boundary values and thus reduce the original problem
to the solution of a system of nonlinear equations [92]. Due to the recent progress in
optimization theory, however, indirect methods [105, 96] have become less popular. In
contrast, direct methods parameterize the input and state functions using a finite num-
ber of parameters and then solve the resulting finite-dimensional optimization problem.
Here, methods include direct multiple shooting [13], which subdivides the time horizon
of the optimal control problem into multiple steps and subsequently parameterizes the
control function, and has, e.g., been applied to optimal robot control [26]. Further, direct
collocation methods [104] parameterize both the input and state vector and have, e.g.,
been used for the estimation of muscle forces during motion [43]. There exist many soft-
ware packages, such as the automatic control and dynamic optimization! [55] (ACADO)
toolbox and CasADi [10], that implement these optimal control methods while providing
user-friendly interfaces in multiple programming languages.

As an extension to Pointryagin’s maximum principle, the Hamilton-Jacobi-Bellman
(HJB) equations provide necessary and sufficient conditions for an optimal control law
over the entire state space instead of a single trajectory [57]. Further, they allow the
direct inclusion of state and input constraints into the problem. However, while there
have been attempts to reduce the curse of dimensionality when trying to solve the HJB
equations, solving them requires the solution of partial differential equations and thus
still has worst-case exponential complexity in the number of state variables [85].

1.2.2 Model Predictive Control

When using a direct method for the solution of an optimal control problem for a given
initial state, choosing the input to be piecewise constant as a parameterization means
that the algorithm returns a sequence of piecewise constant control inputs that minimizes
the given objective function for the given initial state. In model predictive control
(MPC), this procedure is applied iteratively: For a given initial state, the sequence
of control inputs is computed and the first input is applied to the system. After one
step, the system state is again measured and the input sequence is recomputed. Since
this procedure easily allows for the incorporation of state and input constraints into the
optimal control problem, MPC has been used extensively in industry for the past decades
[82, 93]. When the given system has inherent uncertainty, tube-based MPC guarantees

"https://acado.github.io/
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that the system stays within a tube around a reference trajectory [80, 72, 79, 91, 78|.
However, since MPC repeatedly solves an optimal control problem for a given state, its
application requires optimization online. To alleviate some of that computation cost
online, explicit MPC approaches parameterize the optimal control problem in the initial
state and solve the resulting parametric optimization problem offline [1, 30], albeit at
the cost of high computation times when trying to solve high-dimensional, parametric,
non-convex optimization problems. With major advances in optimization theory, more
recent work thus focuses again on solving the optimal control problem online, which
allows the online controller synthesis for LTI systems in real-time [44, 119, 102].

1.2.3 Abstraction-Based Synthesis

Similarly to the HJB equations, controller synthesis using model abstraction — and par-
ticularly symbolic model abstraction — allows for the synthesis of controllers for sets of
initial states instead of a single initial state. In model abstraction, the continuous or
hybrid system is abstracted to a finite-state system which has a finite number of discrete
states [107, 88, 89, 94, 58, 39]. For such automata, standard algorithms for finite sys-
tems can be employed to synthesize a controller for the abstracted system; the resulting
controller then needs to be suitably refined such that we obtain a controller for the orig-
inal system [95]. When abstracting the state space with a uniform grid, the number of
abstracted finite states grows exponentially in the number of state variables. Addition-
ally, early work made assumptions about the system class [58, 46, 12] or the stability
of the system [42, 90]; recent work [118, 95] has managed to avoid such assumptions.
Recently, attempts have been made to also circumvent the curse of dimensionality due
to state space discretization; however, the proposed techniques either use mixed-integer
linear program (MILP) with exponential worst-case complexity in the number of integer
variables [116] or focus on linear systems [87].

1.2.4 Reachability-Based Synthesis

Reachability analysis has recently attracted increased attention in the formal verification
community [9, 4, 23, 5, 21, 6]. Previous work has already combined reachability anal-
ysis with optimization to solve reach-avoid problems: The authors in [100] synthesize
a continuous state feedback controller by formulating a non-convex optimization prob-
lem, where in each optimization iteration an outer approximation to the reachable set is
computed, which in turn is used to compute the current value of the objective function
and the constraints. In [99], the authors consider the controller synthesis for nonlinear
system dynamics by first computing a piecewise constant control sequence for each ver-
tex of the initial set. These sequences are then used in the final controller to form a
piecewise constant input sequence for any initial state. However, the number of vertices
of the initial set grows exponentially with the system dimension. Thus, the authors in
[99] instead parameterize the controller using zonotopes and compute a parameterized
reachable set based on the linearized dynamics to obtain a synthesis problem which can
be formulated as a linear program (LP). This parameterization grows linearly in the
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state dimension and thus can efficiently synthesize piecewise constant controllers for dis-
turbed nonlinear systems under input and state constraints. While the parameterization
of the control input by a zonotope means that input constraints can be easily verified,
the parameterized reachable set is only an approximation and thus the inclusion of state
constraints requires user input to achieve non-conservative results. Furthermore, while
this approach can be applied iteratively to realize discrete-time state feedback, it fails to
efficiently reject larger disturbances. Therefore, the authors combine the feedback syn-
thesis from [100] and the feedforward synthesis from [99] for the synthesis of a combined
piecewise constant feedforward controller with continuous state feedback [101], albeit at
the cost of again computing an outer approximation to the reachable set of the current
controller in each optimization iteration.

1.3 Outline

We propose several new algorithms for formally verified controller synthesis of con-
strained, disturbed nonlinear systems. Since we make extensive use of set-based compu-
tations, we further introduce required conversions between set representations in order
to pose the synthesis problems efficiently.

Chapter 2: Background We introduce all necessary background in Chap. 2. Specif-
ically, we start by introducing mathematical standard operations in Sec. 2.1 and the
theory of differentials in Sec. 2.2. We then describe the basics of optimization theory in
Sec. 2.3 and continue with a review of the well-known linear-quadratic regulator (LQR)
control scheme in Sec. 2.4. Since we compute with sets, we describe in Sec. 2.5 and
Sec. 2.6 all necessary set operations and set representations. In Sec. 2.7, we introduce
the concept of reachable sets and give a short overview over the relevant algorithms for
this thesis. In Sec. 2.8, we then briefly discuss how the representation complexity of
zonotopes and polynomial zonotopes can be controlled, which is, e.g., necessary to keep
reachability computations efficient.

Chapter 3: Abstracted Synthesis Problem In Chap. 3, we discuss the abstracted syn-
thesis problem, i.e., an optimization problem which generalizes all major optimization
problems of subsequent chapters and which we use to derive important properties. First,
we introduce reach-avoid problems and define the general synthesis problem in Sec. 3.1.
Because many optimization solvers find possible extrema by solving for the first-order
critical points that are characterized by the Karush-Kuhn-Tucker (KKT) conditions, we
then define the abstracted synthesis problem in Sec. 3.2 and derive a smooth optimiza-
tion problem, for which we prove that it shares its global minimum with the original
optimization problem. Lastly, we discuss the effect of different norms in optimization in
Sec. 3.3.

Chapter 4: Set Conversions and Set Containment In order to efficiently pose and
solve optimization problems of subsequent chapters, we further introduce existing and
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novel conversions between different set representations in Chap. 4. First, we introduce all
necessary set conversions in Sec. 4.1. In order to check, e.g., the constraint satisfaction
of input or state constraints, we then shortly describe existing approaches from the
literature to check set containment in Sec. 4.2.

Chapter 5: Piecewise Constant Controller Synthesis We describe existing and novel
algorithms for the synthesis of piecewise constant controllers, i.e., controllers which are
constant in time for a given time interval, in Chap. 5. After the introduction of the prob-
lem statement in Sec. 5.1, we first review the generator-space control (GSC) approach
from [99] in Sec. 5.2 and then propose the polynomial generator-space control (PGSC)
approach as a novel extension of GSC in Sec. 5.3. Because both GSC and PGSC require
additional user inputs when state contraints are to be enforced, we introduce iterative
polynomial generator-space control (iPGSC), a novel iterative synthesis approach using
trust regions, in Sec. 5.4. We demonstrate the applicability of our algorithms using
numerical examples.

Chapter 6: Piecewise Constant Controller Synthesis with Continuous State Feed-
back Since piecewise constant controllers cannot quickly counteract disturbances due
to their inherent discrete-time feedback, we discuss the synthesis of piecewise constant
feedforward controllers with continuous state feedback in Chap. 6. We start by intro-
ducing the problem statement in Sec. 6.1 and then describe the reachset optimal control
(ROC) approach from [101] in Sec. 6.2, where feedforward synthesis using GSC is com-
bined with the synthesis of a continuous linear feedback term. Because ROC executes
the feedforward and feedback synthesis sequentially, i.e., the feedforward controller is
synthesized first and then kept fixed during the feedback controller optimization, we
introduce iterative polynomial reachset optimal control (iPROC) in Sec. 6.3, which — for
the first time — optimizes over the feedforward and feedback controller simultaneously
reduces the required user input compared to ROC. The applicability of our algorithms
is demonstrated with numerical benchmarks.
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In this chapter, we introduce all concepts that are relevant for this thesis. We start by
introducing necessary definitions and well-known theorems in Sec. 2.1 and then briefly
describe differentials in Sec. 2.2. In Sec. 2.3, we then give an overview of optimization
theory and introduce the well-known LQR controller in Sec. 2.4. In Sec. 2.5, we define
all necessary set operations and introduce all required set representations in Sec. 2.6. We
continue with a short review of the relevant reachability algorithms from the literature
in Sec. 2.7 and conclude with the concept of order reduction in Sec. 2.8, which is required
for the efficient application of reachability analysis.

2.1 Standard Operations

All controllers in this thesis are synthesized using different numerical optimization tech-
niques. Since numerical solvers will generally not reach an optimum exactly but only
approximately, we measure numerical tolerances as defined next.

Definition 2.1 (Numerical Tolerance). Given two matrices A € R"*™ and B € R™*™,
we define the tolerance between A and B as the minimum between the absolute tolerance
and the relative tolerance, i.e.

A.: — B
tol (A, B) = max min | |4;; — B;;|, lim — | Ay i 7
1<i<n e—0+ min (’AU’ s |BUD + €
1<j<m
where “lim,_,g+” denotes the limit from ¢ > 0 to 0. m

For later convenience, we subsequently introduce the vectorization and convex com-
bination operation.

Definition 2.2 (Vectorization). The column-wise vectorization of a given matrix X €
R™ ™ into a vector x € R™ is given by
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For the vectorization of matrix products, it further holds that [74, Chap. 2, Sec. 4]

[ABC), = (CT®A) B, (2.1a)
= (CTB"®1,) A (2.1b)
= (I, ] AB) Cy, (2.1c)

Af)Dy, = trace (ATD), (2.1d)

for A € R™*® B € R (' € R°¥9, and D € R™*™,

Definition 2.3 (Convex Combination). The convex combination of two sets A C R"
and B C R" is defined by

conve (A, B) ={la+(1—-1)blac A be B,l€[0,1]}.
|
Next, we quickly review well-known theorems that will be required later.

Theorem 2.1 (Singular Value Decomposition [54, Th. 2.6.3]). The singular value de-
composition of a matriz A € R™™ s

A=UxVH,

where U € C™" and V € C™*™ are unitary matrices, and X € R™™™ is a rectangular
matriz of zeros except for ¥ ; = o1, 1 < i < min (n,m), with o4 > o9 > -+ >
Omin(n,m) = 0 being the singular values of A.

We sometimes use the shorthand o (A) to refer to the vector of singular values of A.
More widely known is the eigen decomposition, which we introduce next.

Theorem 2.2 (Eigen decomposition [54, Th. 1.3.7, adapted]). Let A € R"*" be a
diagonalizable matrix, i.e., there exists an invertible matriz P € R™"™ and a diagonal
matriz D € R™ " such that P~YAP = D. Then we can decompose A as

A=QAQ,

where A = diag ({)\1, Ao, .., )\nD € R™" and Q € C™™™ is an invertible matrix.

For 1 < i < n, Qu; € R" and \; € R denote the eigenvector and corresponding
eigenvalue of A, where AQ(. ;) = NiQ(. ) holds.

We denote with A (A) the vector of eigenvalues. Next, we introduce the square root
of a positive semi-definite matrix.

Theorem 2.3 (Matrix Square Root [54, Th. 7.2.6, adapted]). A square root of a positive
semi-definite matriz Q € ST" is

VQ =@t =Uding (o (@),

such that Q = /Qv/Q, where Q = U diag (0 (Q)) UT with singular values o (Q) € RZ,.
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2.2 Differentials

Whenever matrices are involved, taking their derivative with respect to a vector, i.e., the
derivative of each matrix element, is often cumbersome. Differentials offer a convenient
formulation for taking derivatives that also works well for matrices. Hence, we introduce
differentials and relevant properties thereof in this section — which is inspired by [74,
Chap. 18] — starting with a simple example.

T
Example 2.1. Let f (z) = [x%, CL‘%} with = € R2. Its Jacobian matrix is given by

2:L'1, 0
Jf (.Z‘) - l 0, 21‘2] ’

with J; (z) € R?*? since each component of f is differentiated with respect to each
component of z, i.e., we have 2 - 2 = 4 derivatives. In contrast, the differential of f is

_ Q;% _ dx
i)z

Immediately, it is obvious that df € R? and thus the differential has the same dimen-

2%1, 0
0, 2%2

sionality as f, whereas % € R?*2. Further, one can directly identify the Jacobian
matrix from the above expression. |

This identification of the Jacobian matrix from the differential is possible in general.
Theorem 2.4 (First Identification Theorem [74, Th. 5.6, adapted]). Let x € R™ and
f:R"— R™. Then

df =A(z)dz = Js(x) =A(x).

In a nutshell, the differential df does not represent the derivative directly but rather
is a linear approximation around f (z) with an infinitesimally small variation around
f(z), ie., df = A(z)dz, where dz is that very small deviation. The fact that the
dimension of differentials stays constant makes them particularly useful when handling

matrix derivatives and simplifies the following rules, which will be helpful in subsequent
chapters.

Proposition 2.1 (Collection of Differential Rules [74, Chap. 18]). Let A € R™™ be
a constant matriz, F' € R™™ G € R™™ H € R™*P, X € R™™ "™ some non-constant
functions, and c € R some scalar. We have
dA =0,
d(cF) = cdF,
d(F7) = (@r’,
d(F+G)=dF +daG,
d(FH)= (dF)H + FdH,
dX~! = — X1 (dX) X! (for nonsingular X ).
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For a scalar field f : R™ +— R, the Hessian matrix is well-defined and can also be
computed using differentials as the following example demonstrates.

Example 2.2. Let f (z) = 22x5. We have
d*f = d? (afa,)
:d([Qxlmg, :c%] dx)
:d[2x1w2, a:%] dz + [2x1x2, xﬂ a2z
= [d@z125), d(a})]da

2.%2, 2:L’1]

Computing the Hessian matrix of f (), we see that H (z) = l2f£ 0
1

Ex. 2.2 can be generalized as follows:

Theorem 2.5 (Second Identification Theorem [74, Th. 6.6, adapted]). Let f: R" — R
with x € R". We have

B(z)+ B (a:)T

Af = (dz)" B (z)dz < Hj(z) = 5

To compute with differentials, we can interpret them as tensors. Let dA;; = dA;ZC(I) €

R for 1 <4 <mand 1 < j < o, where A (z) € R™*° denotes a matrix function in
x € R"™ with differentiable matrix elements A;; (). Then

[dA]Z] = dAZ] d.I,

and we can alternatively collect the Jacobian matrix of each matrix element with respect
to z in the first two dimensions of a 4D tensor, where the last two dimensions reflect
the dimensions of A. Thus, the differential dA can be represented by the tensor dA €

RU<nxmxo . Similarly, let d2A;; = CA4E) € R1*<®, Then

d2Aij = dedAij dl‘,

and thus d?A can — analogously to the first differential — be interpreted as the 4D tensor
d?A € Rnxnxmxo,

10
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It remains to define arithmetic operations on these differential tensors. To that end,
let B (x) € R™*° be a twice differentiable matrix function. We have

d[A+ Bl = [dA + dB];, dz,
A [A+ B],; = da” [dQA n dQB} dz,
ij

and thus the tensor representation of the sum of two differentials is equivalent to the
sum of the two tensor representations. Further, let C (z) € R°*! and D € R9*™. Since

[DdAJ; Z Djj, dAy;
k=1

m
= (ZDidekj>da:, 1<i<q, 1<j<o,
kl

[dAC],; ZdAszk]
k=1

= (ZdAikaj>d$, 1<i<m, 1<j<I,
k=1

[dAdC),, Z d Ay, dCy;
k=1

= dAy dz dCyjda

= da” (Z dA},;dej> dz, 1<i<o, 1<j<I,
k=1

we define the following arithmetic operations for these tensors:

Definition 2.4 (Arithmetic Operations for Differential Tensors). Let A (x) € R™*?,
B(z) € R™*°, C (z) € R, D (z) € R?*™, and 2 € R™ with the corresponding differ-
entials represented as the tensors dA € RIXmxmxe gpB ¢ RIxnxmxo gc ¢ RIxnxoxt
and dD € R1*"X2Xm (dependency on x omitted for readability). We define

[dA+dB]-.:dAl-j+dB¢j, 1<i<m,1<j<o, (2.2)
[DdA],; Z DiydAy;, 1<i<gq, 1<j<o, (2.3)
k=1
[dAC],; Z dAixCrj, 1<i<m, 1<j<I, (2.4)
k=1
[dAdC),; ZdA . dCrj, 1<i<m, 1<j<lL (2.5)
[

11
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Thus, any differential expressions with sums, products or transpose operations can
be directly computed by simply replacing the differentials with their differential tensor
counterparts and executing the corresponding operations as defined in Def. 2.4.

2.3 Optimization Theory

We extensively use optimization in this thesis to find optimal controllers. Thus, we briefly
introduce necessary concepts from optimization theory. We only deal with differentiable
optimization problems and therefore assume that all involved functions are sufficiently
smooth, which generally means that they are at least twice continuously differentiable.
We start with the definition of a smooth optimization problem.

Definition 2.5. Let f : R" — R, g : R" — R™, and h : R" — R° be sufficiently smooth
functions. A smooth optimization problem can be written as

p* = arg min f (x), (2.6a)
s.t. g(z) <0, (2.6b)
h(x) =0, (2.6¢)

where 2z € R™ denotes the multivariate optimization variable, f(x) is the objective
function, g (x) are the inequality constraints, h (z) denote the equality constraints, and

p* is the optimal objective value at the optimizer z*. Further, we call the set

S={zeR"|g(x) <0, h(z) =0},

the feasible set of (2.6). [ |

In this thesis, we only consider optimization problems for which an optimum exists,
i.e., p* > —oo. When it is not clear that the optimal objective value is finite, limit
expressions (“inf” and “sup”) need to be used instead of “min” and “max” operations.
Further, we only consider minimization problems in this section, as any maximization
problem can be transformed into a minimization problem via

max f (z) = —min — f(z).
To solve such smooth optimization problems, practically all known efficient algorithms
use the Jacobian matrix and sometimes Hessian matrix information of the objective func-
tion and the constraints, respectively. Methods that solely rely on first-order derivatives
are called first-order methods while second-order methods additionally use the Hessian
matrices of the objective function and constraints.

The remainder of this section is structured as follows: In Sec. 2.3.1, we introduce the
Karush-Kuhn-Tucker (KKT) optimal conditions for the original optimization problem
in (2.6): Any optimizer of (2.6) necessarily fulfills these optimality conditions, assuming
that any applicable constraint qualification — discussed next in Sec. 2.3.2 — holds. We
then describe convex optimization as an important subclass in Sec. 2.3.3, followed by
a discussion of non-convex optimization problems in Sec. 2.3.4. In Sec. 2.3.5, we then

12
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introduce the dual problem, whose maximum always bounds the minimum of the original
problem from below, and which is always a convex optimization problem. We conclude
the section with a short review of popular reformulation techniques for optimization
problems in Sec. 2.3.6.

2.3.1 Karush-Kuhn-Tucker Conditions

While (2.6) can be intuitively interpreted, it remains unclear how it can be solved in
general. Instead of trying to solve (2.6) directly, one may solve for the optimizer using
the first-order KKT optimality conditions, which we introduce in this section.

For the introduction of these optimality conditions, we first require the Lagrangian
function of (2.6).

Definition 2.6 (Lagrangian Function [14, Chap. 5, adapted]). Let f, g, and h be defined
as in Def. 2.5. The Lagrangian of (2.6) is

¢ ('75’ K, )‘) =f ('75) + :uTg ($) + A'h (ZC) ) (27)

where A € R™ and p € R° are the Lagrange multipliers for the inequality and equality
constraints, respectively. |

Given that (2.6) is regular at a critical point z*, i.e., it satisfies an appropriate con-
straint qualification (see Sec. 2.3.2), one can use the Lagrangian function to derive the
first-order necessary KKT conditions for optimality of z*, which are given by [14, Sec.
5.5]

Vaof (@) + > piVagi () + A;Vihj (%) = 0 (stationarity), (2.8a)
i=1 j=1

1 Tg (z*) = 0 (complementary slackness), (2.8b)

w* >0 (dual feasibilty), (2.8¢)

g (z*) < 0 (primal feasibilty), (2.8d)

h(z*) = 0 (primal feasibilty (cont.)), (2.8¢)

where ¥ € RZ; and A\* € R are the optimal Lagrange multipliers for (2.6b) and
(2.6¢), respectively. Intuitively, complementary slackness means that whenever the i-th
constraint is inactive, i.e., g; (z*) < 0, u; = 0 is enforced by (2.8b) so that g; (z*) is
treated as if it was not included in the optimization problem.

2.3.2 Constraint Qualifications

As described in Sec. 2.3.1, the KKT conditions are only necessary optimality conditions
when regularity conditions, also called constraint qualifications, hold. In this section,
we introduce an important constraint qualification for convex optimization problems
and then introduce a constraint qualification which is also applicable to non-convex
optimization problems that is used in a later section.
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2 Background

2.3.2.1 Slater’s Condition

Arguably the most well-known constraint qualification is Slater’s condition (SC).

Proposition 2.2 (Slater’s Condition [14, Sec. 5.2.3, adapted]). Consider a convex
minimaization problem as defined in Def. 2.9. If there exists an interior point x € R",
i.e., h(z) =0 and g (z) < 0, then Slater’s condition (SC) holds.

This constraint qualification is widely used, e.g., to prove strong duality for instances
of semi-definite programs (SDPs) (strong duality does not generally hold for SDPs even
though they are convex) since finding an interior point within the feasible set is often
easier than checking other constraint qualifications.

2.3.2.2 Mangasarian-Fromovitz Constraint Qualification

In this section, we provide the Mangasarian-Fromovitz constraint qualification (MFCQ)
which will prove useful in a later section (see Sec. 3.2.2).

Proposition 2.3 (Mangasarian-Fromovitz Constraint Qualification [76, Sec. 3, adapted]).
Let a smooth optimization problem be given as in (2.6) with critical point z* € R™, in-
equality constraints g (z*) < 0, and equality constraints h (z*) = 0, where g : R” — R™
and h : R" — R°. Further, let A={a € {1,....,m} | go (z*) = 0} denote the set of active
inequality constraints. If the gradients Vyhj (x*) for 1 < j < o of the equality constraints
are linearly independent and there exists a vector d € R™ such that

Vaga ()T d < 0,a € A,
Vaoh; (z7d=0,1<j <o,

then x* satisfies the Mangasarian-Fromovitz constraint qualification (MFCQ).

2.3.3 Convex Optimization

Being essential in a variety of everyday applications, convex optimization is widely
adopted since, once a problem has been formulated as a convex optimization problem,
one can generally (with a few edge cases as an exception) efficiently solve the problem
[14, Sec. 1.3.2]. In more technical terms, convex optimization is such an important field
in optimization since all stationary points of the Lagrangian are global optima under
a suitable constraint qualification (see Sec. 2.3.2). Furthermore, there exist many ma-
ture numerical solvers for convex optimization problems, such as MOSEK!, Gurobi?, or
SDPT33, to only name a few. For the definition of a convex optimization problem, we
first introduce convex sets and convex functions. For a thorough discussion on convex
optimization, we refer the interested reader to [14].

"https://www.mosek.com/
’https://www.gurobi.com/
%https://blog.nus.edu.sg/mattohkc/softwares/sdpt3/

14


https://www.mosek.com/
https://www.gurobi.com/
https://blog.nus.edu.sg/mattohkc/softwares/sdpt3/

2.3 Optimization Theory

1, ) s, )
1) | 1) |
0.5} A 0.5} N
0 : 0 1
—0.5 1 =05 B
-1} - —1} i
T 05 0 05 1 T 05 0 05 1
—0S —tx+(1—t)y

cos ¢
sin ¢

cos @ .
sin ¢ 0<r<1,0<9< 27?}. Additionally,

we show the line connecting = = | o (ﬁ))} and y = [CF)S (Bﬁ))] .
& [sm (E) sin (3E)

Figure 2.1: Example of a convex set given by {r { } ‘ 0<r<1,0<9< 27r} and non-

convex set {r(0.8+0.2 cos (10¢)) {

Definition 2.7 (Convex Set [14, Sec. 2.1.4]). A set S C R is said to be convex if and
only if
Ve,y e SVt e [0,1] itz + (1 —t)y € S. (2.9)

Fig. 2.1 shows an example for a convex and a non-convex set, respectively, where the
second set is not convex as it violates (2.9).

Definition 2.8 (Convex Function [14, Sec. 3.1.1]). A function g : G C R™ — R™ is
convex if and only if

Ve,y e GVt € [0,1] : gtz + (1 —t)y) <tg(x)+ (1 —1t)g(y), (2.10)

where G is a convex set as introduced in Def. 2.7. |

A function g is concave if —g is convex. Fig. 2.2 shows an example for one convex and
non-convex function. Clearly, the second function is not convex as (2.10) is violated for
2z = 0.1 and 2z? = 0.9. Geometrically speaking, the second function is not convex
since not all points on the line connecting zW and 2@ are above their respective function
values (see (2.10)). We are now ready to define a convex optimization problem.

15



2 Background

722 cos (2mx)

0 LM 0.3 0.6 2@ 1
—g(®@) g (x(l)) +(1-1t)g (x(2))
Figure 2.2: Example of a convex function (g

x) = z%) and non-convex function (g (z) =
]

(
cos (2wz)) evaluated over = € [0,1]. Additionally we show the line connecting

(x(l),g (x(l))) to (1(2),9 (1(2)6)).
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Definition 2.9 (Convex Minimization Problem). We say that (2.6) is a convex mini-
mization problem if and only if f and g are convex and h is affine. |

Put differently, both the objective function f and the feasible set S have to be convex.
Next, we briefly introduce important subclasses of convex optimization problems which
are relevant for this thesis. For a more detailed introduction, see, e.g., [14].

2.3.3.1 Linear Program

The objective and constraint functions in linear programs (LPs) are linear in the opti-
mization variable, i.e.

min ez, (2.11a)
s.t. Cx <d, (2.11b)
Az = b, (2.11¢)

with optimization variable x € R™, where ¢ € R", C' € R™*" d € R™, A € R?*" and
b € RY. Linear programs can be solved reliably and efficiently, even for a large number
of optimization variables and constraints [14, Sec. 1.2.2], [22]. Since we assume that

all optimization problems have a finite minimum, strong duality (see Prop. 2.4) always
holds [25, Sec. 7.4].

2.3.3.2 Semi-Definite Program

With SDPs, one can formulate optimization problems of the form

xH;(l(rzl) e+ ; trace (C(’), X(’)) , (2.12a)
N

st. by < l(j)Tx + Ztraee (A(ij),X(i)) < [_)j, 1<j<g, (2.12b)
i=1

d<z<d, (2.12¢)

z ek, (2.12d)

XW =0, ie{l,.,N}, (2.12¢)

where 2 € R™ contains n scalar optimization variables, and X ¢ ST” are m positive
semi-definite optimization matrices. Further, we have ¢ € R?, C() e §"*" p € RY,
b e R U e R, AW) ¢ S»*n g € R* d € R, and K C R™ with the Carte-
sian product of convex cones* (e.g., quadratic cone, rotated quadratic cone etc), where
trace (C(i), X(i)) =2 ki C,S)X,g? denotes the Frobenius inner product ({y; denotes the
element in the k-th row and [-th column).

In contrast to LPs, strong duality for SDPs additionally requires Slater’s condition
(see Prop. 2.2) to hold [51, Sec. 2.2]. Under that assumption, however, SDPs can be
efficiently solved [110].

for details, see, e.g.: https://docs.mosek.com/MOSEKModelingCookbook-adpaper . pdf
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2 Background

2.3.4 Non-Convex Optimization

While convex optimization offers great advantages, optimization problems in practice
often cannot be formulated as a convex optimization problem. Thus, we introduce non-
convex optimization problems in this section.

Definition 2.10 (Non-Convex Optimization Problem). Let the optimization problem
as defined in Def. 2.5 be given. We say that (2.6) is a non-convex optimization problem
if it is not a convex optimization problem according to Def. 2.9. |

In general, non-convex optimization problems cannot be solved efficiently to global
optimality in general. As it turns out, even checking whether a feasible solution is a
local minimum is in the NP-complete complexity class [84]. That said, when second-
order methods are used, the number of function evaluations of the objective function and
the constraint function required to converge to an e-critical point of the optimization
problem is polynomially bounded in the inverse of the accuracy parameter e > 0 [18]. A
critical point hereby is a feasible point of (2.6) that is either a (global or local) minimum
or a saddle point of (2.6).

2.3.5 Lagrangian Duality

When the optimization problem at hand cannot be reformulated as a convex optimization
problem, finding a solution is substantially more difficult. However, instead of trying to
find the optimum p*, one may be satisfied with a lower bound on the original optimization
problem in (2.6). In this section, we thus introduce the Lagrangian dual problem which
is always a convex optimization problem and provides a lower bound on the optimum

P
Definition 2.11 (Lagrangian Dual Problem [14, Chap. 5, adapted]). Let f, g, and h
be defined as in Def. 2.5, and let ¢ be defined as in (2.7). Further, let S collect any

additional constraints on = that we do not wish to dualize. The dual problem of (2.6) is

d* = sup inf ¢ (x,pu, ), (2.13)
A>0,u z€ES

where A € RYj; and p € R? are the Lagrange multipliers for the inequality and equality
constraints, respectively. |

We collect relevant properties of the primal-dual relationship of (2.6) and (2.13) in
the following proposition.

Proposition 2.4 (Primal-Dual Relationship [14, Chap. 5, adapted]). Let the primal
and dual problem be given as in (2.6) and (2.13). The following properties are true:

e The dual problem is always a conver optimization problem, even if the primal
problem is non-convex.

e The dual optimal value bounds the primal optimal value from below, i.e., d* < p*
(weak duality).

18
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o If the primal problem is convex and constraint qualifications (see Sec. 2.8.2) hold,
then d* = p*, i.e., there is zero duality gap between the primal and the dual problem
(strong duality).

2.3.6 Modeling

When formulating optimization problems, it often happens that this formulation cannot
be directly fed to numerical optimization solvers. Examples include the objective func-
tion or constraints containing absolute value expressions or maximizations over multiple
functions; then the optimization problem is no longer differentiable. Subsequently, we
derive equivalent but smooth reformulations of such optimization problems.

2.3.6.1 Absolute Values
Let

min {f (@) + ) Iri (x)l} ; (2.14a)
=1
st.g (@) + > e (2)] <0, (2.14b)
j=1

be given, where z € R, f : R" = R, r : R" — R?, g : R” — R, ¢ : R” — RP, and we
assume that all functions are sufficiently smooth. We only consider a single inequality
constraint here as the following derivation can be easily extended to multiple inequality
constraints. The non-differentiability of (2.14) due to the absolute values can be avoided
by transforming (2.14) into the equivalent but differentiable optimization problem

ggng% {f (x) + Z SZ'} , (2.15a)

i=1
s.t. g(z) + ivj <0, (2.15b)
j=1
+r (z) s
—r(@)| = H ) (2.15¢)
+c(x) v
Tt H : (2.15d)

with s € R? and v € RP. This transformation can be justified as follows:
Let & denote the minimizer of (2.14) and let (z*, s*,v*) denote the minimizer of (2.15).
Further, we define

S

xew]g(x)+1§|c(x)\ <o},

{
S:{:EGR”’3v2|0(m)|:g(w)+lgv§0},
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2 Background

where S = S follows since choosing v = |¢ (z)| is always possible. We have

F(@)+15 (@) = min f () + 1g Ir(2)] = min f () + g Ir (2)|

< min f(z)+ 15 s = f(2%) + 175" (2.16)

TES
Ir(z)|<s

On the other hand, (&, |r (2)],|c(&)]) is a feasible point of (2.15), and by definition
f@®) +18s* < f(@)+ 17 |r (@) (2.17)

Combining (2.16) and (2.17) yields the equivalence of (2.14) and (2.15).

2.3.6.2 Finite Maximization

Let
min f (x) + nax T (x), (2.18a)
s.t. g(z)+ max c; (x) <0, (2.18b)

with x e R", f : R" = R, r : R" — R%, g : R" — R, ¢ : R" — RP, and where all
functions are assumed to be sufficiently smooth. We limit ourselves to one inequality
constraint, as an extension to multiple inequality constraints is straightforward. Further,
we define # as a minimizer of (2.14) and (z*, s*,v*) as a minimizer of (2.15). To avoid
the maximizations in (2.18), we reformulate the problem as

min f (z) + s, (2.19a)
s.t. g(x) +v <0, (2.19b)
r(xz) < slg, (2.19¢)
c(z) < wvly, (2.19d)

with s € R and v € R. To show equivalence of (2.18) and (2.19), we first define

S = {xeR g(x)—i—lrgja%(pcj (x) SO},
Sz{xeR” Jv > maxq(ac):g(ac)—l—vﬁ()},
1<j<p

from S = S follows since choosing v = maxi<j<p¢; (¢) is always possible. Further, we
have

f@)+ max 7 (&) = min f () + ihax 7; (z) = min f )+ max i (z)

< min f(x)+s=f(z")+ s (2.20)
z€S,s
maxi<i<q 7i(2)<s
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On the other hand, (£, maxi<ij<q 7 (£) ,maxi<j<p ¢; (£)) is a feasible point of (2.19), and
thus by definition

f @)+ 1%%)((1 ri () < f(2) + 1n§1§1§xq ri (Z), (2.21)

which yields the equivalence of (2.18) and (2.19) by combining (2.20) and (2.21).

2.4 Linear-Quadratic Regulator

In this section, we introduce LQR control [56], which will be used in later sections of
this thesis. Let
x(t) = Az (t) + Bu(t),

be a given LTI system (A, B), where x (t) € R" denotes the state at time ¢ € R>,
u(t) € R™ denotes the controllable input, A € R"™*™ ig the system matrix, and
B € R"=*™ denotes the input matrix. For the introduction of LQR control, we first
require the concept of controllability.

Corollary 2.1 (Controllability [56, adapted]). An LTI system (A, B) as defined above,
for which

rank([B, AB, A?B, ..., A”f‘lBD:nx,
holds, is controllable.

Put differently, an LTI system is controllable if and only if there exists an input
trajectory such that any finite state x (t) can be reached from any initial state x (0) in
finite time. Thus, assume that the LTI system (A, B) is controllable as per Corr. 2.1.
The unique, optimal controller which minimizes

min /0 T (207 Qe (t) +u ()" Rur)) dt, (2.22)

with @ € 7™ and R € S (weaker conditions for @ and R are possible) is
u(t)=Kx(t), (2.23)

where
K=-R'BTX, (2.24)

and X € S"7"* is the unique, positive-definite solution to the algebraic Riccati equation
ATX + XA-XBR'BTX +Q=0. (2.25)

For later convenience, we further state that solving the algebraic Riccati equation has
the same computational complexity as computing the eigendecomposition of an n,-by-n,
dimensional matrix [69]; thus, computing the gain matrix K for a given system has the
same computational complexity since it otherwise only involves matrix multiplications.
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2.5 Set Operations

In this thesis, we synthesize controllers for sets of initial states instead of a single initial
state. As a result, we need to perform arithmetic operations on sets, which we define
next.

Definition 2.12 (Minkowski Sum). The Minkowski sum of two sets A C R™ and B C R"
is defined by
AeB={a+blac A be B}.
|

Definition 2.13 (Linear Map). The linear map of a set S C R" with matrix M € R™*"
is given by
MS ={Ms|seS}.
|
Definition 2.14 (Quadratic Map [5]). The quadratic map of a set S C R" with a set
Q= {Q(l), cee Q(m)} of matrices Q) € R™™ for 1 < i < m is defined as

Sq(S,Q):{xERm‘a:i:sTQ(i)s, 1<i<m, SGS}.
|

In addition to operations that again produce a set, we further define the following
operations on sets which return a scalar value.

Definition 2.15 (Support Function [41, Def. 1, adapted]). The support function of a
convex set & C R” in direction [ € R" is defined by

ps (1) = supiTs.
s€S

For a set S (z) parameterized in some vector z € R™, we denote its support function
with pg (I, z). For later convenience, we further define the short-hand

ps(L)z[ps (Lﬂ;))v Ps (L@»)v e Ps (L?m,»)f’

where L € R™*"™,
Lastly, we later also require a measure of similarity for two sets, for which the Hausdorff
distance is defined next.

Definition 2.16 (Hausdorff Distance [113, Def. 2]). The Hausdorff distance of two
non-empty sets X C R™ and ) C R" is defined by

dg (X,Y) =max | sup inf ||z — ,sup inf ||z — .
a( ) (zeg ey | yll yeg ex | Z/’Q)

Intuitively, we can say that the smaller the Hausdorff distance between two sets, the
more similar (e.g. visually) these two sets are.
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Table 2.1: Closedness of intervals (Z), zonotopes (Z), polynomial zonotopes (P Z), H-polytopes
(H), and ellipsoids (£) under common operations [6, Tab. 1]. We differentiate
between: Result can be efficiently and exactly computed (v'); result cannot be exactly
represented (X).

Z Z PZ H €&
Linear Map X v v X V
Minkowski Sum v v vV X X
Quadratic Map X X v/ X X

2.6 Set Representations

In order to compute with sets, we need to represent them appropriately. Ideally, we find
a set representation that is closed under all relevant operations: A set representation is
said to be closed under an operation if the result of applying said operation can again
be represented in the same set representation. That said, while being closed under
relevant operations is important, we also need to be able to perform these set operations
efficiently. As a result, there exist many different set representations in the literature
which are closed under different set operations and have varying computational effort (see
Tab. 2.1). Choosing the right set representation thus heavily depends on the algorithm
we wish to implement. In this section, we therefore introduce all set representations
which are relevant in this thesis.

Intuitively, the subsequently introduced set representations differ in how they param-
eterize an element of a set. The set itself is then generated by including all states that
can be parameterized in that particular way.

Definition 2.17 (Set Generation [35, Def. 3]). We define
{s M)}y = {s(M) | M € [-1,™"} =,
where s : [—1,1]™"" — R" is the generating function of & C R™ with dependent factors

M € [-1,1]™*". We say that S is generated by s (M) over M. [ |

Thus, the generating function allows us to express any element of a set in a unified
way, i.e., by only varying M within the unit hypercube.

2.6.1 Intervals

As the most fundamental of set representations, intervals are widely used due to their
compact representation size.

Definition 2.18 (Interval [4, Def. 2.4, adapted]). The interval with lower bound z € R”
and upper bound z € R" is defined as

1 1
T (o] = {2(z+x)+2(az—x)5} —(reR |z <o<7},
B
where inequalities are to be interpreted element-wise and z < Zz. |
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£
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T
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Figure 2.3: Visualization of the interval Z = “—2, —1] ,[2, 1] }, where L} =

T )
{a: € R? :I:eE;)) T =pg (:teg;))} for 1 < 4 < 2 defines the hyperplanes which

bound this interval.
. . . . . 2| |2
Fig. 2.3 visualizes a simple interval Z = , .

Minkowski sum [4, Sec. 2.6, adapted]: Given two intervals Z = [z,z] C R"™ and
L= [j ) Z_} C R"™, their Minkowski sum is

ToL=|z+L3+]].

Linear map: Since intervals are axis-aligned boxes and because linear transformations
generally include rotations, intervals are not closed under linear maps. That said, the
tight outer approximation of a linear map M € R™*™ of an interval Z C R" is given by

MT C {l’ ER™ _I_T]nml T < puz ([f}nm]>} = [~pnmz (=In) Pz (Im)]

T .
since Vo € M1 : :te%) z < puyr (:I:e,(%)) for 1 < i < m holds by definition (see Def. 2.15).

Here, p,,7 (-) can be computed by first representing M7 as a zonotope and then com-
puting the resulting support function (see Sec. 2.6.5).

Quadratic map: Naturally, intervals cannot be closed under quadratic maps as they
are convex sets. That said, one may simply write the interval as a zonotope and apply
the outer approximation of the quadratic map for zonotopes from [7, Lem. 1].
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Support function: Since each dimension of an interval Z C R" is independent, it follows
from Def. 2.15 that its support function in direction [ € R" is given by

n n n (1.2 . >0
pr(l) = max >l = max _ lpzp = Y { KTk, sign (zg) > 0, '

= i TR SER<Tk = Uy, sign(xy) <0

2.6.2 Arbitrary Convex Set

While support functions as defined in Def. 2.15 are often used as set operations, they
can also be used to represent arbitrary convex sets:

S={zer"|Vier": [Tz <ps ()},
Fig. 2.3 visualizes the construction of a 2D interval using support functions.

Minkowski sum [41, Prop. 2, adapted]: The Minkowski sum between two convex sets
A € R™ and B € R™ is given by

A@B:{xeR”‘VleR”:lTxSpA(l)—i—pg(l)}, (2.26)
Le., paes (1) = pa(l) + pp () for I € R™.

Linear map [41, Prop. 2, adapted]: The linear map M € R™ " of a convex set
A C R" represented using support functions is given by

MA:{xeRm‘VleRm:lT:ESpA (M™1)}, (2.27)
Le., pra(l) = pa (MTz) for I € R™.

2.6.3 Ellipsoids

Next, we define ellipsoids which — while being similarly compact in representation size
as intervals — further allow for arbitrary rotations.

Definition 2.19 (Non-Degenerate Ellipsoid [67, Def. A.1]). The non-degenerate ellip-
soid (c, Q) with center ¢ € R" and shape matrix @ € S'{" is given by

<C,Q>E:{xER” ’ (z—)TQ ' (x—c) < 1}.

[ |
The construction of an ellipsoid in demonstrated subsequently.
Example 2.3. Let £ = (0,Q), = <0, 150’ ﬂ . Since @ > 0, one can construct the

ellipsoid easily using the singular value decomposition, which is visualized in Fig. 2.4:
With the singular value decomposition given by Q = U’ diag (¢) U, we first construct
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x1-T9 plane

x1-T2 plane
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(a) Construction of minor and major axes us-
ing singular values of shape matrix

(b) Rotated final ellipsoid

Figure 2.4: Construction of the ellipsoid from Ex. 2.3.

an axis-aligned ellipsoid (0, diag (0)); which extends /o, in the first and /o, in the
second unit direction. The original ellipsoid is then constructed by a simple rotation
since U (0,diag (o)), = <O,Udiag (0) UT>E = & (see below for details on the linear

map of an ellipsoid).

Minkowski sum: Ellipsoids are not closed under the Minkowski sum. However, for
m ellipsoids <q(i),Q(i)>E C R™ with 1 < ¢ < m, an efficient outer approximation

<—W‘18, W‘1>E can be found as the solution of the SDP [15, Sec. 3.7.4] with

W,b = arg min log det W1,

EO W pO),
s.t. (E(O)T5>T
0,

7 >0, Vi€ {1,

W =0,
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where
ED = |Opx(-tys Tns Onc(m—ipm) -
EO =3 B,
=1

A0 = pOT 40 ),
~. T

B0 — B0 ),
A — g~
. N—1 /.
i) — —Q) )
) — T 1),

Here, 04x, denotes the g-by-p-dimensional zero matrix. For alternative approaches to
the computation of the Minkowski sum, we refer the reader to [47].

Linear map [66, Sec. Il]: For A € R™*", the linear map of an ellipsoid (¢, Q) C R"
is

Ale, Q) = <Ac, AQAT>E. (2.28)

Quadratic map: Since ellipsoids are convex sets, they cannot be closed under the
quadratic map.

Support function [66, Sec. Il]: The support function of an ellipsoid £ = (¢, Q) ; C R"
for a direction [ € R" is

pe (1) =1Tc4+\/ITQL. (2.29)

Using the support function of an ellipsoid allows for a definition which includes degen-
erate ellipsoids.

Definition 2.20 (Ellipsoid [67, Def. A.3]). The ellipsoid £ = (¢, Q) p with center ¢ € R"
and shape matrix @ € S*" is given by

E={zeR" |VIeR": "z <ps (1)}

2.6.4 H-Polytopes

Typically, one distinguishes between V-polytopes, which are represented using their ver-
tices, and H-polytopes, which enclose a given polytope with a finite number of halfspaces
(see Fig. 2.5). In this thesis, we only require convex H-polytopes as defined next.
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Figure 2.5: Visualization of a two-dimensional polytope, defined by its vertices (left) and its
half-spaces (right).

Definition 2.21 (H-Polytope [4, Def. 2.21, adapted]). A polytope H = (A4,b),; C R"
with its halfspaces contained in A € R™*"™ and its offsets given in b € R is defined as

H={xecR"| Az < b}.

Other representations for polytopes exist, such as the Z-representation which uses
polynomial zonotopes to represent polytopes [60].

Minkowski sum: H-polytopes are closed under the Minkowski sum since V-polytopes
are closed under linear maps and both representations are equivalent [120, Th. 1.1].
However, the Minkowski sum between two H-polytopes is NP-hard since the conversion
to an V-polytope requires vertex enumeration [109, Sec. 3].

That said, an efficiently computable outer approximation of the Minkowski sum A& B
for two H-polytopes A C R™ and B C R" is given by

ASBC(L,paap (L)) y = (Lipa (L) +pa (L))

where L € R™*™: With a given choice of directions in L, p 405 (L) = p4 (L) + p4 (L)
follows from (2.26) and thus the result follows since Ve € A® B : L(; ¢ < paep (L(T ))

iy
holds due to Def. 2.15 for 1 <4 < m in. Thus, the outer approximation of A ® B is also

tight in directions L%’; 3

Linear map: H-polytopes are closed under linear maps since V-polytopes are closed
under linear maps and both representations are equivalent [120, Th. 1.1]. However, a
linear transformation generally rotates and projects the polytope, and computing the
projection of an H-polytope is NP-hard [108].

Similarly to its Minkowski sum, however, an efficiently computable outer approxima-
tion of the linear map M A of an H-polytope A C R™ with matrix M € R?*" which is
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tight in m directions collected in L € R™*9, is given by

MAC (L, prya (L)) g = (Ls pa (LM)) py -

This follows, analogously to the Minkowski sum above, from Def. 2.15 and (2.27).

Quadratic Map: Since H-polytopes are convex sets, they cannot be closed under the
quadratic map.

Support function: The support function of an H-polytope H = (A, b) ; follows directly
from Def. 2.15 as

py (1) = max T,

2.6.5 Zonotopes

Even though intervals and ellipsoids can be compactly represented, they lack represen-
tational power. Zonotopes are a popular choice for set-based computations, as they are
closed under linear maps and the Minkowski sum.
Definition 2.22 (Zonotope [40, Def. 1, adapted]). A zonotope Z = (¢, G) , with center
c € R" and generator matrix G' € R"*™ consisting of generators G(. ;) for 1 <i < m is
given by

Z=(eG),={c+Cv),,

where ¢+ Gv is its generating function with dependent factors v € [—1,1]™. [ |
We call an n-dimensional zonotope with n generators a parallelotope. We illustrate

the construction of a zonotope in the following example.

1, 3, 1

‘19, 0 1] > be given. Fig. 2.6 shows the construction of
the zonotope for all three generators: Since

== (o), = (o[l []),

the zonotope can be constructed by performing sequential Minkowski additions of each
generator. [

Example 2.4. Let Z = <O

Minkowski sum [40, Sec. 2]: Given two zonotopes (¢,G), C R" and (d, M), C R",
their Minkowski sum is

(¢,G), ® (d, M), = <c +d, [G, M} >Z.

Linear map [40, Sec. 2]: The linear map A € R™*" of a zonotope (c,G), C R" is

Ale,G)y = (Ac, AG) , .
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Figure 2.6: Construction of the zonotope Z = [¢), ¢®, ¢®)] from Ex. 2.4.
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Quadratic map: Since sets described with support functions are convex by definition,
they cannot be closed under quadratic maps. That said, one can apply the efficient outer
approximation from [7, Lem. 1].

Support function [45, Prop 2.2, adapted]: The support function of a zonotope Z =
(¢, @), C R™ in direction [ € R™ is given by

pz (1) =Tl + HGTZHI. (2.30)

2.6.6 Polynomial Zonotopes

As an extension to zonotopes, polynomial zonotopes were first introduced in [5] to rep-
resent non-convex reachable sets (see Sec. 2.7.3).

Definition 2.23 (Polynomial Zonotope [61, Def. 1, adapted]). Let ¢ € R™ be the
starting point, G € R™*"™ the dependent generator matrix with generators G.; € R"

for 1 < i < m, Gindep € R™ the independent generator matrix, and E € N¥™ the
exponent matrix. We define the generating function of a polynomial zonotope as

g (V7 5) =c+ Z G(:,i)VE(:’i> + G(indepga
i=1

with dependent factors v € [—1,1]% and independent factors ¢ € [—1,1]°. The poly-
nomial zonotope is then constructed as PZ = {g (v,{)}, with the shorthand PZ =
(¢, G, Gindep, E) p - u
The following example demonstrates the construction of a simple, non-convex poly-
nomial zonotope.
Example 2.5. Let
#)
B

1, 2, 1 1, 0, 2 A
PZ

where 8 € [~1,1]%. Since
R
B1 Z

the construction of PZ is similar to that of a zonotope, with the difference being that
the first generator is not linear. Fig. 2.7 shows its construction.

B2 +

2
B1 + 1

1
0

B1+

Pz =Pz & (0,9), = { E 0

We introduce the following relevant operations on polynomial zonotopes (see [61] for
details).
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Figure 2.7: Construction of the non-convex polynomial zonotope PZ = PZ 1) g (0,9), from
Ex. 2.5.

Minkowski sum [61, Prop. 9, adapted]: Given two polynomial zonotopes A =
(¢,G, Gindep, E) p, € R™ and B = (d, M, Mingep, O) p, C R", their Minkowski sum is
given by

A®B=(c+d,|[G M|, |GCinaep >Minacp|,blkdiag (E, 0)>PZ .

Exact sum: Given A = {a({, )}, C R" and B = {b({,B)}¢ 5 C R™ as polynomial
zonotopes, the exact sum of A and B is

A@eB = {CL (5,01) + b(&aﬁ)}f,a,ﬁ .

Note that A @ B C A® B since {a(§,a) +b(§,8)}c0p € {a(§)}e, @{0(E,B)}e s
where A @, B = A @® B if and only if the generating functions a and b do not share any
dependent factors. We refer the reader to [61, Prop. 10] for details.

Linear map [61, Prop. 8, adapted]: The linear map A € R™*" of an n-dimensional
polynomial zonotope (¢, G, Grest, E) p is

A <Cv G, Grest, E>PZ = <AC’ AG7 AGresta E>PZ .

Quadratic map: The quadratic map of a polynomial zonotope A = {a(a)}, C R",
following the definition in Def. 2.14, is given by

a(a)" QWa ()

sq (A, Q) = :
@ (a)” Q™a (a)

«

where Q collects m matrices Q) € R™ for 1 < i < m. For an efficient implementation
of this quadratic map, we refer the reader to [61, Prop. 12, Prop. 13].
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Support function: Since a polynomial zonotope in general represents a non-convex set,
its support function cannot be evaluated exactly as the evaluation of the support function
essentially requires range bounding of a polynomial, which is NP-hard in general [33].
We refer the reader to [61, Prop. 7] for an efficient outer approximation.

That said, using an efficient outer approximation of a polynomial zonotope to a zono-
tope — introduced in Sec. 4.1.4 — one can use the support function value of a zonotope
(see Sec. 2.6.5) as an upper bound.

Subset property: Let X(©) = {x(o) (5)}/3 C R™ be a polynomial zonotope and let

R ={r(B)} 4 be the resulting polynomial zonotope of an algorithm (A) that takes x©)
as an input and returns R by applying a finite number of elementary set operations,
such as Minkowski sums or linear maps. The subset property of polynomial zonotopes
as described in [62] allows us the extract the solution of (A) for a subset of X©) without
executing (A) again, as the following example demonstrates.

Example 2.6 (Subset property of polynomial zontopes). Let X = {{E(O) (6)}6 = {B};

|

for 8 € [-1,1)% and assume that the algorithm (A) computes

ot ()]
{1 1 )

Now, we want to compute the output R of algorithm (A) for a subset

oo, - (B8]} {25,
B

where b () = % B. Since we have an analytic expression for the generating function r (/)
of R, this output is simply given by substituting S with b(f), i.e., we have

1+ 3615
24383 | [,

Fig. 2.8 visualizes X(©) and its output R as well as the subset X© C X©) and the
corresponding output K.

1
2

1
2

1+2B182
2+ 32

R = {7“(5)}5 = {

for

R={r®()}; = {

In this example, R can be computed exactly since it only involves a single quadratic
map. However, an algorithm often contains many more elementary operations, which
causes the representation of the resulting polynomial zonotope to grow. To reduce this
complexity, reduction techniques (see Sec. 2.8) are necessary.
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Figure 2.8: Illustration of the subset property of polynomial zonotopes using a 2D example.

2.7 Reachability Analysis

In order to synthesize a controller for a given task, the underlying model needs to be
mathematically described so that predictions about its future evolution can be made,
based on which a controller can be synthesized. Since we compute with sets of initial
states instead of a single initial state, this chapter introduces reachability analysis: For
a given set of initial states and a set of inputs, reachability analysis computes a set of
future states that is guaranteed to contain all possible future states of a given system.
Here, we only provide a short introduction to the most relevant aspects of reachability
analysis; we refer the reader to [4, 59] for more details.

Definition 2.24 (System). An n,-dimensional system with state z (t) € R™, control-
lable input w (z (t) ,t) € R™, and uncontrollable disturbance w (t) € R™ is governed by
the system of ordinary differential equations (ODEs)

@ (t) = f(z(t),u(z(t),t),w), (2.31)

with ¢ € R>( being the time and where & (¢,2 (0),u (-,-),w(-)) denotes the solution
of (2.31) at time ¢ starting at the initial state x (0). We assume that f is sufficiently
smooth. |

Without loss of generality, we assume that any input u dependent on the state has
already been substituted into f and define

T = fa(z,w), (2.32)

34



2.7 Reachability Analysis

which absorbs the fixed controller. With slight abuse of notation, the solution x (¢) of
the closed-loop dynamics in (2.32) is then denoted by & (¢, (0),w (-)). The reachable
set is then defined as follows:

Definition 2.25 (Reachable Set). The reachable set at time ¢ € R>( for an initial set
X c R™ and a set of possible disturbances W C R™ is defined by

RE (t) = {z () e R™

vr e [0,4]:d(r) = fa (2 (r),w (), (0) € X0 w(r) e W}.

Fig. 1.1 visualizes the main idea of reachability analysis: For a given initial state and
disturbance w (t), the reachable states are given by the trajectory of the system for these
values. The reachable set is then the union of all trajectories starting in X(©) with any
realization of the disturbance w (t). Since in general, computing the exact reachable
set R(®) is not tractable [68], we use an outer approximation R of the reachable set for
formal verification, or an approximation R (without formal guarantees) for optimization.

We now briefly introduce the reachability algorithms relevant for this thesis from [9,
5, 4]. All algorithms presented subsequently are available in the continuous reachability
analyzer® [2] (CORA), a MATLAB toolbox for reachability analysis and set computa-
tions. We compute the reachable sets for ¢ € [0, ], where ¢y € R, is the final time
and r = W% is the duration of one reachability step with m, € N, being the number of
reachability steps.

2.7.1 Linear Time-Invariant Systems

In this section, we introduce reachability analysis for an LTI system (see [4, Sec. 3.2]
for details)
z(t)=Ax (t) +w(t). (2.33)

The well-known solution of (2.33) given z (0) € X is
t
z(t) = ez (0) + / Aty (1) dr. (2.34)
0
Interpreting (2.34) in a set-based manner yields the reachable set
RE (1) = HE (1) & P (¢), (2.35)

where

HE (1) = {2 (0) |2 (0) € 2O}, (2.36)
P (1) = {/Ot Ay (1) dr

Subsequently, we first focus an a sub interval ¢t € [0,7] C [0,¢¢]. The extension to
t € [0, t¢] is then made at the end of this section.

Wre[0.4] :w(r) e W} . (2.37)

Shttps://cora.in.tum.de/
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2 Background

Time-point solution: While the homogeneous solution directly follows as H(©) (r) =
H(r) = eA"XO) from (2.36), only an outer approximation P (r) 2 P (r) of the exact
particular solution P(®) (1) in (2.37) can be computed using [4, Th 3.1], i.e.

P Abpktl
P(r)= @ (MW> @ Lrem (1) TW, (2.38)
k=0 :
with B
o )= s (AL 1 Alr
rem bl (/,L—‘—]_)' ]_—E’ ,LL—|—27

and where it is required that e < 1. As a result, u and the number of time steps m,. are
typically chosen large enough to ensure € < 1. Plugging H (r) and P (r) from (2.38) into
(2.35) yields an outer approximation of the time-point reachable set at ¢ = r by

RP)=HEF)®P @) 2R ().

Time-interval solution: In [4, Sec. 3.2.2], it is proven that P ([0,7]) = P (r) if 0 € W.
Hence, we introduce @ € W so that 0 € W = {—%} @ W and define P (r) = P ([0,7])
analogously to (2.38) using W. Thus, it only remains to find an outer approximation
of the time-interval homogeneous solution H(®) ([0,7]) and the time-interval solution

731(;) ([0,7]) due to the constant disturbance w. If we approximate the homogeneous
solution 2" () and the constant disturbance solution zg (t) € pLe) (t) for t € [0,7] as

2™ (t) ~ 2 (0) + ; (eA’“a: 0) — = (0)) = (1 - i) 2 (0) + ;eAra; (0), (2.39)
xy (t) = :/OT Ao dr = (1 - ;) 0+ ;mw (r), (2.40)

summation of (2.37) and (2.39) and its set-based evaluation for ¢ € [0,r] yields (see
Def. 2.3)

H(©) ([0,7]) @ 731(;) ([0,7]) &~ conve (X(O), AT x 0 g 731(;) (r)) )

Since (2.39) and (2.40) only approximate the time interval solutions, we additionally
need to compute interval matrices F and F (see [4, Sec. 3.2] for details) to account for
the curvature of solutions, so that an outer approximation is given by

#H(©) ([0,7]) ® 771(;) ([0,7]) € conve (X(O), A" xO) @ P (r)) o FxXO g Fub,

where Py (1) 2 771(;) (r)=Jy eATwdr is computed using, e.g., (2.38) with W = {w},
since Pg) (r) generally cannot be computed exactly. Thus, the time-interval solution is
given by

R ([0,7]) = conve (X(O),eATX(O) ® Py (7“)) o FXO @ FoeP () 2R ([0,r]).

Fig. 2.9 visualizes the computation of the reachable set, where we assume that 0 € W,
i.e., w = 0, for illustrative purposes:
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—x© CaeA X0 Tconve ( x(0) gAr )((0))
CH ([0,7]) =R ([0,7])

Figure 2.9: One step of reachability analysis for linear systems.

(i) First, we approximate the set of homogeneous solutions H ([0, r]) for ¢ € [0,r] as
convce (X 0) Ar x(0) )

(ii) To arrive at an outer approximation of the homogeneous solution for ¢ € [0, 7],
we additionally need to account for the curvature of trajectories, which yields

H ([0,7]) = conve (X(O), eATX(O)) o FXO),

(iii) As a last step, we add the effect of the disturbance, i.e., the particular time-
interval solution, which finally yields the time-interval reachable set R ([0,7]) =

conve (X(O), eATX(O)) o FXO @ P (r).

Following [4, Sec. 3.2.2], one can then iteratively compute the outer approximations
R ([k, k 4 1] r) of the subsequent time-interval reachable sets for 0 < k < m, —1, and we
obtain R ([0, tf]) = U2y IR ([k, k + 1] r). If we use zonotopes for these iterative compu-
tations, increasing the number of reachability steps m, increases the number of required
Minkowski additions, so that the number of generators grows. To keep computations
efficient, this requires reduction techniques (see Sec. 2.8).

Linear systems have gained much attention recently. Most notably, significant im-
provements to set algorithm parameters, such as the number of reachability steps, au-
tomatically [112]. Furthermore, polynomial-time algorithms in the state-dimension for
fully automated verification of LTT systems have been proposed in [114] and can even
be extended to include safe and unsafe set specifications [115].
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2.7.2 Nonlinear Systems using Conservative Linearization

Next, we look at a reachability algorithm for nonlinear systems from [9], i.e., we again

T
have & = fq (z,w) = fa(z) with z = [mT, wT} . While the reachability computations

are similar to Sec. 2.7.1, we linearize the nonlinear system in each reachability step for
t € [k,k+1]r with 0 < k < m, — 1, which yields

zt)=c(z)+AE)z({t)+ B Hw(t)+1(k), (2.41)
with
=57

c(z*) = fa (%) — A(z") 2" — B(z") w*,

where [ (k) € L (k) with £ (k) being the Lagrange remainder to account for linearization

T
errors, z*¥ = {x*T, w*T} is the linearization point, and

1 w1 02 fa; (X (2,27, )
lz - 5 (Z —Zz ) 9.2

(zi'Z*)v

L (k)= {l € R"

(2.42)
zeR([kk+1r)x W, ael0,1] }

with x (z, 2%, a) = 2* + a (2 — 2*) and R ([k, k + 1] r) denoting the outer approximation
of the reachable set for ¢ € [k, k + 1] r that we wish to compute. The Lagrange remain-
der can be evaluated using interval arithmetic [9, Sec. V]. Further, since the Lagrange
remainder is constant in (2.41), the superposition principle can be applied to compute
the reachable set Ry, ([k, & + 1] 7) of the corresponding LTT system for [ (k) = 0 accord-
ing to Sec. 2.7.1, and the reachable set Rep ([, k + 1] 7) due to the linearization error
separately. However, the Lagrange remainder set computation in (2.42) requires the
reachable set R ([k, k + 1] r), whose computation in turn requires L (k).

To break this circular dependency, we assume an initial candidate £ (k) (e.g. L (k) =
{0}) for the Lagrange remainder and use the superposition principle to arrive at a
reachable set candidate

R ([k k +1]r) = Riin ([k, k + 1]7) © Rere ([k, b+ 1]7),

where Repr ([k, k + 1] r) is the reachable set due to the linearization errors captured in
L (k) (can be computed using (2.38)). Then, we evaluate (2.42) with R ([k,k + 1]7) to
obtain £ (k) and check if £ (k) C £ (k). If this check fails, we enlarge £ (k) and try again;
otherwise, R ([k,k +1]7) = R ([k,k + 1]r) is an outer approximation of the reachable
set.
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2.7.3 Nonlinear Systems using Conservative Polynomialization

In general, reachable sets of nonlinear systems may be non-convex. Therefore, we provide
a brief overview on abstracting a nonlinear system & = f(z,w) for reachability analysis
using conservative polynomialization and polynomial zonotopes as proposed in [5]. To
improve readability, we focus on the first reachability step, i.e., we assume ¢t € [0,7]
without loss of generality; the remaining steps for ¢ € [r, t;] follow analogously.

We start by computing a Taylor expansion of fg (2) of order m € N; around the
linearization point z* = {:r*T, w*T]T with z* € R™ and w* € R™ being linearization
points, which yields

t=AE )z +v(z(t),25w(t) +1, (2.43)
for [ € £, and where the Jacobian of f is given by A (z*), the expression v (z (t), z*, w (t))
contains all remaining terms of the Taylor expansion up to (and including) order m,
and L is the Lagrange remainder evaluated over the rest term of the Taylor expansion
(as in (2.42)). Using, e.g., a quadratic abstraction, the advantage of using polyno-
mial zonotopes becomes clear since — in contrast to zonotopes — they are closed under
quadratic maps (see Tab. 2.1). With w™ (t) = w (t) — @ for @ € W chosen such that
0 €W ={-w}®W and 22 (t) = z (t) — 2 (0), we split

v(z (), 25 w®) =09 (2(0), 2% @) + 0> (zA (t),z(0),w? (t)) ,

into v(® (2(0), z*,%) only dependent on known values z(0), z*, @ at t = 0, and

VA (zA (t),z(0),w™ (t)) for ¢t € [0, 7], which depends on z (¢) and thus the reachable set
R ([0,7]) which we aim to compute. Therefore, (2.43) can be rewritten as

i) =A@z @) +09 (2(0), 2%, @) +1, (2.44)
for [ € £, where
L=v2(0,7]) &L,
VA ((0,]) = {v? (52,2(0),w®) | 22 € RA ([0,7]) x WA, 2 (0) € 2@ x {0},
w? € WA},
RA(10,7]) = {& (t, (0),w () =z (0) |t € [0,1] 2 (0) € X0, w (t) € W},

where & (¢, (0) ,w (-)) again denotes the state solution. Since (2.44) can be interpreted
as an LTI system with uncertainty [ € £ and additional constant v(9 (2 (0), z*, %), its
reachable set can be computed using the methods from Sec. 2.7.1 . In contrast to (2.41),
however, (2.44) captures some nonlinearities in v(9) (2 (0), 2%, @).

Remark: By choosing the reachability step r smaller, the set L shrinks and thus the
accuracy of the approximation is increased [5], albeit at the cost of additional computa-
tional effort.
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2.8 Reduction Techniques

When calculating reachable sets (see Sec. 2.7), reduction techniques are essential to keep
computations efficient. In this thesis, we mainly use zonotopes and polynomial zonotopes
for set-based computations. In this section, we thus introduce the concept of reduction
using a simple zonotope example. We refer the reader to [64], [59, Sec. 2.6] for details on
zonotope order reduction techniques and to [61, Sec. 2.E], [59, Sec. 3.1.7] for polynomial
zonotope order reduction techniques.

For a given set S C R™ (zonotope or polynomial zonotope) with m generators, we
denote by § |, 2 S the reduced set with a smaller number of generators m < m, where
0= % denotes the generator order of the new set. We demonstrate the concept of order
reduction in the following example:

Example 2.7 (Zonotope Order Reduction). Let

s /[ [-6 -2 2 o 3 -1
A3 4 0, -2 0 —2f/°

and we want to compute Z |s, i.e., the reduced zonotope should have 2-2 = 4 generators.
Here, we choose the order reduction method from [40]: For a given zonotope Z = (¢, G) ,
of order o = 7 € Nwith ¢ € R" and G € R"*™, we sort all generators G, ;) for 1 <i <m
according to the metric I (g) = |lg|l; — ||9l/o- To compute Z |, with ¢ < o, one then
chooses the n (¢ — 1) smallest generators according to the metric [, and adds the resulting
interval outer approximation back to the remaining generators.

In this example, we select the 4 smallest generators of Z, which correspond to the last

g’ _Oé g’ :; . The resulting box enclosure is then given by

(] 1 = B, = B ).
2=V 0 ),

Fig. 2.10 shows both the original and the reduced zonotope.

4 generators, i.e., [

_|_

As a result, we have
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Z2

~10 ‘ -
~10 0 10

I

Figure 2.10: Simple reduction approach for a 2D zonotope.
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3 The Abstracted Synthesis Problem

In this thesis, we synthesize controllers that steer a system from any initial state, chosen
from a bounded set, close to a given target state while formally guaranteeing that no
constraints are violated. We solve these so-called reach-avoid problems by combining
optimization theory with reachability analysis. Here, optimization theory is generally
used to formulate an optimization problem in order to synthesize the controller, and
reachability analysis is used for formal verification. While subsequent chapters intro-
duce various algorithms to synthesize a controller for these reach-avoid problems, they
all share a common structure; this allows the introduction of the abstracted synthesis
problem, which captures this common structure. Since practically all available efficient
optimization solvers require differentiability, we derive the smooth but equivalent formu-
lation of the abstracted problem. Furthermore, we show that the first-order necessary
conditions for this smooth problem are always necessary.

This chapter is structured as follows: First, we describe the general synthesis problem
we solve in this thesis in Sec. 3.1. In Sec. 3.2, we then discuss the abstracted problem,
from which we derive an equivalent but smooth formulation and show that the first-order
optimality conditions of this smooth problem are always necessary. Lastly, we briefly
motivate the use of the 1-norm when synthesizing controllers using reachable sets in
Sec. 3.3.

3.1 Problem Statement

All synthesis problems in this work are so-called reach-avoid problems.

Definition 3.1 (Reach-Avoid Problem). Let the system & (t) = f (x (t) ,u (z (t),t),w (t))
be given as in Def. 2.24, and let z (0) € X w (z (t),t) €U, z (t) € X, z (t;) € X}, and
w (t) € W, where X(©) € R is the set of bounded initial states, U C R™ is the bounded
set of admissible inputs, X C R™ denotes the set of admissible states, Xy C R™ are the
admissible states at final time ¢t € R, and W C R™ is the set of bounded, uncontrol-
lable disturbances. We define the problem of steering the system f from a given set of
initial states X© to a target state x¢ € Ay within time ¢ — while respecting the input
and state constraints — as a reach-avoid problem. |
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3 The Abstracted Synthesis Problem

Fig. 1.1 visualizes this concept. In this thesis, we solve a specific instance of such a
reach-avoid problem, given by

Uctrl (x(t)’t)

te
e (@ (8).0) =g min max { o (1) =iy + ¢ [ e (2 (7). 7))
(
(

3.1a)

st. z(t) e R(L), 3.1b)
Vt € [0, te] : Uetn (x (8) , 1) €U, (3.1c)

R ([0,%]) C &, (3.1d)

R (t) C A, (3.1e)

where R (t) denotes the (not necessarily exact) reachable set of states x (¢) at time ¢ for
the controller term wucgy (2 (¢) ,t) under disturbances w (t) € W, and ¢ € R is a weight-
ing factor to penalize large inputs. No assumptions about the statistical nature of W
are made, only that W = (cyy, Gw) , is given as a zonotope. That said, we only consider
zero-centered disturbance zonotopes W = (0, Gyy) , since any non-zero center cyy can
be absorbed by the dynamics f. We focus on state, final state, and input constraints
over the time interval ¢t € [0,%¢]; while an extension to consider different constraints
over a finite number of time points or time intervals is conceptually straightforward,
we omit further constraints for notational simplicity. Naturally, we not only want to
satisfy constraints, but also steer the final state x (¢f) as close as possible to a target
state xr € R™ while ideally minimizing the expended control effort. This is reflected
in (3.1a) by finding the controller that minimizes the maximum deviation of x (t¢) from
x¢ while penalizing large inputs. For computational reasons, we choose the 1-norm (see
Sec. 3.3).

Remark: The solution to (3.1) may be used for the computation of motion primitives to

plan formally verified trajectories using a maneuver automaton [52]. As an illustrative

example, imagine a take-over maneuver of an autonomous vehicle (see Fig. 3.1): To

perform the take-over (see Fig. 3.1a), a suitable controller has to be found. Instead of

trying find a suitable controller for an uncertain initial state (Fig. 3.1b), the trajectory

is split in time into left and right turn primitives for ¢ € {O,t(l)} and t € [t(l),tf:|
(1)

(see Fig. 3.1c); here, x;~ at t = t™M is used as an intermediate target state. When
only considering static constraints, a controller for a given motion primitive and its
corresponding reachable set R () can be computed offline for various different initial
sets and target states. These motion primitives are then collected into a maneuver
automaton which links appropriate motion primitives so that they can be concatenated
online to form a wide range of trajectories while respecting dynamic constraints (see [98,
Sec. 1.2] for a detailed example on a maneuver automaton). Linking motion primitives
requires — among other factors — that the final reachable set is contained in the initial
set of the next motion primitive (see Fig. 3.1c). While this thesis does not consider
maneuver automata for trajectory planning, it motivates both the fact that we minimize
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3.2 Abstraction

the worst-case deviation from the target state in (3.1a) and allow final state constraints
in the form of A%.

3.2 Abstraction

We now introduce the abstraction of the synthesis problem from (3.1). To enable efficient
numerical optimization, we then derive its smooth reformulation in Sec. 3.2.1 and show
in Sec. 3.2.2 that the KKT conditions are always necessary. Since these properties hold
for the abstracted synthesis problem, they follow for all subsequent synthesis problems
as they can be generalized to this abstraction.

Thus, we define the abstracted synthesis problem as

2,8 =arg IJZajn (z,8), (3.2a)
st. g(z) <s (3.2b)
z<z § (3.2¢c)
s >0, (3.2d)

with
J(z,8) =11 |h(2)] + lgy max (Bp (2), Rp (z)) + o1l s, (3.3)
gm (2) = max {max (F() (AR (2) + M R (2)])) +max (G p(2)) } = b, (3.4)

for 1 < m < ny, where A € R, M € RL™, R € R™*9, R € R™*9, F((:j) € RI<"r,

and GE )) € R9%9 are matrices, | € RYY is a vector, and o € Ry is a given scalar; further,
h(z) € R™ and p(z) € RY are sufficiently smooth functions, z € R™ and 2 € R™* as well
as s € R™ and § € R™ are the optimization variables and their respective optimizers
with z € R™ and z € R™ for z < z denoting lower and upper bounds on z, and o € R,..
If z; = z; for 1 < i < n,, z; can simply be removed from the optimization problem since
then z; = z; = z;.

We briefly motivate the structure of (3.2) here; the intuition behind the exact choice
for (3.2) will become clear in subsequent chapters (see, e.g., Sec. 6.3.5): Instead of
maximizing over the unknown controller function directly as in (3.1), we fix the structure
of the controller by parameterizing it in the controller parameters z. We use h (z) to, e.g.,
collect generators and centers of reachable sets which are required for the optimization.
Any additional differentiable functions not originating from reachable sets are collected
in p(2).

The abstracted objective function in (3.3) is obtained by outer approximating the
maximization over the state in (3.1a). The constraints (3.1c) to (3.1e) of the original
synthesis problem are collected in (3.2b). The maximizations in (3.2b) may be necessary
if, e.g., generators from reachable sets for different time intervals are to be considered in
a single constraint.
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7/3 (tr)

b @p
..... e

(¢) Concatenation of appropriate motion primitives to solve take-over maneuver

Figure 3.1: Illustration of the concatenation of motion primitives online (adapted from [77]).
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3.2 Abstraction

Since the original synthesis problem contained constraints on both input and states,
the optimization problem in (3.1) and therefore also its abstraction in (3.2) may not
have a feasible solution. Thus, we also use the slack variable s > 0 in (3.2d) to relax
the constraints in (3.2b) so that we always find a feasible solution; by choosing o large
enough, any constraint violation is therefore penalized in (3.3) to prioritize no constraint
violation over the minimization of the objective function for s = 0. Lastly, synthesis
problems of subsequent chapters restrict the set of controller parameters z to a bounded
set, which is reflected in (3.2c).

3.2.1 Smooth Reformulation

Many efficient numerical solvers require the optimization problem at hand to be suffi-
ciently smooth, i.e., the objective function as well as all constraints need to be sufficiently
often differentiable. Using insights from Sec. 2.3.6.1 and Sec. 2.3.6.2, the abstracted syn-
thesis problem in (3.2) can be replaced by the smooth optimization problem

Z,S,JJ%/I,I‘I/,T,]? Jsmooth (Z) S, W, y) ) (35&)

+h(z) w
< .

o [ <[] "
Bp(2)] _ |y

= < , 3.5¢

[RP (2)] Ty (8:3¢)

F{Y) (A (2) + Mw) < 14Vim, (3.5d)

Gl p (2) < 1yTim, (3.5¢)

Vv(:,m) + T(:,m) < 1nkpma (35f)

z2<z2<2, (3.5h)

s> 0, (3.51)

for 1 <m <ngand 1 <k < ny with
Jimooth (2,8, w,y) = 1Tw + 1Zyy + o1l s, (3.6)

where w € R™, y € R™, V € R"*"s T ¢ R™*" and p € R™ are auxiliary variables
to resolve absolute values and maximization expressions. The equivalence of (3.2) and
(3.5) is stated in the following proposition.

Proposition 3.1 (Equivalence of the Smooth Reformulation). The abstracted synthe-
sis problem in (3.2) and its reformulation in (3.5) attain the same global minimum.

Additionally, the objective function (3.6) at any critical point (2, §,W, 9, v, T, ﬁ) of the
reformulated problem can written as

J(2) = Jsmooth (2, 8,0, 9) = J (2, max (0,9 (2))).
Proof. See App. A.1.1. O
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3 The Abstracted Synthesis Problem

3.2.2 Regularity of Smooth Reformulation

Because the abstracted synthesis problem can be rewritten as a smooth optimization
problem, efficient gradient-based solvers can be used for its solution. That said, many
solvers implicitly solve optimization problems by finding an approximate solution to the
corresponding first-order Karush-Kuhn-Tucker (KKT) conditions. However, the KKT
conditions are only necessary conditions if the optimization problem at hand is regular at
a critical point (see Sec. 2.3.1). As it turns out, this holds for the smooth reformulation.

Proposition 3.2 (Regularity of Abstracted Synthesis Problem). The KKT conditions
are necessary for the smooth optimization problem in (3.5) at any critical point.

Proof. See App. A.1.2. O

3.3 Different Norms for Optimization

As subsequent chapters will show, we frequently make use of norm functions inside the
objective function of a controller synthesis problem. Thus, briefly motivate the choice
of the 1-norm for optimization over reachable sets in this thesis.

In the following, we will make use of the well-known norm inequalities

2l < lllly < ll2lly < Vel <n 2]y, (3.7)

for x € R™. As is clear from (3.7), the 2-norm is a better approximation of the infinity
norm than the 1-norm, especially if 3i € {1,...,n}Vj € {1,....,n} \ {i} : |z;| > |z;]|, since
then ||z||, = |z;| = ||z],,. However, both the Euclidean and the infinity norm have a
downside when optimizing sizes of sets, as the following example demonstrates.

Example 3.1. Let the zonotope R (p) = <0, [0.00lp + 1000, —p+ 1} >Z for p € [-1,1]
be given. We are interested in finding the optimal p which minimizes the size of R (p).
Since R (p) is zero-centered, one way to minimize the size of R (p) is to minimize the
norm of its generators by solving

px = arg min
pe[_lvl}

)

0.001p + 1000
-p+1

i.e., we shrink the size of R (p) by minimizing the magnitude of each generator. Using
different norms, we have

0.00_121 1000 = max (|0.001p + 1000| , |—p + 1|) = |0.001p + 1000, (3.8)
000_1? :[ 1000 = \/(0.001p + 1000)* + (—p + 1)* = [0.001p + 1000] ,  (3.9)
L 4112
0-00_1§:[ 1000 — 10.001p + 1000| + |—p + 1] (3.10)
L 4111
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Since the first generator is much bigger than the second generator, a subsequent mini-
mization over p will effectively keep the objective value for (3.8) and (3.9) constant since
ming,e(_q 1 |0.001p 4+ 1000| = 999.999 ~ 1000. As a result, p = —1, which does not really
affect the size of the set in the first dimension, and even increases the size in the second
dimension.

The ||-||; norm in (3.10), however, values reduction in all dimensions equally, and thus
reduces the size in the second dimension significantly (p = 1) while only marginally
increasing the set size in the first dimension. |

Since we frequently optimize over (reachable) sets in this thesis, we choose 1-norms
for their optimization as motivated by Ex. 3.1.

3.4 Summary

In this chapter, we introduced the abstracted synthesis problem as a generalization of
many synthesis problems of subsequent chapters. By deriving an equivalent but smooth
formulation of this abstracted problem and proving that its Karush-Kuhn-Tucker (KKT)
first-order optimality conditions are always necessary, we showed that any problem that
can be written in the form of the abstracted problem can be solved by off-the-shelf
optimization solvers.

We reviewed reach-avoid problems as the category of synthesis problems we solve in
this thesis. In reach-avoid problems, we try to steer a given system for a set of initial
states to a target state within a specified time horizon while ensuring both input and
state constraints. This is reflected in the general problem formulation, where — for the
controller to be synthesized — we penalize the distance of the resulting center of the
reachable set to the target and furthermore minimize the size of the final reachable
set while also minimizing the accumulated control effort and satisfying input and state
constraints.

Since the abstracted problem is not continuously differentiable, we described a smooth
formulation to allow for efficient optimization. Because many optimization solvers solve
the KKT optimality conditions instead of the optimization problem, we further showed
that these optimality conditions are necessary for any critical point of the smooth ab-
stracted problem. As optimization problems for the controller synthesis in subsequent
chapters can be written in the form of the abstracted problem, this ensures that these
problems can be solved by a variety of off-the-shelf optimization solvers.

All synthesis problems described in this thesis use 1-norms to bound the size of the
respective (reachable) sets. As a result, we motivated the choice of the l-norm by
comparing the impact of different norms on the optimization of reachable set sizes.
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4 Set Conversions and Set Containment

Depending on the application, the choice of set representation can make a significant
difference as different set representations are closed under different set operations (see
Tab. 2.1) or have varying computational complexities. Thus, set conversions are essential
when converting the original intractable synthesis problem into a tractable optimization
problem: Examples include the conversion of a non-convex reachable set given by a
polynomial zonotope to a simple zonotope to efficiently bound the size of the reachable
set, or the conversion from a zonotope to an ellipsoid to avoid an increasing number of
generators when many Minkowski sums are required (see Sec. 6.3). Similarly, efficiently
checking the containment of these sets within each other is essential, e.g., when using a
given reachable set to check state constraints.

Thus, we first introduce all necessary set conversion methods in Sec. 4.1. We then
conclude the chapter with a short discussion of relevant set containment methods in
Sec. 4.2.

4.1 Set Conversions

Since not all sets are closed under all operations, conversions between set representations
can become necessary. In Sec. 4.1.1 and Sec. 4.1.2, we first introduce inner and outer
approximations of zonotopes by ellipsoids and vice versa, where we refer the interested
reader to [34] for their implementation in CORA. While we do not need all zonotope-
ellipsoid set conversions introduced here in subsequent chapters, we include them for
the sake of completeness. Then, we describe an outer approximation of an H-polytope
by a parallelotope in Sec. 4.1.3, and introduce the outer approximation of a polynomial
zonotope by a zonotope from [61] in Sec. 4.1.4.

To keep the presentation simple, we assume for the remainder of this section that all
sets are non-degenerate, i.e., they have non-zero volumes and refer the reader to [34,
Sec. 4.1.3] for a possible approach to handle non-degenerate sets.

4.1.1 Zonotope To Ellipsoid

In this section, we describe approximations of a zonotope by an ellipsoid from our work
in [36]: In Sec. 4.1.1.1, we derive an outer approximation of a given zonotope by an
ellipsoid, and then discuss an inner approximation of a zonotope by an ellipsoid in
Sec. 4.1.1.2. First, we compute a template ellipsoid to describe its shape and then scale
this template appropriately using the maximum and minimum zonotope norms, which
are defined next.
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4 Set Conversions and Set Containment

Definition 4.1 (Squared Maximum Zonotope Norm). The squared maximum norm
from any point on the boundary of a zonotope (c, G) , to its center c is defined by

[{e,G),1? = e BrGrGp. (4.1)

|

Definition 4.2 (Squared Minimum Zonotope Norm). The squared minimum norm from
any point on the boundary of a zonotope (c, G), to its center c is defined by the radius
of the largest hyper-sphere (c, | (¢, G),]*I,,), still contained in (c,G),, where

2 _
L<cv G>ZJ - 1}}?8{ r, s.t. PO (A) <b, (4-2)

and where (A4, b) ; with A € R°*™ and b € R is the half-space representation of (0, G) ,.
|

When the halfspace representation for the zonotope is given, the optimization problem
in Def. 4.2 can be avoided.

Proposition 4.1 (Squared Minimum Zonotope Norm). Let the zonotope Z C R™ and its
half-space representation (A,b); with A € R°*™ and b € R® be given, where we assume
without loss of generality that HA(Z-7:)H2 >0 foralll <i<o. Then
b2
|Z]? = min —.
1<i<o AT H
(4,:)

Proof. Since p1,),, ( ) v/ AgrIn A = \fHA H for 1 < i < o, it follows

from (4.2) that fHA ‘ <b = T<Wa
A

which concludes the proof. ]

4.1.1.1 Outer Approximation

If we want to find an ellipsoid (emin, Fmin)p enclosing a zonotope (c,G), C R" with
minimum volume (also called the Léwner-John ellipsoid), it is clear that ep;, = ¢ must
hold since both zonotopes and ellipsoids are centrally symmetric. The optimal shape
matrix Fp, is then found by solving the SDP [14, Sec. 8.4.1]

min = in — ) 4.
E arg min logdet &/ (4.3a)
. T .
s.t. (v(l) — c) E7! (v(l) — c) <1, 1<:<m, (4.3b)

with v € R™ for 1 <4 < m being the vertices of (c,G),. While even more scalable ap-
proaches exist to compute this minimum-volume enclosing ellipsoid (MVEE) [106], they
still require us to have the vertex representation of (¢, G) , available, which is intractable
to compute for higher dimensions [32, Theorem 2.5]. Therefore, we subsequently derive a
sub-optimal solution that does not require the vertex representation of a given zonotope.

To that end, we first describe an initial guess for the relative proportions of the sub-

optimal shape matrix E € Sﬁi”, and then use the idea of the maximum zonotope norm

(see Def. 4.1) to find a scaling factor 7 € R, to ensure (c,G), C <c, fE>E
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4.1 Set Conversions

Shape matrix: In [19], a variant of Goffin’s algorithm for zonotopes is used to compute
an approximation to the MVEE. While their resulting approximation is somewhat con-
servative, they propose the following initial guess [19, Sec. 4.1]: The zonotope (0,G) ,
with G € R™ ™ can be interpreted as the projection of the m-dimensional hypercube
under G, where the smallest hyper-ball enclosing this hypercube is given by (0, mIy,) .
Applying the linear map G to both hypercube and hyper-ball yields the original zono-
tope and the enclosing ellipsoid G (0, m1,), = <0,mGGT>E, where the shape matrix

we are looking for is then given by E = GGT.

This choice of E can also be motivated by showing that the covariance matrix over all
vertex candidates of (0,G), is identical to E: Let B € {—1, 1}mX27H71, where Bj; = 1
and we alternate the sign of the i-th row By;.) every 2i=1 entries for 1 < i < m. For
example, this results in

1, -1, 1, -1
B=|1, 1, -1, -1},
1, 1, 1, 1

for m = 3. As aresult, L = G [B, —B} e R™ 2™ contains all 2 possible vertex

candidates of (0,G),. Since the column-wise mean S L. xy = 0p, by construction, we
can use principle component analysis (PCA) to construct the covariance matrix of all
2™ samples collected in L, which is given by!

1
Qu= 5, LL"
2
— 2—mGBBTGT
= GGT,
since
2m—1 i = ]
By 5 |BY = ’ A 4.4
(,.){ L;,j) {0, otherwise *49

for 1 <i<mand 1 < j < m due to the construction of B. The ellipsoid (0,Qr)y =
<0, GGT>E induced by the covariance matrix Qr € S*" then describes the principal

components of all samples in L. Fig. 4.1 shows the distribution of these 2™ samples for
a random two-dimensional zonotope (c,G), with ten generators, where the covariance
matrix is scaled so that (c, G), is tightly enclosed (see Th. 4.1).

Radius: With E given, it only remains to find an appropriate scaling factor # > 0 to
ensure that (c,G), C <c, fE’>E As it turns out, the maximum zonotope norm will

be useful in finding such a scaling factor. The maximum squared zonotope norm from
Def. 4.1 can then be rewritten as a mixed-integer quadratic program (MIQP).

Hor details, see Sec. IV.C in https://arxiv.org/abs/1404.1100
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Figure 4.1: All candidate vertex points (black x) of a random two-dimensional zonotope with
ten generators (solid black) and the corresponding covariance matrix (dashed
black), scaled using Th. 4.1.

Proposition 4.2. Given the zonotope (-, G) , with generator matriz G € R™*™, we have

] 2 _ _ . T
[(,G) ] sefmin B MPB 4 Amaxm, (4.5)

where M = — (GTG - )\maxl) > 0 and Apax = max (A (GTG)).

Proof. From T3 = m, it follows that 3T GTGp = g7 (GTG — )\maXI) B+ Amaxm. Be-
cause GT'G = 0, using M > 0 together with Def. 4.1 provides the desired result. O

While (4.5) in Prop. 4.2 is a MIQP and thus has a worst-case complexity which is
polynomial in the number of generators [86], it is often quickly solvable for smaller
values of m: Finding [{(c, G),]? to scale the covariance matrix in Fig. 4.1 took around
0.05s. That said, computing (4.5) exactly quickly becomes intractable for larger m.
Interestingly, [31] showed that solving (4.5) was polynomial in the number of generators
of G € R™ "™ if rank G = d was fixed. They argue that (4.5) can be solved by enumerating
all extreme points of (¢, G),, and that the number of these extreme points m, can be
bounded from above by m, < Zz;é 2(mk_1) [31, Th. 3.1]. By using the known upper

k
bound for the binomial coefficient (", ') < (%) [24, Eq. (C.3)], it follows for

m > 1 that
d—1 d—1 k
m—1 e(m—1)
s <32 <Y o(HET)
" ok ( k >_ ( k )
=0 k=0

1) in m if d is fixed. However, generally d = n,

and therefore m,, is of complexity O (md*

and therefore this approach still scales exponentially with the number of dimensions.
Hence, we now propose an upper bound on the maximum zonotope norm, which can

similarly be found in [75]. Since the proof was omitted in [75], we provide it here for

completeness.
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Lemma 4.1 (Bound on Maximum Zonotope Norm [75, Eq. (3)], adapted). Let the
zonotope (-, G), with G € R™™ and rank (G) = n be given. Then the SDP

#=min 1L\, (4.6a)
A>0
s.t. diag(\) — GTG =0, (4.6b)

with A € R™ provides an upper bound # > [{-, G) ,1*.

Proof. The exact squared maximum zonotope norm from Def. 4.1 can be equivalently

computed by solving
max  ATGTGH,

B7<1, 1<i<m

since GTG = 0 and thus the maximum is attained for 52 = 1. Its Lagrangian dual
function is given by

g(\) = inf <ﬁTGTGﬁ + ; A (63 - 1)) = jnf g7 (diag () — GTG) B—1T ),

where A € R™; the subsequent maximization supy~q g (A) to form the Lagrangian dual
problem then results in (4.6) since

. )
—00, otherwise

—1L X, diag(\) — GTG =0,
g\ =
which concludes the proof. O

Naturally, there generally is a duality gap between (4.1) and (4.6) since the former is
not a convex optimization problem. Rewriting (4.1) with B = 37, we obtain

max trace (GTGB) , (4.7a)
st. B> 0, (4.7h)
trace (diag (e(m)(i)> B) =1, 1<i<m, (4.7¢)
rank (B) = 1. (4.7d)

If we drop the rank constraint (4.7d) and formulate its Lagrangian dual problem (see
Def. 2.11), we arrive at (4.6). Since there is a strictly feasible B (e.g., B = I,,), strong
duality holds according to SC (see Prop. 2.2). As a result, the gap between (4.1) and
(4.6) can be attributed to the “loss” of (4.7d) in (4.6). A result for tightening this duality
gap is provided in [75, 48]. We are now ready to state the main result of this section.

Theorem 4.1 (Enclosing Ellipsoid). An n-dimensional enclosing ellipsoid of the non-
degenerate zonotope Z = (c,G) , is given by

. <c,fE>E, m>n,
*E=en)., m=n

)
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where 7 is an upper bound on the mazimum squared zonotope norm [E_% (¢, G) ,1* using,
e.g., Lem. 4.1, and E = GG .

Proof. Let m > n. Define T = E~% and compute T<c, E>E = (Tc,Ip)p and T (¢, G) 4,

where T exists since Z is non-degenerate. Let # > [T (¢, G),]? denote an upper bound
on the squared maximum zonotope norm of 7' (¢, G) ;. Then maxzer(. g, 1T — TcHg <r
by definition, T {¢,G) , C (T'c,#I,) 5, and applying T~! to both T (¢, G) , and (T'c,#1,) 5
yields the desired result.

Now let m = n. The MVEE enclosing an n-dimensional hypercube is the hyper-
sphere with radius \/n. Applying G, the minimum-volume enclosing ellipsoid of (¢, G) ,

is <c, nGGT>E. O

4.1.1.2 Inner Approximation

Finding the maximum-volume inscribed ellipsoid (MVIE) (eémax, Fmax) i for a zonotope
(¢,G), C R with center ¢ € R™ and generator matrix G € R"*™, where (A,b),, for
A € RT™*"™ and b € R? denotes its half-space representation, can be formulated as the
SDP [14, Sec. 8.4.2]

A

B = arg min — log det B, (4.8a)
T .
s.t. HBA(W)H2 + Agye < bi, 1<i<gq, (4.8b)

where Epax = BB and again emax = ¢ due to the central symmetry of ellipsoids and
zonotopes. That said, the half-space representation of a zonotope is generally not avail-
able and existing algorithms produce a number of half-spaces exponential in the number
of dimensions for a given zonotope [3, Th. 2].

In this section, we thus compute an approximation to (emax, Emax) g, analogously to
Sec. 4.1.1.1, but now use a lower bound on the minimum zonotope norm from Def. 4.2
to scale the shape matrix appropriately since its exact value requires the half-space
representation of the zonotope (see Prop. 4.1). We again use £ = GG”, and propose
the following lemma to find a lower bound on the minimum zonotope norm for scaling.

Lemma 4.2 (Lower Bound on Mininum Zonotope Norm). Given is a zonotope Z =
(¢,G), C R™ with center ¢ € R™ and generator matriz G € R™*™. Using the test from
[19, Sec. 4.4], we can find a lower bound ¥ € Ry on |Z]? as

192
=<z (4.9)

n

where U is optimizer of the LP
U = argmax v, (4.10a)
v,B

s.t. vl, = GB, (4.10b)
B € [-1,1]™". (4.10c)
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4.1 Set Conversions

Figure 4.2: Lower bound computation of the minimum zonotope norm as described in Lem. 4.2:
For a given n-dimensional zonotope (black), we compute its boundary points along
all 2n unit directions, which define a convex polytope (dashed black). Using the
MVEE of this polytope, we apply the Léwner-John property of symmetric sets (see
(4.11)) to obtain an ellipsoidal inner approximation (red).

Proof. By solving (4.10) for v and due to the symmetry of Z, we have
_ - (1) - (1)
Y = convh (:I:I/e(n), . ,:|:I/6(n)) C Z.
To inscribe a hyper-ball into ¥V and thus find a lower bound on the squared minimum
zonotope norm by its radius, we can use the Léwner-John ellipsoidal approximation for
symmetric sets [14, Sec. 8.4.1]

1 -2 2
NG <0, D In>E cyc <0, D In>E, (4.11)
since V = {—v | v € V} is symmetric by construction, where (0, 7°,,) . is the MVEE (or
Lowner-John ellipsoid) of V. Applying the definition of the linear map for ellipsoids (see

Sec. 2.6.3) to (4.11), it follows that <O, %an>E CV C Z, which concludes the proof. [

The application of Lem. 4.2 to a 2D zonotope is visualized in Fig. 4.2. Since Lem. 4.2
essentially only requires the solution of an LP, for which algorithms with complexity
polynomial in the number of optimization variables exist [22], a lower bound on the
minimum zonotope norm can be efficiently computed. That said, since we cannot ef-
ficiently test whether a given hyper-ball is contained in a zonotope, we need to resort
to checking whether its enclosing hyper-cube is contained, which naturally adds conser-
vatism. We can now inscribe an ellipsoid into a zonotope.

Theorem 4.2 (Inscribed Ellipsoid). An n-dimensional ellipsoid inscribed into the non-
degenerate zonotope Z = (c,G), with center ¢ € R" and generator matriz G € R
given by

18

. <c,%E>E, m > n,
*E=Uer) | m=n
E

)
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4 Set Conversions and Set Containment

Figure 4.3: Different enclosing and inscribed ellipsoids for a given two-dimensional zonotope.
Shown are the MVEE and MVIE (solid blue and red), the approximated enclosing
and inscribed ellipsoid with exact zonotope norm (dashed blue and red), and the
approximated enclosing and inscribed ellipsoids with bounded zonotope norm (dot-
ted blue and red). For this example, the enclosing ellipsoid with exact and bounded
zonotope norm coincide.

where 7 < {E_% (¢,G),|? can, e.g., be computed using Lem. 4.2, and E = GGT.

Proof. Let T = E~2 and further let < |T (¢, G) ,]? be a lower bound on the respective
squared minimum zonotope norm. The hyper-sphere (T'c,71,)y is still contained in
T (c,G), by definition of the minimum zonotope norm and thus applying the inverse
transform T~ yields the desired result.

Now let m = n. The MVIE inscribed into an n-dimensional hypercube is the hyper-
sphere with radius 1. Applying G, the minimum-volume enclosing ellipsoid of (¢, G) , is

<c, E>E 0

Fig. 4.3 visualizes different enclosing as well as inscribed ellipsoids for a given two-
dimensional zonotope.
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4.1 Set Conversions

4.1.2 Ellipsoid to Zonotope

In this section, we now describe approximations of a given ellipsoid by a zonotope for
a given number of generators from our work in [36]: In Sec. 4.1.2.1, we derive an outer
approximation of an ellipsoid with a zonotope, and then describe an inner approximation
of an ellipsoid with a zonotope in Sec. 4.1.2.2. Similarly to Sec. 4.1.1, we compute these
approximations by finding a template zonotope approximating the general shape of the
ellipsoid, and then using the maximum and minimum zonotope norms (Defs. 4.1 and 4.2)
to scale them appropriately.

To that end, we first describe how a unit hyper-ball can be approximated with a zono-
tope and then apply this approximation to derive inner and outer approximations for
general ellipsoids. Thus, we momentarily assume that the given ellipsoid is a hyper-ball,
as we can always apply the appropriate linear maps to achieve that. Intuitively, a zono-
tope with m € N, generators, sampled equally distant from the surface of a hyper-sphere,
might approximate a hyper-sphere increasingly closely (in the Hausdorff distance). Since
computing equally distant points on a hyper-sphere is impossible for arbitrary m [117],
we first approximate this distribution by sampling m uniformly distributed points on
the surface of a hyper-ball [83]: Let the random variable Y be normally distributed, and
denote with y® € R™ for 1 < ¢ < m any m independent realizations of Y. Defining

@) = y(;))H , the vectors z(¥) will be uniformly distributed on the surface of the unit
2

o
hyper—b”all for large enough m. This approach does not necessarily result in a uniform
distribution for small m in practice. In [71], it is claimed that a polynomial-time deter-
ministic sampling approach is found that solves this distribution problem approximately.
Fig. 4.4 visualizes the two variants of approximating a hyper-ball with a zonotope. How-
ever, its derivation seems to have a flaw?; thus, we use the probabilistic sampling method
to obtain an approximately uniform distribution on the surface of the hyper-sphere, since
it was proven that a zonotope constructed from these sampled surface points approx-
imates a hyper-sphere increasingly closer for an increasing number of samples [73, 3.,
Theorem)].

4.1.2.1 Outer Approximation

With the shape of the ellipsoid given by samples of the hyper-sphere as described previ-
ously, an outer approximation of an ellipsoid by a zonotope is described next.

2] thank Adrian Kulmberg for bringing the following issue to my attention: From [71, Eq. (3.5.8)]
and [71, Eq. (3.5.11)], it follows that pg (./\/o (%)) =1+ QTI_p which is undefined and thus causes
a problem in [71, Lem. 3.5.23], which in turn causes a Sroblem in [71, Th. 5.4.1]. Thus, this
invalidates [36, Lem. 4] from our original paper since we used [71, Th. 5.4.1]. However, this issue
has no consequence on the remainder of our paper since we can simply use the probabilistic sampling
method to obtain an approximation of the hyper-sphere by a zonotope as described in [36, Sec. V].
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4 Set Conversions and Set Containment

uniformly distributed points zonotope (uni. points)
approx. equidistant points zonotope (approx. equidistant points)

X

Figure 4.4: Uniform sampling of sphere directions and approximately equi-distant sampling of
sphere directions and their resulting zonotopes.
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4.1 Set Conversions

Theorem 4.3 (Enclosing Zonotope). An n-dimensional zonotope with m > n generators
enclosing the ellipsoid (c, Q) is given by

<c, ﬁ\/@5>z, m > n,
<c,\/@>z, m=n

9

Z({e,Qp)y = {

where S € R™™ collects the points S(.; on the surface of the hyper-ball for 1 <i <m
and ¥ is a lower bound of |(-,S),|? using Lem. 4.2.

Proof. Let m > n. With T = Q_%, we have T' (¢, Q) = (T'c, I) . Further, we know
that (T'c, I)  C <Tc7 %S>Z due to the definition of 7. Applying the inverse transform

T~ then gives the desired result.

Now let m = n. A zonotope enclosing a hyper-ball (0, I,,) 5 is given by (0, I,),, and
therefore Z ((¢, Q) ),, = VQ (0, 1) ; ® {c} since (¢, Q) = VQ (0, 1) ® {c}. O
4.1.2.2 Inner Approximation

The inner approximation similarly follows by using the maximum zonotope norm.

Theorem 4.4 (Inscribed Zonotope). An n-dimensional zonotope with m > n generators
inscribed into the ellipsoid (c, Q) is given by

9

C, 1A , M n,
(e Q) ) - {g “fjg?z n
) \/ﬁ Z7 -

where S € R"*™ collects the points S.;y on the surface of the hyper-ball for 1 <i <m
and 7 is an upper bound on [(-,S),]? using Lem. 4.1.

Proof. Let m > n. Setting T = Q_%, we have T' (¢, Q) p = (T'c, I,) . Further, we know
that <T c, %S >Z C (T'c,I,)p due to the definition of #. Applying the inverse transform
T~ then gives the desired result.

Now let m = n. A zonotope inscribed into a hyper-sphere (0,1I,); is given by

<0, ﬁ1">z’ and therefore Z ((c, Q) = \/Q<O, ﬁl’»z ® {c} since it holds that
(c,Q)p=vVQ(0,In)p & {c}. -

Fig. 4.5 visualizes enclosing and inscribed zonotopes for a given two-dimensional el-
lipsoid.

For computation times and tightness results on the zonotope-to-ellipsoid and ellipsoid-
to-zonotope conversions from Sec. 4.1.1 and Sec. 4.1.2, we refer the reader to [36, Sec.
VI] as exact numbers are not relevant for the content of this thesis.
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4 Set Conversions and Set Containment

Figure 4.5: Different enclosing and inscribed zonotopes for a given two-dimensional ellipsoid.
Shown are the approximated enclosing (see Th. 4.3) and inscribed (see Th. 4.4)
zonotopes with exact zonotope norm (solid blue and red), and the approximated
enclosing and inscribed zonotopes with bounded zonotope norm (dashed blue and
red). All zonotopes have m = 10 generators.
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4.1.3 H-Polytope to Parallelotope

In this thesis, we specify constraints for the reach-avoid problem using H-polytopes. An
outer approximation of a bounded H-polytope with a parallelotope, as introduced in our
work in [35], is described next.

Proposition 4.3 (H-Polytope to Parallelotope). Let M = (A, b), with A € R**™ and
b € R? be given as a bounded polytope. Then a parallelotope outer approximation of M
is given by Z = Q2 (¢,diag7), ® {c}, where

—_

o™

=S (p () +py (1)),

7= = (p (1) = piy (—1)),

AQ%,b—Ac>H,

— Do

M:

P )

and (¢, Q) is the MVIE of M [14, Sec. 8.4.2].

Proof. We shift M by ¢ so that 0 € M @& {—c}, and use the shape matrix @ to transform
M into roughly a hypercube. Then Q™2 (¢, Q) @ {—c}) = (0,1)p and it holds that
M= Q_% M@ {-c}) = <AQ%, b— AC>H. A tight parallelotope enclosing M is given
by Z = (¢,diagT), with ¢ and 7 given as above. Applying the inverse transform and
shift yields Z = Q:Z {c} which concludes the proof. O

Since we use the MVIE as a shape template for the enclosing parallelotope, the ap-
proximation quality of Prop. 4.3 depends on a shape similarity of the inscribed and the
enclosed ellipsoid, which is not necessarily given. Depending on the required approxima-
tion quality, Prop. 4.3 may thus not be approxiate; since Prop. 4.3 is used in this thesis
for normalization purposes only, this is of no concern here.

4.1.4 Polynomial Zonotope to Zonotope

Reachable sets of nonlinear systems are often computed using polynomial zonotopes to
represent non-convex sets (see Sec. 2.7.3). However, for operations such as the support
function, only outer approximations can be computed, which often requires the solu-
tion of a (possibly non-convex) optimization problem. Alternatively, one can enclose a
polynomial zonotope with a zonotope and then use its support function.

Proposition 4.4 (Polynomial Zonotope to Zonotope [61, Prop. 5, adapted]). A zono-
tope outer approzimation of the polynomial zonotope PZ = (¢, G, Grest, E) p,, with start-
ing point ¢ € R™, generator matriz G € R™ ™ rest matrix Grest € R™", and exponent
matriz E € NT*™ s given by

k€Zeven

A 1
z (PZ) = <C—|— 5 Z G(:,k)a {G(:,Iodd)a %G(:,Ieven)} 7Grest7[m> )
PZ
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4 Set Conversions and Set Containment

where

Toven = {z e{l,..,m} ] mod (E(:,i),2) - 0} :
Zoda = {L 7m} \Ievena

and G(.1,.,) € R*Zoadl gpd G(: Toven) € R*Zevenl collect all corresponding odd and even
generators.

By inspection, Prop. 4.4 is of at most polynomial complexity in the state dimension
(see also [61, Prop. 5]). For a demonstration of the tightness of the resulting zonotope,
see, e.g., [61, Fig. 3].

4.2 Set Containment

In this thesis, we want to solve controller synthesis problems under input and state
constraints. As a result, efficient methods to check the containment of a set within, e.g.,
a given constraint set, are necessary.

Thus, we first introduce a containment check from previous work for two zonotpes
in Sec. 4.2.2. Since constraints in this thesis will be given as H-polytopes, we then
describe the containment check of a zonotope in an H-polytope and briefly motivate the
superiority of this check over the zonotope-zonotope-containment for our purposes.

4.2.1 Zonotope in Zonotope

Since zonotopes are a popular choice for reachable sets in general, it is only natural to
first try zonotopes as constraint sets.

Proposition 4.5 (Zonotope in Zonotope [97, Cor. 4, adapted]). Given are two zonotopes
X =(z,X), withz e R", X e R"™ and Y = (y,Y), withy € R", Y € R"*. Then
X CY if there exists ' € R¥*™ and § € R? such that
X=YT,
g —x= Yﬁ7
T T
|6 &)l <
Thus, Prop. 4.5 gives numerical conditions which can be easily checked using any
linear programming solver. Note, however, that Prop. 4.5 is not sufficient and necessary,
i.e., failure to find I' and $ that fulfill Prop. 4.5 does not necessarily mean that X" is not
contained in Y.
4.2.2 Zonotope in H-Polytope

As mentioned in Sec. 4.2.1, the zonotope-zontope-containment check is only sufficient.
When using such a containment check for controller synthesis to check constraints, this
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might result in an overly conservative controller. Since we later assume that all constraint
sets are represented as H-polytopes anyway, we next present an efficient way to check the
containment of a zonotope within an H-polytope which is both necessary and sufficient.

Proposition 4.6 (Zonotope in Polytope [98, Lem. 1, adapted]). A zonotope Z = (¢, G) ,
with ¢ € R™ and G € R™? is contained within a given H-polytope H = (A,b), with
A e R™" and b € R™ if and only if

pz (A) <b.

Proof. We provide an alternative to the proof in [98] here.
We have

ZCH
= VIER" : pz (1) < py ()
= pz (A) <py (4),

where the last equivalence follows from the fact that all halfspaces defining ‘H are con-
tained in A, which concludes the proof since p,, (A) = b (see Def. 2.15). O

4.3 Summary

In this chapter, we both reviewed and introduced novel set conversion methods in Sec. 4.1
which are necessary for later chapters. Additionally, we also described a zonotope-in-
zonotope and zonotope-in-polytope containment check from the literature in Sec. 4.2
and motivated why the zonotope-in-polytope check is superior for our purposes.

In Sec. 4.1, we described — for the first time — ellipsoid-zonotope and zonotope-ellipsoid
inner and outer approximations from our work in [36]: By combining upper and lower
bounds on the maximum and minimum zonotope norms with appropriate initial shapes
for both ellipsoids and zonotopes, we were able to find efficient inner and outer approx-
imations for given zonotopes and ellipsoids. Furthermore, we described a novel method
for efficiently outer approximating an H-polytope by a parallelotope and review the
existing zonotope outer approximation of a given polynomial zonotope from [61].

In order to check constraints for the controller synthesis in subsequent chapters, we
then introduced two existing set containment checks in Sec. 4.2: First, we reviewed
the zonotope-zonotope containment checks from [97]. Because the zonotope-in-zonotope
check is only sufficient, we avoid possible conservatism by specifying all constraints as H-
polytopes in this thesis and thus introduced a zonotope-in-H-polytope check from [101]
which is both necessary and sufficient.
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5 Piecewise Constant Controller Synthesis

In order to arrive at an efficient method to synthesize controllers for nonlinear systems,
it is often necessary to restrict the form of the controller one wishes to compute. In this
chapter, formally correct controller synthesis using a combination of reachability analysis
and optimization is discussed, where the controllers to be synthesized are piecewise
constant in time.

In Sec. 5.1, we first introduce the general problem we aim to solve, and introduce an
approach to the solution of this problem using a linearization of the system dynamics
from previous work [99] in Sec. 5.2. In Sec. 5.3, we then extend this approach to polyno-
mial controllers with higher-order reachability abstractions. Finally, we propose a novel
iterative solution approach in Sec. 5.4 which can handle larger input sets efficiently and
does not require manual tuning of the state constraint sets.

5.1 Problem Statement

Generally, the synthesis problem in (3.1) is not efficiently solvable for an arbitrary con-
troller uc (@ (t),t). Therefore, one has to specify a parameterization for the controller
to be synthesized. To that end, we start by subdividing the time horizon [0, ¢ into
mg € Ny intervals of length tg = 72—1 (see Fig. 5.1). The duration ts denotes the
time between state feedback, i.e., tey ( (t),1) = ul® (z (its) ,t) for t € [i,i + 1]ts and
0 < i< mg— 1. We further split the time interval [i,i + 1] ¢, using t. = L=, where t. is

me’

the duration between piecewise constant controllers, i.e., ucty (z (¢),t) = ul()iéj) (z (itg))
fort €its+[j,j+ 1]tc and 0 < j < m — 1.

To enable optimization over these controllers u&;’j ) (x (its)), we parameterize them in
the controller parameters P(») € R™*® and write u (x (its) ,P(W)), where a € N is
the number of controller parameters per input dimension (will be discussed in detail in
subsequent sections). Let

PO = [peo”  pan® p(iymrl)T}T,

P(ms—1>T}T.

ey

P :[p(O)T7 p7

and denote with R (¢, P) the closed-loop reachable set at time ¢ using the controller
u(g;(z'ts),p@»f')) for t € ity + [j,j + 1]tc with 0 < i < mg— 1 and 0 < i < me — 1,
which is now dependent on P. Lastly, we assume that the bounded input constraint set
U = (Cy,dy)y with Cyy € RM*™ and dyy € R, state constraint set X = (Cx,dx)y
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z (0) x (ts) x (2tg)
| ! L
0 ts 275s tf
(a) Visualization of the duration ts = :n—fs between state measurements.
z (0) x (ts) x (2ts)
{ . I S
0 tc 2t ts ts + e ts + 2t 2t tr

ts
mc

(b) Visualization of the duration t. = between piecewise constant controller switching.

Figure 5.1: Visualization of the time discretization for discrete-time feedback and piecewise
constant control inputs for each sampling interval.

with Cy € R%**™ and dy € R°¥, and final state constraint set Xy = (Cx;, dx;) y With
Cx, € R%™ " and dy, € R°* are given as H-polytopes. We can then rewrite (3.1) as

mg—1me—1
» — 3 _ ) (7’»])
Poogmin sy (100 P w46 32 52 u(wtite P), PO 1
s.t. Vi € {0,...,mg — 1}Vj € {0,...,me — 1} s w (:c (its, P) ,P(iv‘)) cu, (5.1b
R ([0,4],P) C X, (5.1c
R (t, P) C X;. (5.1d

We remark that the inclusion of state constraints means that a feasible solution might
not exist.
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5.2 Generator-Space Control

5.2 Generator-Space Control

In this section, we introduce the generator-space control (GSC) approach from [98,
99] to synthesize mgm,. piecewise constant controllers while ensuring state and input
constraints. Fig. 5.2 visualizes the concept of GSC, while Alg. 1 describes the general
procedure which is briefly summarized subsequently:

(i) First, a reference trajectory — steering the system from the center of the initial
set close to the target state xy while respecting constraints — is computed, which

yields the intermediate target states xﬁlzms) (1. 2).

(ii) We then iteratively synthesize m. controllers for all mg steps. We use a moving
horizon h € N} with 1 < h < mg — ¢ starting from ¢ = its: This allows us to
account for later changes in the nonlinear dynamics f which might not be visible
for t € [0,ts]. The algorithm than iterates as follows:

(a)

(b)

()

Using the outer approximation of the closed-loop reachable set which is avail-
able from the last iteration, we compute the parameterized reachable set,
which is an approximation to the closed-loop reachable set for ¢t € its+ [0, htg],
parameterized in the controller parameters we wish to determine (1. 5-7).

This parameterized reachable set, along with the intermediate target states
collected in a:EH(l:h)), is then used to compute the controller parameters sub-

ject to input and state constraints by solving a linear program (LP) (1. 8).

While we compute the parameters for all controllers until ¢ = (i 4+ h) ts, we
only use the first m. piecewise controllers and compute the closed-loop reach-
able set using the optimized controllers until ¢t = (i 4+ 1) s (1. 9).

As explained in Sec. 5.2.4 in detail, the efficient inclusion of state constraints in GSC
requires the user to provide an adapted state constraint set X C R and Ay C R"=.

Algorithm 1 Generator-space control

1:
2
3
4
5:
6
7
8
9:

10:
11:
12:

function GENERATORSPACECONTROL(X ) U, X, X, X, Xp, W, mg, me, x5, b, t)

(¢, tret] = REFERENCETRAJECTORY (X0, U, X, Xp, mg, me, wg,ts) > Sec. 5.2.1

R

= x0

for i =0;i < mg;1+ + do
R=TRlo > o € Ny (reduction order)
h = min (h, mg — 7)
R = pPARAMREACH(R, h) > Sec. 5.2.3
PO = compuTECTRL(R®, U, X, Xy, x{ T 1) 1y limetO:hme=1)y - g 59,4
R ([i,i + 1] ts) = REACH(R, PO t,) > Sec. 5.2.5

R =R((i+1)ts)

end for
return P, R ([0, t])
13: end function
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(a) (b)

Figure 5.2: Overview of the GSC approach [101, adapted]: First, a reference trajectory is
computed (Fig. 5.2a), which is then used to subdivide the overall synthesis problem
into mg parts and define the intermediate target states and their corresponding

control inputs. Using this first intermediate target state :cgl), the synthesis problem

(5.1) is solved for xgl) (Fig. 5.2b). The closed-loop reachable set R (ts) for the newly
computed controller is then computed (Fig. 5.2¢). Applying the same solution
process iteratively — where R (ts) is considered the new initial set — we can compute
all closed-loop reachable sets, i.e., we obtain R ([0, t]).
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We start by introducing the reference trajectory computation in Sec. 5.2.1 and describe
the proposed controller template in Sec. 5.2.2. For this template, we then compute its
parameterized reachable set in Sec. 5.2.3 and introduce the synthesis of the controller in
Sec. 5.2.4, where its closed-loop reachable set computation is then discussed in Sec. 5.2.5.
Finally, we briefly discuss both the offline and online complexity of the GSC algorithm
in Sec. 5.2.6 and shortly discuss its properties in Sec. 5.2.7.

Remark: We will not evaluate the performance of the GSC approach in this section
but defer its numerical experiments to the next section, where it will be compared to a
novel extension of GSC. We refer the reader to [99, Sec. 4] for a numerical comparison
of GSC against other synthesis algorithms.

5.2.1 Reference Trajectory

In this section, we want to compute mgm,. piecewise constant control inputs such that
the center cy ) of the initial set xO = (Cx(0); Gy©), is steered closed to the target
state x¢ in time t;. These mgm,. constant control inputs can be computed by solving

msme—1

up™" " =arg min ><<m<tf>—xf>TQref< () =)+ 3 u®” Ryegut )>

u(O:msmcfl

(5.2a)

st Ve € [k k+ 1)t a (1) = f (2 (t),u®,0) (5.2b)
z(0) = cyw), (5.2c)

Vt € [0,t] :x(t) € X, (5.2d)
u® e u, (5.2e)
0<k<mgmec—1, (5.2f)

where Qrer € ST**"* and Ryer € S "™ are user-specified weighting matrices. There ex-
ists software, such as the automatic control and dynamic optimization® [55] (ACADO)
toolbox, which can efficiently solve (5.2). The corresponding state solutions are then

given by xref f((/{: + 1) te, cpo), Egék),O) for 0 < k < mgme — 1, where the in-

termediate target states are given by x (149 _ 5((1 + 1) ts, Cx0), U Eef(lﬂ)mc b O) for
0<s<mg—1.

5.2.2 Controller Template

Before we can compute a parameterization of the reachable set in the controller param-
eters, we first need to define the parameterization of the controller. Since we assume
the same parameterization for all mgm. piecewise constant controllers, we restrict our-
selves to the first piecewise constant controller for ¢ € [0,t.], i.e., we find the template

"https://acado.github.io/
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for u (1: (0) ,P(0’0)>. With slight abuse of notation, we assume for this section that

P = P09 for casier readability.

In Sec. 5.2.1, we already computed (sub-)optimal control inputs for X = {c,©},
i.e., when the initial set contains only its center. That said, the initial set (%) generally
contains infinitely many initial states, and thus computing a control input trajectory
ul(rg}mcms_l) for every state in X using Sec. 5.2.1 is not feasible. However, using a
single input trajectory for every z (0) € X ©) is clearly not ideal, as the optimal input
trajectory to reach xf generally depends on the chosen initial state.

For the efficient computation of a controller for every initial state, the authors in [99,
Sec. 3.2] introduce the controller parameterization

uw(B,P)=P.1)+ Pr.a)B=P l;l : (5.3)

where P € R™>(+) and g8 € [—1,1]l are the dependent factors of the generating
function (9 (8) = ¢y + Gy B of the initial set X(©) = {:):(0) (6)}5: By making (5.3)

dependent on the initial state (%) (8) through 5, we obtain different control inputs for
different initial states. We remark here that the optimal control law is assumed to be
linear in # due to (5.3); this assumption will be removed in Sec. 5.3. The choice to
parameterized the controller template in 3 instead of the initial state z (0) directly has
numerical advantages since § € [—1, 1]1. Additionally, we parameterize the controller in
P, which allows us to later synthesize an optimal controller by finding the optimal value
for P.

For the online application of the controller, however, only the initial state z (0) is
given and thus we require the input parameterized in x (0) and not 5. If X ©) is given
as a non-degenerate parallelotope, the controller template parameterized in x (0) then
follows by substitution of § = G;{%O) (2 (0) — cy(0) into (5.3), yielding (compare to [99,
Eq. (15)])

u (e (0),P) = (Gly (#(0) = cxw) . P). (5.4)

If X is a general zonotope, one can also replace X ) with its parallelotope outer
approximation X = x(©) |, so that the controller template can still be directly pa-
rameterized in Z (0) € X (0) (5 then describes the dependent factor of the parallelotope
outer approximation); however, this comes at the cost of possibly losing some input ca-
pacity: We need to ensure that Yz (0) € X© : v (2 (0), P) C U. If we now parameterize
the template in z (0), this is still enforced, even though we introduce artificial initial
states, i.e., there exist z (0) ¢ X (0), As an alternative to this parallelotope enclosure,
the factors /3 for a corresponding x (0) can also be efficiently computed online by solving
z(0) = ey + Gy B with ||5]|, < 1 using linear programming, which does not result
in a potential loss of input capacity.

Reference Input for the Center State: In Sec. 5.2.1, we compute a reference input
trajectory for the center c,) of the initial set. If we wish to use this reference input
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1

directly in the controller template, we have uggg =P 0 = Pry = ul(rgz for 8 = 0 since

Cx0) = Cx0) + G x0. Thus, the controller template simply returns the input trajectory
for the initial state and thus steers the reachable set along the reference trajectory.

5.2.3 Parameterized Reachable Set

The solution of (5.1) requires (an approximation of) the closed-loop reachable using the
controller template from (5.3), parameterized in the controller parameters. Since the mg
optimization problems can be solved sequentially (see Alg. 1), we assume without loss of
generality that we start from the initial set X9, generated by z(©) (B) = cx) + Gy f
for center cy©) € R"* and generator matrix Gy € R%*! with 8 € [—1,1]1. As
discussed in [98], we do not only need this parameterized set for ¢ € [0, ts], but rather
t € [0, hts] since we optimize over an extended optimization horizon to account for later
changes in the nonlinear dynamics f which might not be visible for ¢ € [0, ¢5]. That said,
we first find the parameterized reachable set for ¢ € [0, ], and then extend this to the
moving horizon of length h.

To that end, we linearize and time-discretize the undisturbed nonlinear dynamics
& = f(x,u,0) (see Def. 2.24), yielding (also compare to [99, Sec. 3.1])

LU+ — Cfij) +Az(ij)x(j) +B§j)“(j)’ (5.5)
with
A&j) _ €A<j)tc,
B9 — /te AT 4 BU)
0
) [ AP 4o,
0
N Of (x,u,0)
(j) et
A ox o=z’
u=u7)
5 Of (x,u,0)
() i
BY = 9u ez
u=u()

) = f (@(j)vﬂ(j)’o) — AWFH) — gz,

where (0 ¢ X and zU) = % (:cg% + $£gr 1)> and @) = ug are the linearization

points for 0 < j < m. — 1 (see Sec. 5.2.1). Evaluation of (5.5) using the corresponding
generating functions yields the recursive relation

P+ 1) e P, B) = ) + AR (jte, P,B) + BYu (8, PO, (5.6)
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where R (t, P) = {7 (t, P, B)}s and 7(0,P,3) = 2 () = cy© + Gyop. For later

convenience, we define
R (jtes P) = (¢ (jtes P), G (jtes P))

(5P}, = e (209) 0 (P,

Extended Horizon: We notice from (5.6) that § alone generates R (jt., P) since both
X and {ﬂ (ﬁ ) P(O’j)) }B are generated by 5. As a result, the parameterized reachable

set at t = (k+1)ts for 0 < kK < h — 1 can be found by simply replacing XO with

R (kts, P) and executing the aforementioned steps again.

5.2.4 Controller Computation

With the parameterized reachable set computed in Sec. 5.2.3, we are now ready to
approximate (5.1) as proposed in [99]. We first transform the objective function in (5.1)
into a tractable approximation and then briefly discuss how the constraints of (5.1) can
be adapted such that the resulting optimization problem can be posed as an LP. Due to
the iterative nature of the GSC algorithm, we again assume without loss of generality
that t = 0, i.e., we start at the initial set X'(©).

Objective Function: We bound (5.1a) over the extended optimization horizon from
above as (also compare to [99, Eq. (9), (10)], [98, Lem. 2])

h me—1 .
x(-,PI?Ea'I%((-,P) kz::lﬂk (H:U (kts, P) — x@Hl +¢ jz:;) Hu (ac ((k=1)ts, P) ap(k_l’J))Hl)

(5.7)

h " (k) m—1||T ¢, (P(k_lvj))
<39 ¢(kte, P) — x; +e ' 7 58
kz:; ’ (‘ [ G (kte, P),) 1 J;J Gu (P(k_ld))(;) 1 o

as the cost function, where ¢ € Ry penalizes the overall input size, and ¥ € R2, weighs
the size of the reachable set at different points in time over the extended horizon h. The
upper bound from the triangle inequality to arrive at (5.8) corresponds to a maximizing
x (kts, P) which in general does not exist, as the following example demonstrates.

Example 5.1. Let h =1, 2y = 0, ¥ = ¢y = 1, { = 0, and R (tr, P) = {7 (tr, B)}4 with

7 (te, B) = [_22 51+ ! B2. Then (5.7) can be equivalently written as

1

max ||7 (¢, B) —x¢l|; = max  (|261 + Ba| +|—261 + B2
a7t 6) = arl, = max (2614l + | )

=4.
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Al

Since the objective function is based on the linearized parameterized reachable set,
its approximation quality tends to diminish with an increasing prediction horizon. As a
result, one typically chooses ¥y > 9 > --- > ¥y, and we have a direct approximation of
(51&) for 191 = ’192 == 19/1—1 = 0, 79h = 1, and h = mg.

In contrast, (5.8) yields

max (|7 (t¢, B) — z¢||, <
e 17 (te, B) — @l

+ |

1 1

= 6.

Constraints: Using the approximated, parameterized reachable set instead of an outer
approximation, the constraints in (5.1b) to (5.1d) for the extended horizon t € [0, ht;]
are

Vi€ {0,...h—1}Vj € {0,...,me — 1} : {@ (ﬁ,P(’%J’))}B cu, (5.9)
R ([0, hts], P) C X, (5.10)
R (hts, P) C &;. (5.11)

Using Prop. 4.6, the input constraint {u (P, 8)}5 C U = (Cy, du)y can be written as

{a(.P0)} cu = p,(Cu, P <dy.

which can be encoded as a convex constraint by reformulating the absolute values using
. . : = (,5) — 21z (4.5) .
auxiliary variables (see Sec. 2.3.6.1) since {u (6, P >}6 Z ({u (ﬁ, P )}/3>’ here,

Pu <‘, P(i’j)) denotes the support function of {ﬂ (B, P(i’j)) }B and Z () denotes the outer

approximation of a polynomial zontope by a zonotope as described in Sec. 4.1.4.
To check state constraints, we only have the approximate time-point solutions

& (its + jte, P) € R (its + jte, P), 0 <i<mg—1, 0 < j <me,

available. While the set of applied inputs {u (P, )} g is known exactly and thus the input
constraints can be checked using a zonotope outer approximation as described above,
the set of states is only approximate. Therefore, we cannot directly enforce the state
constraints contained in X’: It might happen that the approximation of the parameterized
reachable set is much smaller than an outer approximation of the reachable set, in which
case the resulting controller will most likely violate the state constraints. Therefore, let
X = (Cy, d5(>H C R"™ with C'5, € R°**"= and d3 € R°* denote the user-provided state
constraint set which is adapted to the approximated parameterized reachable set (see
Sec. 5.2.7 for details).
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5 Piecewise Constant Controller Synthesis

We now approximate the interval constraint (5.10) with mch time-point constraints
and apply Prop. 4.6, yielding

. o
op8x py (Cgkte, P) < dyg,

where f, (-,t, P) denotes the support function of R (¢, P). Finally, the final state con-
straints can be rewritten using again Prop. 4.6 as

7o (Cipo e, P) < dg,

where X; = <C/\?f, d/{»f> " C R"™ with Cy € R and dy € R** are user-provided,
adapted final state constraints.

Optimization Problem: The optimization problem for the extended horizon h is then
given by (also compare to [99, Eq. (12), (13)], [98, Th. 3])

. h & (kte, P) — o) metll[ e, (P-19)
PO — aromin Z Ik (| - f +¢ Z .
(k_l’]) ’
Y= {G (ktC’P)} O FE [G“ (P )}(:) 1
(5.12a)
(i)
st max o, (CU,P ) < dy, (5.12b)
0<jSme—1
o JHEX Do (Cy, kte, P) < dg, (5.12c)
b (C)gf,tf,P) <dg. (5.12d)

The absolute values and maximizations can be reformulated using the techniques from
Sec. 2.3.6 which then yields an LP. While we obtain optimal controller parameters for
all h steps, we only apply the first m. piecewise constant controllers corresponding to
PO until t = t4 (see Alg. 1).

5.2.5 Closed-Loop Reachable Set

Subsequently, we show how an outer approximation of the closed-loop reachable set can
be computed. Without loss of generality, we first focus on the reachable set computation
for t € [0,s]. Given an optimal P(©) as the solution to (5.12) for ¢ € [0, ], the controller

is (see (5.3)) a(ﬂ, 15(0’1')) for 0 < j < me — 1. The initial set is given by X(© =
(cx), Gr)y = {95(0) (5)}/3'

We mainly use two different algorithms to compute reachable sets in this thesis: In
Sec. 5.2.5.1, we describe the reachable set computation using the conservative lineariza-
tion approach from [9] described in Sec. 2.7.2, and in Sec. 5.2.5.2 we introduce the reach-
able set computation for polynomial zonotopes using the conservative polynomialization
approach from [5], which we introduced in Sec. 2.7.3.
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5.2 Generator-Space Control

5.2.5.1 Conservative Linearization

In Sec. 2.7, we discussed how the reachable set for given closed-loop system dynamics
can be computed (also compare to [98, Sec. 3.3.6]). Thus, we introduce the extended
dynamics

f(x7 u? w)
fext (xexta UJ) = 0 s
0
T
with the extended state Zext = [:BT, uT, ﬂT} and the generating function of the
extended initial set
; =) ()
ron (8) = |a (B, POO)
B

Since the computed controller is dependent on 3, we include the input as an additional

(0)

state variable, which allows us to define g
sponding pair of initial state and applied input. For ¢t € [0,t.] with t. =

(B) such that we always apply the corre-

i we can
MsMec

then compute the extended reachable set Rext (t) = {rext (t, ﬁ) }B using the approach

in Sec. 2.7.2. At t = t., we need to halt the reachability computations since the con-
troller and thus the extended dynamics change. Due to reduction operations during
reachability analysis and because reachability analysis with zonotopes does not preserve
dependencies, the generating function of the extended reachable set is in general now
dependent on a new dependent factor 3 instead of 3. Hence, in order to apply the cor-
rect control input, we need a mapping from the new dependent factors 3 to the desired
dependent factors 5. Fortunately, this is available in the extended generating function
of the reachable set at t = t., since by definition of the extended state we have

B (B) = {Text (tC7B>}nz+nu+(1:nz) . (513)

Substitution of (5.13) into the controller template then yields u (,B (B) ,]5(0’1)>, which is

now parameterized in the current dependent factor 3. Thus, we can define the generating
function for the new extended initial set as

b ()]
s(5(3). P47
8(5)
from which Rext (2t.) can be computed. The remaining steps until ¢ = ¢ follow analo-
gously.

5.2.5.2 Conservative Polynomialization

Using the approach from Sec. 2.7.3, we can make use of the dependency-preserving
operations of polynomial zonotopes (see Sec. 2.6.6). We again define an extended state
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Toxt = [acT, uT} with extended dynamics

fext (Jjext’ w) = [f (xbu’ wf| s

and extended initial generating function

20
7o (9) = [u (s ]3({3,)0))] .

In contrast to Sec. 5.2.5.1, the extended state does not require the inclusion of 5 due to
the dependency-retaining properties of polynomial zonotopes as implemented in CORA
at the time of writing. That said, it is in principle possible to also implement dependency-
retaining zonotopes.

The reachable set Rext (tc) = {Fext (tc, 5)} 5@ (Cerr, Gerr) ; is computed by executing
the algorithm described in Sec. 2.7.3 until ¢ = ¢. using polynomial zonotopes. Here,
Text (tc, B) is the generating function of the reachable set with the 8 dependency pre-
served, and {cerr + Gered}5 represents abstraction errors (see Sec. 2.7.3) and reduction
errors (see Sec. 2.8). The new extended initial set is then given by the generating function

(1) . [fext (tC, 5) =+ Cerr + Gerr(s](lmz)

from which Rey (¢) for t € [1,2]t. can be computed. The remaining steps follow analo-
gously.

5.2.6 Computational Complexity

We first discuss the offline complexity of the controller synthesis and then briefly describe
the complexity of applying the computed controller online. We make the following
assumptions.

Assumption 5.1. The number of elementary operations e € N to evaluate the closed-
loop dynamics [fq], : R"* x R™ +— R"* for each dimension 1 < i < n, as well as any
of its derivatives, the number of input constraints oy € N, state constraints oy € N,
and final state constraints oy, € N4, the number of generators [ € N, for any reachable
set, and the number of dependent factors of the initial set all grow with at most O (n),
ie.,

O(e) =0(n),
O (oy) =0 (ox) = O (0x;) = O (n),
O()=0(n),
where n = max (ng, ny,). [ |
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5.2.6.1 Offline Complexity

We derive an upper bound on the computational complexity of GSC in n. Since msg is
fixed, it suffices to inspect the algorithm for mg = 1.

Reference Trajectory: Generally, the optimization problem (5.2) to compute the ref-
erence trajectory is a smooth non-convex optimization problem, which can be solved
(using second-order methods) to a first-order critical point with accuracy € using a num-
ber of function evaluations polynomially bounded in % [18], where € > 0 is the selected
accuracy. On the other hand, while tools like ACADO do not provide bounds on the
complexity to compute the reference trajectory in Sec. 5.2.1, they solve these optimiza-
tion problems in practice very efficiently. For this complexity analysis, we simply define
the computational complexity as O (crer (1)), Where cref (1) is some function of n.

Reachable Sets: Since the parameterized reachable set in Sec. 5.2.3 is given as a simple
analytic function, its computational complexity is clearly lower than the complexity of
computing the closed-loop reachable set, which is at most O (n5) [59, Sec. 4.1.4] when
using the conservative polynomialization approach (see Sec. 5.2.5.2).

Controller Computation: The complexity of the controller computation is dominated
by the solution of the optimization problem — which can be posed as a linear program —
whose solution complexity is O (epp (n)) = O (nw log (%) log” (n)), where 0 is the relative
accuracy and k € N is independent of n [16].

Overall Complexity: The computational offline complexity of GSC is thus at most
ff
0 (Cgsgz (n)) =0 (Cref (n) 4+ cup (n) + n5) : (5.14)

5.2.6.2 Online Complexity

The output of GSC are the optimal controller parameters P and the closed-loop reachable
set R ([0, t¢]). Due to the sequential nature of GSC and because h, ms, and m, are fixed,
it again suffices to restrict the analysis to ¢t € [0, t.].

If X© is given as a parallelotope (or enclosed by one), obtaining /S for a given
z(0) € X amounts to a simple matrix vector multiplication with complexity O (n?)
(see (5.4)) and another matrix vector multiplication with complexity O (n,nz) (see (5.3)),
so that the overall online complexity is O (n2) If we do not compute a parallelotope
outer approximation of R (its) and its | generators, obtaining /3 requires the solution of
an LP with complexity O (erp (1)) = O (cpp (n)) since O (I) = O (n) by Ass. 5.1. Com-
puting « (ﬁ , P )) is then one matrix-vector multiplication (see (5.3)) with complexity

O (nyl) = O (n?). Thus, the online application of GSC has complexity

O ( (on) (n)) _ {O (cLp (n)), no parallelotope outer approximation, . (5.15)

c
GSC O (n?), otherwise
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5.2.7 Discussion

Because the GSC approach uses a linearized, parameterized reachable set approximation
and because the controller template is piecewise linear in the state, the controller synthe-
sis only requires the solution of (5.12) which can be reformulated as an LP and therefore
can be solved efficiently. However, this simplicity also means that the parameterized
rechable set approximation might not be very accurate for nonlinear systems with large
initial sets. Furthermore, a linear controller might not be enough to achieve the desired
control performance.

Additionally, we so far simply accepted that the adapted state and final state con-
straints X and X are given by the user. However, it is still unclear how these sets can be
obtained from the original state and final state constraints X and X}, respectively. Since
we have no information about the accuracy of the parameterized reachable set approxi-
mation and because its accuracy is also dependent on the initial set and the input set,
finding X and X requires trial and error by the user for each system and each system
setup for which a controller needs to be synthesized. As a result, the GSC approach is
not trivial to apply for non-experts when state and final state constraints need to be
enforced.
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5.3 Polynomial Generator-Space Control

5.3 Polynomial Generator-Space Control

Due to the linear approximation of the parameterized reachable set and the limitation
to linear control laws in GSC, it may be impossible to achieve satisfactory controller
performance, especially when the system dynamics are very nonlinear. In this section,
we introduce the polynomial generator-space control (PGSC) approach from our work
in [37] which is an extension of the GSC approach. Since PGSC subsumes GSC, we
again solve (5.1) by synthesizing msm. piecewise constant controllers (see Fig. 5.1).
In contrast to GSC, however, compute the parameterized reachable set using arbitrary
system abstractions and allow for an extension to polynomial controller templates.

Alg. 2 shows the general procedure for PGSC. The algorithm iteratively computes the
following steps to synthesize mgm. piecewise constant controllers with respect to input,
state, and final state constraints:

(i) Given the center of the current initial set, we compute a reference trajectory from
that center to the target state (1. 7).

(ii) Let ¢ € {0,...,;ms — 1} denote the current iteration. We now compute an ap-
proximation to the parameterized reachable set using higher-order abstractions for
t€i,i+ hlts (1. 8).

(iii) Since we compute the parameterized reachable set using higher-order abstractions,
the resulting set is generally no longer a zonotope, making the optimization prob-
lem in the next step possibly non-convex. Therefore, we compute an initial guess
for the controller parameters using, e.g., the GSC approach (1. 9).

(iv) Using the updated reference trajectory, the parameterized reachable set, and the
computed initial guess for the controller parameters, we solve the synthesis problem
to obtain the optimal controller parameters (1. 10).

(v) Lastly, the outer approximation of the closed-loop reachable set for ¢ € [i, (i + 1)] ts
is computed for the newly synthesized optimal controller (1. 11).

Subsequently, we present the described steps of the algorithm in detail: In Sec. 5.3.1,
we show how a drift of the closed-loop reachable set away from the reference trajec-
tory for mg > 1 can be avoided and then introduce the proposed polynomial controller
template in Sec. 5.3.2. In Sec. 5.3.3, this template is then used to compute an approx-
imation to the closed-loop reachable set, parameterized in the controller parameters,
over which we then optimize in Sec. 5.3.4 to find the optimal controller parameters. The
closed-loop reachable set for the resulting controller is then computed in Sec. 5.3.5. We
derive the computational offline and online complexity of the approach in Sec. 5.3.6 and
prove in Sec. 5.3.7 that PGSC generalizes GSC under mild technical assumptions. We
conclude the section with with a comparison of the novel PGSC approach to the GSC
approach using numerical experiments in Sec. 5.3.8 and a brief discussion the algorithm
in Sec. 5.3.9.
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Algorithm 2 Polynomial generator-space control

1: function POLYGENSPACECONTROL(X ), U, X, X, X, X, W, mg, me, x, tg, b, k)

2: 7?, = X(O)

3: for i =0;i < mg;1+ + do

4: h = min (h, ms — 1)

5: R="7TRlo > o € N4 (reduction order)

6: X = 2 (7?,) 31

7: [2f, Uref] = REFERENCETRAJECTORY (X, U, X, X;, ms — i, me, 2, tt) >
Sec. 5.3.1

8: R() = PARAMREACH(R, h, k) > Sec. 5.3.3

9: PE+HER) — INiTGUESS(X, U, X, X, X, X, W, mg — z’,mc,x§'), h, t¢) > e.g.
GSC (Sec. 5.2)

10: P = compuTECTRL(PUTIM) RO 14, X Xy, 2, tget, h, &) > Sec. 5.3.4

11: R ([i,i + 1] ts) = REACH(R, P(") > Sec. 5.3.5

12: R =R ((i+ 1))

13: end for

“ey

14: return P = {P(O)T’
15: end function

poms=T), R ([0, 1))

5.3.1 Reference Trajectory

For the general computation procedure of the reference trajectory, we refer to Sec. 5.2.1.
In this section, we discuss the necessary adaptations for X9 being a polynomial zono-
tope, and then argue why an iterative update of the reference trajectory can be beneficial.

Starting Point: Let again be t = 0 without loss of generality. In GSC, X(© is given
as a zonotope and thus the reference trajectory starts at the center of the initial set.
While it need not be the case for nonlinear systems in general, in practice this often
means that the reference trajectory runs centrally through the reachable set and ends
centrally in the final, closed-loop reachable set at t = hts. As a result, it makes sense to
use the reference trajectory at t = kt. for 0 < k < hm, as linearization points for the
computation of the abstraction (also see Sec. 5.3.3), based on which the parameterized
reachable set is formed, to reduce abstraction errors.

In PGSC, X© is generally given as a polynomial zonotope. If now at least one
exponent vector in the exponent matrix of X has all-even exponents, its starting
point no longer represents the center of the initial set due its even exponent vector, as
the following example demonstrates.

Example 5.2 (Center Shift of a Polynomial Zonotope). Given is the polynomial zono-

tope
1 07 2 0 17 2
PZ = (cpz, " )py = <l—1] ’ [2 1] ’ l()] , [1 4]> 7
, ) PZ
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2 .
/DE(PZ)
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I

Figure 5.3: Comparison of the starting point of a polynomial zonotope to the center of its
corresponding zonotope outer approximation using Prop. 4.4 as an approximation
to the geometric center.

with its zonotope outer approximation according to Prop. 4.4 given by

sn-con=([3) ),
’ Z

1
T2
As is clearly visible in Fig. 5.3, the geometric center is better approximated by the center
cz of the zonotope outer approximation than by the starting point c¢pz of the polynomial
zonotope.

|~ =

Thus, to obtain a reference trajectory that is roughly centered in the convex hull of
the reachable set — which is beneficial to reduce the abstraction error during reachability
analysis (see Sec. 2.7) — we compute the parallelotope outer approximation

x0) — (c)g(o),Gj»(O))Z =z (X(O)) b

and use its center cpo) as an approximation to the geometric center of X ©) for the
computation of the reference trajectory.

Update: Finding a reference trajectory from a given initial state to the target state
using optimal control as described in Sec. 5.2.1 works very well in practice: Not only is
the solution process efficient, but we also obtain an input trajectory that steers us very
close to the target state if such a trajectory exists under input and state constraints.
Thus, it often makes sense to use the reference input directly in the controller template
as described in Sec. 5.2.2: This not only ensures that the controller steers all initial
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states close to the target state, but also reduces the number of optimization variables in
the synthesis problem.

To that end, we assume that ¢ = 0 and let the reference trajectory from the geometric
center ¢(?) of the initial set to the target state z¢ be given by g Oimsme=1)

ref
target states x§1+2) for 0 < i < mg— 1. Now denote with u (C(O),P(O’j)) the controller

with intermediate

template parameterized in P(0) (see Sec. 5.3.2 for details) and let the first m. controllers
be chosen such that u (c(o),P(OJ)) = ng for 0 < 5 < m¢ — 1. Thus, the exact state
(1)

trajectory brings ¢(9) to the first intermediate target state x; . However, reachability

analysis does not integrate the dynamics exactly, such that the geometric center ¢!

of the closed-loop reachable set at t = t5 is generally not equal to xﬁl). If we now

synthesize the controllers for the next step again such that u (c(l), P(17J)> = uigfL“H ),

(mec+(0:me—1) (2)
f

even the exact state trajectory from ¢ under u ) does not reach x;”’ exactly

ref
nglﬁ(ozmcfl)) steers acgl) to xE2) and ¢1) #£ :vgl). To avoid this shift, we update
the reference trajectory in each iteration, starting from the geometric center (see Alg. 2,

L7).

since u

5.3.2 Controller Template

Without loss of generality, we again start at ¢ = 0, and define with slight abuse of
notation P = P9 to avoid unnecessary indices.

Since X = {:1:(0) (6)}[9 is in general represented as a polynomial zonotope, finding

f for a given z (0) € X(©) for the online application of the controller by solving

z(0) =29 (8), [8llo < 1, (5.16)

is in general hard since 8 now is the solution of a polynomial equation under the con-
straint ||3]|,, < 1. Thus, we compute a parallelotope outer approximation X 0 =

(€30, Gxw), = Z (X(O)> 11 2 X with corresponding dependent factor 3 € [—1,1]™
to Obtail_l the analytic dependence § = G;_E%O) (Z (0) — cpw) for (0) € X©). Because
2(0) € X0 — 2(0) € X we use

cxo + Gy B =129 (8)
= B = G;E%O) (I(O) (8) — C/‘?(o)) , (5.17)

to obtain an analytic dependence between B and 8. Next, we derive the controller
template in 3; by substituting 3 from (5.17) into said template, we also obtain a template
in 5.

While the linear controller template of the GSC approach in (5.3) is simple, it is
numerically ill-conditioned: If, e.g., U is near-degenerate, different row dimensions of P
may have values over multiple orders of magnitude. For example, the thrust force and
the ruder angle as inputs to an aircraft model may have wildly different magnitudes. As
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a result, a numerically well-conditioned linear controller template of the GSC approach
can be written as

- = 1

in (B, P) = ¢ + G P M , (5.18)
where we used a parallelotope outer approximation U = (czt:Gi), 2 U. Instead of a
direct parameterization of the input in P, we use U = {u («)}, with @ (o) = ¢z + Gy to
parameterize the dependent factor « in P, which achieves a parameterization with evenly

~ = 1
scaled P: We have Y C U C {alm (ﬁ,P)}~ since [—-1,1]"™ C (P |5 . Thus, it
B.P B 5.p

suffices to choose P € [—1,1]"*(1#72) t5 generate all admissible inputs. Note that If is
used for scaling purposes only; we still ensure the original input constraints using . We
compute a parallelotope outer approximation of I/ since a zonotope outer approximation
of U would increase the dimension of « in @ («) beyond n,. Thus, the row dimension of
P would also grow, which in turn increases the number of optimization variables. If I/ is
also available as a zonotope, U can be obtained using reduction techniques (see Sec. 2.8).
Otherwise, U can be obtained using, e.g., Prop. 4.3. A natural extension of (5.18) to
realize polynomial controllers then is

@ (B.P) =y + Gy (; P<:,k>BE<~k>) : (5.19)

where F' € N"=*% is a matrix of exponents with the assumption of E(. ;) = 0 to model

)

constant offsets, a € N is the number of monomials in E, and P € [—1,1]"**“. Similarly
to the linear template in (5.18), the polynomial template in (5.19) also has uniform
scaling in P, i.e., P € [—1,1]"* since [~1,1]"* C {22:1 P(:’k)BE(%M}BP' As a more
convenient alternative to defining the exponent matrix directly, we further define the
controller order k € Ny: For a given controller order, we use the exponent matrix
E (1) € N"=*(5) which collects all o (k) = (”Z:jzl) unique exponent vectors up to the
total order k, i.e., Vk € {1,...,0(x)} : 1L E (“)(:,k) < Kk, where F (/{)(:’1) =0.
Substitution of (5.17) into (5.19) then yields the controller template in z (0) as

u(@(0),P) =@ (Gl (2(0) = cxo), P), (5.20)
and the controller template in § is
a(8,P)=u (g;(O) (8) ,P) . (5.21)

Reference Input for Center State: If we wish to use the reference input in the controller
directly, i.e., set the respective parameters such that u (c3), P) = uigf) (see Sec. 5.3.1
for why ¢ ), it follows that @ (0, P) = u®) and thus

ref
(0)
ref

= Py =Gy (et —eq)

¢yt GQP(:’I) =u

since E(. 1) = 0 by assumption.
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Remark: As stated initially, the derivations in this section assumed that we start from
the initial set X(©). If the controller is to be synthesized from ¢ = its for 1 <7 < mg—1,
one can simply replace the initial set with the final, closed-loop reachable set at ¢t =
its that is obtained from the closed-loop reachable set computation using the previous
controller (see Sec. 5.3.5).

5.3.3 Parameterized Reachable Set

In this section, we use a higher-order polynomial abstraction of our system to compute
a parameterized reachable set (see also Sec. 2.7.3). This is in contrast to the GSC
approach, where only a linear, time-discretized approximation is used to compute the
parameterized reachable set. Similarly to GSC, we compute the parameterized reachable
set based on the non-disturbed, nominal system dynamics.

In order to retain the dependency of X(®) and the controller template on their depen-
dent factor 3, we extend the state by the input, which yields the generating function

2(0)
o0 (P, B) = L_‘ (57 p((ﬁo,)o))] ) (5.22)

T
of the extended initial set for xex = [xT, uT} with the extended flow given by

fext (l'ext) = |:f («7370“/, 0)‘| .

Applying reachability analysis as described in Sec. 2.7.3 while interpreting both 8 and
P in (5.22) as dependent factors for ¢ € [0, ¢.] yields

R (t7 P) =D (tv P) D Zerr = {[Text (tv P) 5)](1711)} ’ (5'23)

)

i.e., we generate R (¢, P) over &, which collects all dependent and independent factors
except for P: While we treat P as a dependent factor during the computation of the pa-
rameterized reachable set to retain the dependency of the generating function rey (¢, P, )
on P, we then generate roy (t, P, 0) only over § to obtain R (¢, P) as an expression with P

T
as an argument. We choose the linearization point fgil = {j(k)T, a(’f)T} for the com-

putation of R (t, P) with 0 < k < m, — 1, m, € N4 denoting the number of reachability

steps in ¢ € [0, t.], and reachability step length r = TZ—CT, where
_ 1 0 0
7(k) — 3 (§ (kr, c);(o),ugez,O) +¢& ((k +1)r, c)g(o),ugeg,O)) , (5.24)
a® =0, (5.25)

Hence we ensure that the linearization during reachability analysis also occurs along the
(1)

ref?

x0 = 2z (X(O)) 11 = {c%0),G %) ,- The reachable set approximation R ([0,tc], P) is

reference trajectory as in Sec. 5.2.3; specifically, we have & (tc, Cx(0), uﬁgz, 0) =z, ., where
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then directly available since reachability analysis returns time-point and time-interval
solutions.

However, by treating P as a dependent factor in the computation of rey (t, P,0), we
essentially compute the reachable set for all closed-loop controllers parameterized by
P € [-1,1]™*% Since the result of reachability analysis generally worsens for large
initial sets (since the abstraction used in reachability analysis is only locally accurate
around the linearization points), increasing the size of the bounded input U causes an
increasingly large outer approximation in reachability analysis which is detrimental to
the approximation quality of R (t, P), as demonstrated in the following example with
mg = 1 for ease of presentation.

Example 5.3. Let us consider a controlled Van-der-Pol oscillator with the dynamics

P = [ea (im0 = {000 =05 (5, p00) =

Gy (V)1 + 0582 for PO = [pi | pi] with 0 < j < me—1=4, E = I, and the
parallelotope outer approximation U = (0, Gy) g

Let a tight outer approximation R* (t¢) of the closed-loop reachable set for the con-
troller @+ (8) = 3 (B1 + B2) be given. We now compare this outer approximation to
the parameterized reachable sets

evaluated at two fixed controller parameters P € [—1,1]™<"*% and P e [—1,1]™<"*?,

with increasing input capacities Ul = <O,é>z and U?) = (0,2),: The controller
templates are hereby given by a(!) (,8, P(O’j)) = % (pgj)& + péj)ﬁz) and a(? <B, P(O’j)) =
2 (pgj)ﬁl +p§j)ﬁ2), from which P = Limeny, xa and P=0.1- Limeny, xa to replicate a*0) (8)
follow. Fig. 5.4 visualizes these sets. Evidently, increasing the input capacity clearly
increases the bloating of R (t, ]5) compared to RW (t, ﬁ) In contrast, DM (t, ]5)
and D@ (t, 15) are practically identical.

|

Thus, while using R (¢, P) directly as an approximation for the parameterized reach-
able set can become quite inaccurate for increasing control capacity, the set D (¢, P)
remains even for larger input capacities a good approximation as the example demon-
strated. Therefore, we propose to use R (t, P) = D (t, P) as an approximation to the
parameterized reachable set in order to avoid bloating effects for large input sets. The
approximated reachable set for t € [1,2]t. follows by choosing R (t., P) as the initial

set for the next step with corresponding input {ﬂ (,6’ , P(Ovl)) }ﬁ and executing the above

steps again, where the remaining steps until ¢ = hts follow analogously.
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COR* () TR (4, P) DM (tf,ﬁ)
IR ®) (tﬁﬁ) oD@ (4, P

Figure 5.4: Approximation of the tight outer approximation R* (¢f) of the reachable set by
R (t,P) = p) (t,ﬁ) & 28 for P = 1.1, xa and R (t,f?) = D2 (t,ﬁ) ®

Zérzr) for P =0.1- limen,xa- Note that DM (t,ﬁ’) is not visible as it is visually
identical to D (t, ﬁ’).

5.3.4 Controller Computation

We are now ready to pose the synthesis problem using the parameterized reachable set
computed previously. Similarly to Sec. 5.2, we also consider an extended optimization
horizon h. Without loss of generality, we further assume that we start from ¢ = 0.

Let the parameterized reachable set R (t,P) = {7 (t, P,B)}g for t € [0,hts] from
Sec. 5.3.3 be given. Since R (t,P) is represented as a polynomial zonotope, there
are dependencies between different generators. Since range bounding of polynomials
is NP-hard in general [33], we compute a zonotope outer approximation Z (t, P) =
Z (7@ (¢, P)) = <6 (t,P),G (t, P)>Z of the approximated parameterized reachable set to

be able to efficiently bound the maximization in (5.1a). We note that this zonotope
outer approximation only operates on f, i.e., Z (¢, P) still captures the nonlinearity of
its center and generators on P.

Objective Function: It is clear that the parameterized zonotope Z (t, P) is in structure
identical to the parameterized reachable set of the GSC approach — with the exception
that it is now nonlinearly parameterized in P — which yields an upper bound on the
objective function analogously to the derivation in (5.8).

Constraints: Using the approximated, parameterized reachable set instead of an outer
approximation, the constraints in (5.1b) to (5.1d) for the extended horizon t € [0, ht;]
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can be written as

Vi€ {0,....ms—1}Vj € {0, ....,mc — 1} : (5 pid) )} : (5.26)
R ([0,hty],P) C X, (5.27)
R (ts, P) C X;. (5.28)

To efficiently bound the range of the controller template in 3, we use the support
function pI(LZ) (-,P(’Vj)) of the zonotope outer approximation zZ ({U (P(M)’ﬁ) }ﬁ) B

<cu (P(ivﬂ')> yen (P(i’j)) >Z and replace the input constraint in (5.26) using Prop. 4.6 by

(2) @) <
0 d1AX | Py (CwP ) < dy.
0<j<me—1

For the formulation of state constraints, time-point and time-interval solutions Z (¢, P)
for t € [0, hts] are available since we use reachability analysis for the computation of
R (t, P). Let m, € N, be the number of steps for reachability analysis for the computa-
tion ofﬁ’,(t,P) with t € its+[j,j + 1] tc for 0 < i <mg—1and 0 < j < m.— 1. Further,
denote with ﬁg(gz) (-, t, P) the corresponding support function of the zonotope outer ap-
proximation Z (7~2 (t, P)): By using a zonotope outer approximation of the reachable

set, we can conservatively approximate the polynomial zonotope-in-polytope constraints
in (5.27) and (5.28) using Prop. 4.6, which yields

PP (Cy. [k, ke + 17, P) < dy,

1.
0<k<mrhmc—1

PP (Cyohte, P) < dg,

R™ with Cy, € RO% > and d % € R°¥* denote the adapted state and ﬁnal state con-
straints required due to the approximate nature of R (t,P), and r = m Similarly
to Sec. 5.2.4, these adapted constraints are necessary since we do not know how accurate
the approximated parameterized reachable set is.

where & = (Cy,dg)y C R™ with Cy € R and dy € R, & = (Cy.dg,) C

Optimization Problem: Collecting the objective function and the constraints finally
yields the synthesis problem

POP=1) — arg mPi)n J(P), (5.29a)
st. §(P) <0, (5.29b)
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with
= B h ¢ (ktg, P) — xﬁk) me—1 Cu (P(k—Lj))
J(P) = k;m(‘ [@ (k:tS,P)L:) 1 +¢ ]2:;) [Gu (P(HJ))LQ 1), (5.30)

MAX0<j<me—1 P (Cu,P(i’j)) — dy
0<i<h-1

9(P) = | maxockem hme175 (Cy, [k ki + 1)7, P) — dy | - (5.31)
52 (C)ef, ht., P) —dg,

where ¥ € R’;O weighs each term of the objective function and where absolute values and
maximization expressions can be reformulated (see Sec. 2.3.6) to yield a differentiable
optimization problem. Depending on the chosen abstraction order and controller order,
(5.29) is no longer expressible as an LP or even a convex optimization problem (see
Sec. 5.3.7 for details).

Strictly speaking, (5.29) cannot be written as the abstracted problem in (3.2) directly.
However, let s € RUT°xT0x: he a slack variable s > 0 to relax (5.29) to

POR=D) — arg m}i)nj(P) +o||slly (5.32a)
s.t. g(P) <s, (5.32b)

where o € Ry is a large enough factor such that minimizing the constraint violation,
i.e., avoiding s > 0, is always prioritized over minimizing J (P) (also see [50]). Assuming
(5.29) has a feasible global optimizer P, i.e., § (]5) < 0, the feasible point (P,0) of (5.32)

is the global optimum of (5.32) since .J (15) <J (15) + o ||s|| for any s > 0 due to o
being chosen large enough, and since (5.29) and (5.32) are identical for s = 0.

5.3.5 Closed-Loop Reachable Set

Since we use nonlinear abstractions, which involve quadratic (or even higher-order) maps,
for reachability analysis, it makes sense to use polynomial zonotopes for reachability
analysis since they are closed under these maps. To compute the closed-loop reachable
set, the procedure in Sec. 5.2.5.2 can be used.

5.3.6 Computational Complexity

We again differentiate between the complexity of the offline controller synthesis and
the application of said controller online. We only discuss the complexity of the first
iteration starting at ¢ = 0 since the total number of iterations msg is fixed. For simplicity,
let k > 1 for the order of the controller template introduced in Sec. 5.3.2 and assume
that the number of monomials a of the controller template grows at least with O (n),
i.e.,, O(n+a)= 0 (a). Additionally, we again make use of Ass. 5.1.
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5.3.6.1 Offline Complexity

Subsequently, we derive an upper bound on the computational complexity of the pro-
posed PGSC approach in n. Due to the similarities between GSC and PGSC (also see
Sec. 5.3.7), we only present the complexity analysis for parts of the algorithm that are
different from GSC.

Controller Template: Without loss of generality, we inspect the complexity for the
controller template parameterized in P(%0) and set —with slight abuse of notation —
P = P00 6 avoid unnecessary indices. The computation of

a(/ﬁap) =u <B </8) 7P) = Cy +GZ;{ (Z P(,k:)ﬁ (/B)E(Hk)> ,
k=1

from Sec. 5.3.2 requires the polynomial substitution of 3 (8) = G}%O) (I(O) (B) — C)?<0>)-

With the controller template {ﬂ (B , P) }B given by the user with controller order k, we
compute its composition with {B (6)}/3 using Prop. A.2.
The computation of { B (B)}B has complexity O (n¥ + n2 )=0 (n3) due the computa-

tion of the inverse G;E}m and the matrix multiplication [61, Prop. 8], where w € Ry is the
current complexity exponent for matrix multiplication. The complexity of the compo-

sition {u (8, P)}4 from {ﬂ (B, P) }B and {B (ﬁ)}ﬁ is then O ((k (ngy + an) + any,) 1) =
O (an'™*) according to Prop. A.2.

Reachable Sets: We compute reachable sets using the conservative polynomialization
approach from [5] as described in Sec. 2.7.3. Thus, the computation of the parameterized
reachable set is O (n® + n%a? 4+ n3alogn) according to Prop. A.1 and the complexity of
the closed-loop reachable set computation can be bounded from above by O (n5) [59,
Sec. 4.1.4].

Controller Computation: The number of objective and constraint evaluations can be
polynomially bounded in % for second-order optimization methods [18], where € > 0
is the specified accuracy of a first-order critical point of (5.29); thus, the number of
iterations required is independent of n for a given e. As a result, it is sufficient to
derive the complexity of one objective and constraint function evaluation. Since we
check a fixed number of different constraint types, i.e., state, input, and final state
constraints, and the number of constraints for each grows at most with O (n) by as-
sumption, we limit the analysis here to final state constraints. Thus, let C /{,fﬁ (t¢, P) =

E B
{c + 22:1 M. r) [T po [To% Bo (k) }5 be the final constraint set obtained from the

o=1

parameterized reachability analysis, where ¢ € R°*t is the starting point, M € RO¥ > g

g] € N(Zag“—i_m)ﬂ is the exponent matrix, p = Py, 8 € [-1, 1™,

the generator matrix, [
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and we have O (ox,) = O (I) = O (m) = O (n) due to Ass. 5.1. First, we compute the
collected polynomial zonotope (-, N (P),0, B) p,, with

any,

E
M (0,k)
SPORT | R0

kek ()
/C(j) = {]{ S {1,. . ,l} ‘ Yo € {1,...,anu} : B(o,j) = B(ka)},

for 1 < j <, where [ is the number of unique columns in B with [ < [ and XU) contains
all generator/exponent vector column indices that have the same exponents in 3, and

where it further holds that 23:1 ‘IC(j ) ‘ = [ by construction. The complexity of computing
this collected polynomial zonotope is identical to the complexity of computing all K@,
which is at most O (anu[log l~) = O (an®logn) [59, Prop 2.5.2]. We then compute
its zonotope outer approximation Z ((-, N (P),0,B)p,) = (-,G (P)), with complexity
O (n?) [59, Prop. 3.1.4], where G (P) € R°%*! denotes its generator matrix and where
we ignore the center as it can be included as a generator with an all-zero exponent

vector. From Sec. 2.3.6.1, it is clear that the complexity of computing and evaluating

the objective and constraint functions of the smooth reformulation of (5.29) for final state
constraints only will be dominated by evaluating and computing the O (oxle) =0 (n2)

T

auxiliary constraints since G (P) € RO, Further, the complexity of computing and
then evaluating these auxiliary constraints will be dominated by the computation and
evaluation of all Hessian matrices of G;; (P).

9 - - _ _

To evaluate VP@Gij (P), we form G, ;) = {G(:J) (P)}P = <"_G(J)’0’E>PZ fgr 1<
J <, i.e., a polynomial zonotope that represents G(. ;) (P) with GU) e RoxXIKD] anq
EU) ¢ Nomux|KD], Any polynomial zonotope G. ;) (P) has at most ‘K(j)‘ generators
and any of its ‘IC(j )’ exponent vectors is one of the at most [ unique exponent vectors in

E e N‘m“Xl. Thus, we first compute the Hessian matrices of all [ possible monomials;

the Hessian matrix of any particular V%D(»Gij (P) then follows as a product of the ’IC(j )
corresponding monomial Hessian matrices with the generator values in C_?E] ))

To evaluate the Hessian matrix of a monomial m\) (P) = [[¢™ p, P00 for a fixed
p = P, we first evaluate all | monomials m) (P), which has complexity O (In,a) =
O cm2) since its evaluation requires n,a exponentiations and n,a — 1 multiplications.
Given mU) (P), any second-order derivative can be found as

PkPo
OprOpo

9*ml) (P) EenLon () (py | Ejy =2 1NE(o 5 = 1A pepo # 0,
0, otherwise

Since computing any second-order derivative from a given m9) (P) has complexity O (1)
by inspection of the above equation, computing all Hessian matrices of mU) (P (P) for a

92



5.3 Polynomial Generator-Space Control

given P has complexity O (l (nua)2) Ass 51 o (a?n?) since each matrix has O ((nua)g)
elements.

Computing V%(')Gij (P) for a given ¢ and j now requires ‘IC(j)‘ scalar multiplica-
tions of the generator values in @8)) with the pre-computed Hessian matrices of the
monomials and a subsequent summation of these ]ICj ] matrices, which both have com-

plexity O (‘K(j)‘ (nua)z). Repeating this for all oy, rows and all [ columns of G (P),

the overall complexity is bounded from above by O (oxfl (nua)2) As 31 g (a?n*) since

S k0] =1

Overall Complexity: The overall offline complexity of PGSC is thus at most

O (C;O(f;f)sc (”)) =0 (Cref (n) + an'™* +nd + a®>n? + an® logn + a2n4>
=0 (Cref (n) + an'™ + a2n4> . (5.33)

5.3.6.2 Online Complexity

For the evaluation of the controller in (5.20), we first compute /3 using one matrix
vector multiplication with complexity O (n2) and then evaluate the control law in (5.19)
over (3, which has complexity O (an,) [62, Sec. 3.3], followed by one last matrix-vector
multiplication with complexity O (n2).

The online complexity of deploying PGSC is thus
O (cbtbo (m)) = O (an). (5.34)

5.3.7 Generalization of Generator-Space Control

In this section, we show that the PGSC approach generalizes the GSC approach under
mild technical assumptions.

Proposition 5.1 (PGSC as Generalization of GSC). Let k = 1 (linear controller),
m = 1 (linear abstraction), r = 1 (number of reachability steps), omit any reduction
operations, let X© be given as a non-degenerate parallelotope, and consider only input
and final state constraints. Then the PGSC and GSC approach are identical.

Proof. Comparing (5.3) and (5.21), it is obvious that both controllers are identical for
k = 1 since X© = X by assumption, and therefore 8 = 8 and iy (B,P(i’j)) =
@ (B, PE) = a(B,POD) (see (5.18), (5.19), (5.21)) for all 0 < i < mg — 1 and
0 < j < m¢ — 1 if their parameterized reachable sets are identical. Because (5.12) and

(5.29) are structurally identical, it suffices to show that both parameterized reachable
sets are equal.
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Let R (t,P) = {7 (t,P,3)} 5 denote the parameterized reachable set where R(0,P) =
X The extended generating function at step t = it following Sec. 5.3.3 is

A r .ts’ Pa B
ng)t (P,B) = L—iﬁ((;jp(i,o)))] )

T
and the linear abstraction of the extended flow Zext = fext (Text) With Zext = [a:T, uT}

while ignoring abstraction errors — projected onto the first n, dimensions — yields

i te (0)
7 (its + te, P, ) = (e“iﬁ)ﬁméﬁt (P,B) + / e dr [‘30 D , (5.35)
0 (1:na)
where
A©) _ Hext (Text) _|14©, BO®
ext dxext l'ext:fz'(o)t B 07 0 ’

T
with ;Eé?(l = {j(O)T, ﬂ(O)T} , where Z(©) and 4(?) are given as in (5.24) and (5.25), and

A BO) and ¢© are defined as in Sec. 5.2.3. Further

(Am)t)’“, AOF Lk 5(0)

k
POPR= ( extt) ;
€7 ext _ZT_ nz+nu+z k'
k=0 k=1
B e ) B R T
Oa ‘ I?’Lu . 0’ In“ ,
which, substituted into (5.35), yields
7 (its + te, P, §) = & + AVF (its, P, B) + B u (8, PO | (5.36)

where Aglo), Bl(io), and céo) are defined as in Sec. 5.2.3. Thus, (5.36) is identical to the
parameterized reachable set computation in (5.6), and applying the remaining steps
iteratively concludes the proof. O

Prop. 5.1 excludes state constraints since GSC only approximately enforces state con-
straint satisfaction at discrete points in time while PGSC approximately enforces state
constraint satisfaction over time intervals.

5.3.8 Experiments

In this section, we compare the PGSC approach to the GSC approach introduced in
Sec. 5.2 from [99]. Since manually guessing the adapted state and final state constraints
is in general non-trivial, we choose to omit both state and final state constraints here, but
show the final state constraints X = {—cyp©) + x¢t} & X with x© = (Cx©),Gr©) 4
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for reference (helpful when result is used in a maneuver automaton; see Sec. 3.1); we
will enforce state constraints on the benchmarks shown here in the next section. Lastly,
we do not penalize input energy used here, i.e., we set ( = 0, for all benchmarks in this
section.

To measure the control performance of each approach, we introduce

e
Gy

for a given outer approximation R (¢¢) of the closed-loop reachable set with the zonotope
outer approximation Z = Z (R (t;)) = (¢,G),: We measure how much Z differs from
the target state ¢y € R™ by measuring both the deviation of its center from x¢ and the
size of Z by measuring the absolute sum of its generators.

csize (R (tf)) = , (5.37)

1

5.3.8.1 Bicycle (Single Track)

While kinematic models are simpler, they do not consider tire slip and thus cannot model
effects such as oversteering and understeering. We introduce a variant of the single-track
model? — illustrated in Fig. 5.5 — given by

] = M ((Cr (u2) by — cf (u2) Iy

- 1) x3 + (cr (u2) + ¢y (u2)) x1 + cf (u2) Ul) ;

$4l Ty
(5.38a)
Fo = T3, (5.38b)
2 2
fy = - (l/jri 0 <lfcf (u2);lrcr (u2)x3 + (lrey (u2) — lyeyp (u2)) z1 + lyey (Uz)u1> )
(5.38¢
T4 = U3, (5.38d

&5 = x4 cos (z1 + 22),

&6 = x48in (1 + 2),
with

¢y (u2) = Cs,r (glr — uzheg) ,
cr (u2) = Csyr (gly + uzheg)
L=l +1y,

: T
and where z = [6, U, U, v, s, sy} is the state, 3 is the slip angle at the vehicle
center, ¥ and ¥ are the yaw angle and yaw rate, v is the longitudinal velocity of the

T
vehicle, [sw, sy} are the two spatial coordinates, u; is the steering angle of the front

2Sec. 7 ( https://gitlab.lrz.de/tum-cps/commonroad-vehicle-models/-/blob/master/
vehicleModels_commonRoad.pdf)
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Sx

Figure 5.5: States and inputs of the single-track model*. Shown are the slip angle 3, the yaw

angle U, longitudinal velocity v, spatial coordinates [sx sy]T, the steering angle
u1, and the wheelbase [.

wheels, and us is the longitudinal acceleration of the vehicle. The benchmark parameters
are listed in Tab. 5.1 and have been chosen appropriately?.

We compute a feedforward controller for the undisturbed system, i.e., we set mgs = 1
and W = {0}. Fig. 5.6 shows a comparison between the performance of the GSC
approach and the PGSC approach, where computations times were 27.5s and 36.9s,
respectively, and csize (Rasc (tf)) = 0.92 and csize (Rpasc (tf)) = 0.65. Clearly, the
PGSC approach outperforms the GSC approach significantly as it reduces the overall
cost significantly compared to GSC: While both approaches keep the yaw rate and
velocity small (see Fig. 5.6, [xg, x4}) and fail to keep the slip angle small (see Fig. 5.6,
x1), the PGSC approach steers the set of initial positions more closely to the target state

in the two spatial dimensions ({x5, .’176i| ).

5.3.8.2 Controlled Van-der-Pol Oscillator

We present a controlled version of the Van-der-Pol oscillator benchmark [9, Sec. VII]

:i‘l = I9, (5.39&)
iy=(1-2)m -2 +utw. (5.39b)

We compute a piecewise constant, discrete-time feedback controller with mg = 2 and
me = 4, where all parameters for the benchmark are listed in Tab. 5.2.

Fig. 5.7 shows the reachable set using the GSC approach and the PGSC approach,
where the computation took 15.50s and 20.44 s, respectively. Clearly, PGSC achieves
a better control result as the final reachable set is contained within the final reachable

3Tab. 4, vehicle identifier 1 ( https://gitlab.lrz.de/tum-cps/commonroad-vehicle-models/-/
blob/master/vehicleModels_commonRoad.pdf)

“Fig. 4, vehicle identifier 1 (https://gitlab.lrz.de/tum-cps/commonroad-vehicle-models/-/blob/
master/vehicleModels_commonRoad.pdf)
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Table 5.1: Benchmark parameters for the bicycle model.
Parameter Value

My 1
Me 6
(0) ;
X <cX<o>,d1ag<[0.2, 0.02,T 0.2, 0.2, 0.2, 0.2])>Z
Cx 0, 0, 0, 20, 0, 0]
U 0,d1ag<[0.4, 9.81])>Z
W {0}
te 1s
T
- [0, 0, 0, 20, 20, 0]
K 1
r1-T2 plane r3-74 plane r5-T¢ plane
0-2 i T T T T T T
21 |
0.1
0 20 |
—0.1
19
_0.2 | | | | | | | |
—-0.2 -0.1 O 01 02 -1 -05 0 0.5
—x© -~ sim. (GSC) CRasc (tr)
T Rasc ([0,t]) - sim. (PGSC)  CRpasc (tr)
:Rpgsc([o,tf]) CI X X xf

Figure 5.6: Comparison of the GSC approach and the PGSC approach for the single-track

(bicycle) model. For a fair comparison, both approaches use a linear controller
template.
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Table 5.2: Benchmark parameters for the Van-der-Pol model.
Parameter Value

Mg 2

me 4

200 <[1.4, 2.4}T,diag({0.6, 0.6D>
u <O,2>Z )
t 1s

. [1.93, —0.47]T

- 1

set computed by GSC. The combined deviations from the target state and size of fi-
nal reachable set are csize (2’ (Rasc (tf))) = 1.22 and csize (Rpgsc,1 (tr)) = 1.09 (see

(5.37)).

Further, Fig. 5.8 shows the improved performance when using a quadratic controller
(k = 2) over the same linear controller (k = 1) for this benchmark using PGSC, where the
computation of the quadratic controller took 18.52s. Here, we have csize (Rpgsc,2 (tf)) =
0.79.

5.3.9 Discussion

The numerical experiments in Sec. 5.3.8 demonstrate improved performance of PGSC
over GSC, both by using a more accurate parameterized reachable set and thus achieving
a better control performance for the same linear controller template as well as by using,
e.g., a quadratic controller over a linear one.

While both approaches work reasonably well for input constraints, the fact that they
both only approximate the parameterized reachable set during the optimization of the
controller — without any regard for the accuracy of this approximation — means that state
and final state constraints can seldom be enforced as is; rather, they require the user to
specify adapted state and final state constraints. Since this can become quite involved
for non-experts, it is a major downside of both approaches. In the next section, we thus
propose a novel synthesis algorithm that does not require the manual specification of
these adapted state constraints.

98



5.3 Polynomial Generator-Space Control

T1-T2 plane

|
0.6 0.8 1 1.2 14 16 1.8 2 22 24 26 28 3

—x© -~ sim. (GSC) CIReasc (tr)
[ 1Rasc ([0, tf]) -~ sim. (PGSC,I) :RPGSC,l (tf)
O Rpasc,t ([0,t5]) Lz A Xzt

Figure 5.7: Comparison of the GSC approach and the PGSC approach for the Van-der-Pol
benchmark. For a fair comparison, both approaches use a linear controller template.

r1-T2 plane

|
0.6 0.8 1 1.2 14 16 138 2 22 24 26 28 3

— X(O) — sim. (PGSC, 1) — RPGSC,l (tf)
I Rpasc ([0,t]) sim. (PGSC, 2) [ IRpgsc,2 (tr)
"~ Rpasca ([0,t]) 22X Xzt

Figure 5.8: Comparison of a linear and quadratic controller template using the PGSC approach
for the Van-der-Pol benchmark.
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5.4 Iterative Polynomial Generator-Space Control

While the GSC approach used only linear abstractions for the computation of the pa-
rameterized reachable set and was limited to linear control laws, the PGSC approach
extended this concept to polynomial abstraction orders for reachability analysis and
polynomial control laws. While the reachable set can in principle be arbitrarily closely
approximated using the conservative polynomialization approach by choosing the ab-
straction order large enough, in practice, we are often limited to at most quadratic ab-
stractions due to extended computation times or the fact that higher-order abstractions
generate even more generators during reachability analysis, which in turn increases the
number of generators needing to be reduced; this effect can mostly or even completely
negate the benefit of a higher abstraction order to begin with.

However, we still find it necessary to better approximate the parameterized reachable
set for strongly nonlinear system dynamics. Therefore, we introduce the iterative poly-
nomial generator-space control (iPGSC) approach, an iterative trust-region approach for
the synthesis of formally verified controllers under input and state constraints according
to (5.1), which is part of our work in [35]. Since (5.1) is generally not efficiently solvable,
we approximate it using a non-differentiable cost function in the controller parameters.
By locally approximating this non-differentiable cost function with a differentiable op-
timization problem, we can iteratively update our controller parameters based on this
local approximation, where we control its accuracy by restricting the admissible con-
troller parameters for the optimization problem to a bounded trust-region. In contrast
to GSC and PGSC, iPGSC does not require manual tuning of the state constraints.
Alg. 3 describes the general solution procedure, where the most important steps are
briefly summarized subsequently:

(i) We compute the reference trajectory at the start of each iteration, which yields
the intermediate target states necessary for the optimization of the controller pa-
rameters (Alg. 3, 1. 7).

(ii) We compute an initial guess for the controller parameters using GSC (Alg. 3, 1. 8).

(iii) We compute the closed-loop reachable set of the controller, parameterized by the
initial guess P (Alg. 4, 1. 3) and evaluate its initial cost J (15) (Alg. 4, 1. 4). The
algorithm then iteratively executes the following steps:

(a) Since the proposed cost is non-differentiable and its evaluation requires the
computation of the closed-loop reachable set, we first compute the param-
eterized reachable set locally for a region of controller parameters P, (P)
around the current controller parameters P, whose radius is bounded by the
trust-region radius v € (0, 1] (Alg. 4, 1. 6). To form this approximation, we

use the available outer approximation of the closed-loop reachable set of the
current controller parameterized by P.

(b) Using this local parameterized reachable set, we approximate the cost func-
tion with a differentiable optimization problem, where the accuracy of this
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trust-region subproblem is controlled by the trust-region radius v (Alg. 4,
1. 7). Solving the trust-region subproblem, we obtain the optimal controller
parameters P. Because we use the local parameterized reachable set for the
trust-region subproblem, we avoid the recomputation of the closed-loop reach-
able set in each optimization iteration.

(c) We then evaluate the cost of the new controller parameterized in P using an
outer approximation of its closed-loop reachable set (Alg. 4, 1. 8-9).

(d) By comparing the actual decrease in cost against the decrease in cost pre-
dicted by the trust-region subproblem, we adapt the trust-region radius to
ensure an accurate approximation of the parameterized reachable set in the
next iteration (Alg. 4, 1. 10): If the ratio is close enough to one, the approxi-
mated trust-region subproblem is accurate and we enlarge v to allow for faster
progress. Otherwise, we shrink the trust-region radius to ensure an accurate
approximation in the next iteration.

(e) We then compare the cost of the current controller to the cost of the newly
computed controller: If the cost decreased, we accept the step and save these
new controller parameters (Alg. 4, 1. 11-19). If the algorithm converged
(Alg. 4, 1. 11), we return the current controller parameters.

(iv) Once the trust-region algorithm converges, we have the optimal controller param-

eters as well as the corresponding closed-loop reachable set available. If we have
not yet reached the final iteration, we again start at (i). Otherwise, the algorithm
terminates.

Algorithm 3 Iterative polynomial generator-space control

1:
2
3
4:
5
6

8:
9:
10:

11:
12:

function ITERPOLYGENSPACECONTROL(X ), U, X, X, W, mg, me, ¢, h, K)

R = x©
for i = 0;i < mg;t + + do

R=TRl, > o € N some sensible order

:cg') = REFERENCETRAJECTORY (X, U, X, X;, ms — i, me, xt,t;) > Sec. 5.3.1
PO = INITGUESS(R, U, X, X;, W, mg — i,mc,xlg'), h,tf, k) > e.g. Sec. 5.2
[P(i),R ([#,7 + 1] ts)} = coMPUTECTRL(PY), R, U, X, X, ¢, Ures, k) > Alg. 4
R=R((i+1)ts)

end for

return P = {P(O)T7

ey

pons=T), R ([0, 41))

13: end function

The following example illustrates the solution procedure, which is visualized in Fig. 5.9,
where we set h = mg = m¢ = 1 and only consider input constraints for illustrative

purposes.
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Algorithm 4 Trust-region controller computation

1: function compPUTECTRL(P(), X, h :B§))

2 Given: py, o, v=1

3. R =REACH(X, PO, ht) > Sec. 5.2.5.2

4: J = cosT(R) > Sec. 5.4.1
5 for k =1,k <lpax; k++ do

6 [R 7] = PARAMREACH(P"), v, R) > Sec. 5.4.2
7: PO = soLvETRSUBPROBLEM(R, P( >77,7_€7:z:§')) > Sec. 5.4.3
: R = REACH(X, PO, ht,) > Sec. 5.3.5

9: J = cosT(R) > Sec. 5.4.1

10: v = ADAPTRADIUS(J, R, P) > Sec. 5.4.4

11: if J < J then

12: v = tol (f, j) > Def. 2.1

13: j = j

14: R=TR

15: PO = pO)

16: if v <y then

17: break

18: end if

19: end if

20: end for

21: return {f_’(o), 7@}
22: end function
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Example 5.4 (Solve progress for a 1D system [35, Ex. 1, adapted]). Let the final, exact
parameterized reachable set at ¢ = ¢y for a 1-dimensional system be given by

R (e, P) = { =1+ 297 +4p} + (3 + 10pop?) 5+ (2 2m) 5} .

where 3 € [—1,1] is the dependent factor of the corresponding initial set, w (3, P) =
po + 13 with P = PO = p00) — {po, pl} is the controller template as given in

T T
Sec. 5.3.2, zr = 0, and U = [~1,1] = <[1 —1} ,[1, 1} > = (Cy,dy)y. Using
H

Prop. 4.4, the zonotope outer approximation of the reachable set required to form (5.42)
is given by

2 tf,

1 1
{ 1+ 2pf + 4p3 + (3 + 10pop?) v + (2 2p1) ( + y2>}
2 73" f
{ —p1 + 2p1 + 4p0 + <3 + 1Op0p1) vi+ (1 —p1) 1/2}”

(= + 207 + 49, [3+ 10000}, 1-p1])
<C (tf7 )7 (tf’P»Z

Since we only consider input constraints and because the controller template @ (P, 3) is
linear in 3, we have £ ({ﬂ (8, P)}5> = (po, p1), and thus

p'Z) (Cy, [0,t], P) — dy = p&) ([_11] [0, 4] ,P) - [ﬂ =

so that ¢g (P) in (5.41) reduces to

—po + [pl; —

P0+’p|1—1]

g(P)=Iply+Ipl; —1

Thus, the cost function is given by
J(P) = |=p1 +2p} + 4p| + |3+ 10popi| + [1 = p1| + 100 max (0, [po| + [p1| — 1),

for o = 100. Fig. 5.9 visualizes the contour lines of .J (P) and its approximation .J (P)
over the iterations.

Here, we assume that an approximation of the exact reachable set is available as its
quadratic Taylor expansion with the initial trust-region radius v = %; in practice, the
exact reachable set is not available and we thus instead compute an approximation to it
(see Sec. 5.4.2). For the initial controller parameter guess P = 0, the generating function

1x2
of the parameterized, time-point reachable set for P € P1 (0) = [—%, %] ‘ (see (5.45))
4
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then is

R (t, P) = { (—1 +2p2 + 4P + (3 + 105@?) B+ (2 —2p1) 52) ‘15:0

+ ({1203 + 10038, 41 + 30pop3s — 28°| (P - P)) )P:O
1 \T | 24p, 30970 _
) ((P_P) [30;%05, 4+6(Z));0p1ﬁ] (P_P)>

= {1436 +26° - 2p:8° + 23}

P=0/p8
5
and thus

Z (7@ (tf,P)) = <—p1 + 2p7, [3, 1 —mDZ-

1x2
The approximated cost function for P € [—%, %] for the first step thus is

J(P) = |=p1+2p3| + 1 = p1| + 3 + 100 max (0, [po| + [p1] — 1)

For the first iteration, J (P) clearly does not approximate the exact cost function J (P)
particularly well, even though J (ﬁ) < J (P), where P and P are the initial and

optimized controller parameters, respectively (see Fig. 5.9a). Thus, we accept the step
but shrink the trust-region radius + to ensure more accurate approximations in the
next steps (see Figs. 5.9b and 5.9¢) in order to eventually arrive at the minimum (see
Fig. 5.9d). |

The remainder of this section is structured as follows: We first describe how we ap-
proximate (5.1) using a cost function in Sec. 5.4.1 and then derive the computation of
the parameterized reachable set in Sec. 5.4.2. To avoid repeated reachable set computa-
tions for the cost of the controller and its non-differentiability, we derive the trust-region
subproblem — a differentiable optimization problem — as an approximation to this cost
in Sec. 5.4.3, whose solution then yields a new controller candidate. To ensure that
the trust-region subproblem accurately approximates the cost of the newly computed
controller candidate, we describe the tuning of the trust-region radius in Sec. 5.4.4 such
that the trust-region subproblem approximates the controller cost arbitrarily closely. We
discuss the offline and online complexity of the iPGSC approach in Sec. 5.4.5, demon-
strate its applicability using numerical experiments in Sec. 5.4.6, and finally discuss the
algorithm in Sec. 5.4.7.

5.4.1 Cost of the Controller

Since we generally cannot solve (5.1) efficiently, we instead propose a cost function as a
tractable approximation of (5.1). Inspection of (5.1) yields the following observations:
We want to minimize the size of the reachable set, centered at the target state, but
also minimize the control effort. Further, input, state, and final state constraints must
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low high

b1

(c) (d)

Figure 5.9: Visualization of the iterative controller computation for Ex. 5.4 from [35]. Shown
is the set of feasible parameters P (outer black diamond), the contour lines of the
exact cost J (P) (solid) and the current approximation of the cost J (P) (dashed)
based on the approximated, parameterized reachable set for P € P, (]5) (dashed
black box), the current initial guess of the controller parameters P (red circle), and
the optimizer Pe P, (15) for the current approximated optimization problem (red
X).
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not be violated. In this section, we thus first transform the objective function and the

constraints of (5.1) separately to tractable expressions and then use both to define the

cost as an approximation to (5.1). To that end, we first require the following definitions.
Let

2(R(t,P>) = <C(tvp)vG(t’P)>Z7
2({ ()} = oo (). (),

where R (¢, P) is an outer approximation of the closed-loop reachable set for the con-
troller @ (B,P(i’j)) with 0 < i <mg—1and 0 < j < me— 1. We define the number
of reachability steps m, € Ny for the computation of R (¢, P) in each time interval
[k,k+1]6 for 0 < k < mgmem, — 1. Lastly, we define the support functions over any
arbitrary time interval [¢,t] as

p:(zZ) ('7 [Lt7ﬂ )P) max p(Z) ('7 [kak + ]-] tC7P> )
my

(msmcmy)
keI[t q

PE) (L [t,1],P) = max  pB) (- [k k+1]te, P),

kel‘(mbmc)
[t.E]

with
" = {ke{() n—1}‘kk+1 [tﬂ;é@}

where pg(ﬁz) (.7 [k, k+1] %, P) denotes the support function of Z (R ([k, k + 1] tc, P)),

( )( [k,k + 1] A, P) denotes the support function of Z ({ﬂ (B,P(i’j))}[J for k =

ime+j with0<i<mg—1land 0<j<me—1,and we have 0 <t <t <t fort € R
andt_ERzo.

Objective: We bound the objective in (5.1a) from above — while considering the ex-
tended optimization horizon — by

h .
ion {5 (=t E oot )] )

h (kts, P) — xﬁk) me—1 Cu (P(lc—LJ))
z:: ( l G (kts, P)]y ||, +¢ jz:% [Gu (P(kq,j))}(:) 1) , (5.40)

where ¥ € Rgo weighs the contribution of the extended horizon. The inequality follows
from a zonotope outer approximation of the reachable set and the input set as well as
multiple applications of the triangle inequality.
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Constraints: We can conservatively transform the constraints (5.1b) to (5.1d) — again
considering the extended optimization horizon — to

(2)

Pu (CZ/{a [Oa hts] 7P) - dM
g(P) = |p¥) (Cx,[0,hts], P) — dx| <0, (5.41)

p$Z) (CXfJ ht87 P) - de

since U = (Cy, dy) gy, X = (Cx,dx)y, and Xy = (Cx;,dx;)y are H-polytopes and we
can hence apply Prop. 4.6.

Cost: Using (5.40) and (5.41), we propose the cost function

h (kto, P) — 2P me—1 (p(k 173
z:: ( l G (Kts, )](;) 1+€ jz% [Gu( (k= 15’3) (5.42)

+ 0 [lmax (0,9 (P))]l; ,

where 0 € R;: The first term in (5.42) penalizes the deviation of the center from the
corresponding target state and the size of the reachable set by penalizing each generator
of the reachable set, whereas the second term penalizes the size of the applied input.
The third term then penalizes all constraint violations, where ¢ is an exact penalty
multiplier and is chosen such that feasibility is always prioritized over minimizing the
first and second term (see [50]).

5.4.2 Parameterized Reachable Set

In Sec. 2.7.3, we remarked that it is in principle possible to represent the exact reachable
set arbitrarily closely if the abstraction order and the number of steps during reachability
analysis are both large enough. For PGSC, we used this fact as a motivation to compute
the parameterized reachable set via the abstraction described in Sec. 2.7.3, where we
ignored the abstraction error term since it vanishes for a large enough abstraction order
and number of steps for reachability analysis. In practice, however, we are often limited
to a quadratic abstraction for the computation of the parameterized reachable set due
to the increasing computational effort for a large abstraction order and a large number
of time steps during reachability analysis. That said, we would still like to compute
the parameterized reachable set accurately. Since computing the reachable set exactly
is hard in general [68], it is unreasonable to expect that the parameterized reachable
set can become accurate with respect to the exact reachable set. In this section, we
thus derive an approximation to the parameterized reachable set which is accurate with
respect to a tight enough outer approximation of the exact reachable set. For simplicity,
we assume without loss of generality that we start from ¢ = 0, and denote P = P(0:/—1)
with slight abuse of notation.

We want to find an approximation R (t, P) that does not need to be recomputed for
each P and is e-accurate with respect to a tight outer approximation R (¢, P) of the
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reachable set for € > 0, i.e.
VP € [<1, 1" € [0, bty dy (R, P), R (5, P)) < ¢, (5.43)

where dp (-, -) denotes the Hausdorff distance between two sets (see Def. 2.16). Because
both R (t, P) and R (t, P) are reachable sets represented by polynomial zonotopes, they
are always closed and thus dg (R (t,P),R(t, P)) =0 < R(,P)=D(tP)[103,
Chap. 2|. Thus, for a given accuracy e, we want to find an approximation R (t, P) whose
Hausdorff distance to the tight outer approximation R (¢, P) is at most e.

In Ex. 5.3, we saw that the dependency-preserving part D (¢, P) (see (5.23)) used
for PGSC often is a reasonable approximation of the parameterized reachable set up
to a scaling factor. When only minimizing the size of the final reachable set, a rough
approximation of the parameterized reachable set is often sufficient. However, once
we also consider state constraints in the synthesis problem, the absolute size of the
approximated parameterized reachable set becomes highly relevant. In PGSC and GSC,
this was solved by introducing the adapted state constraints X, which have to be provided
by the user.

We avoid these adapted constraints by noticing that for the current controller param-
eters P (see Alg. 4), a tight outer approximation R (t, ]5) of the reachable set at P for
all t € [0, hts] is available. Thus, we construct an approximation to the parameterized
reachable set as

R(t,P) =R (t,P) ®. Dt P) @ (-D (t,P)), (5.44)

where @, denotes the exact addition of polynomial zonotopes (see Sec. 2.6.6): Since
D (t, P) Be (—D <t, P)) = 0 by definition, we recover R (t, P) by evaluating (5.44) for

the current controller parameters P. For any P # P, we then use D (¢, P)®, (—D (t, ]3))

to approximate the unknown difference R (¢, P) @, (—R (t, 15)) In order to control the
approximation quality of (5.44), we limit the controller parameters to the trust region
PePp, (13), where

Py (P) = {P+29M | M € [-1,1)"memxe (5.45)

Here, v € (0,1] is the trust-region radius that restricts the range of possible P around
the controller parameters P. To keep v within (0, 1] for consistency with later chapters,

we include the factor 2 in (5.45) so that VP € [—1,1)/menuxa . [ q]hmenuxe c p, (15),
i.e., v = 1 means that

Wi € {0, h = 1}V € {0, me — 1} Vu € UAP € Py (P) I € [-1,1]':
a (8, Pi) = u,
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where 3 is the dependent factor of the generating function z(©) (B) of the initial set X 0,
For P € P, (15), it thus holds that

lim R (1, P) = R (t,P),
and therefore we can ensure (5.43) for P € P, (15), ie.

Iy € (0,1]¥P € P, (P) ¥t € [0,ht] : dr (R (t,P), R (1, P)) <, (5.46)

for any € > 0 and independent of the choice of P. We defer the tuning of v to achieve
(5.46) to Sec. 5.4.4.

5.4.3 Trust-Region Subproblem

We now propose the trust-region subproblem as an approximation to (5.42). With

a slight abuse of notation, we again set P = P~ and propose the trust-region
subproblem
P 3 =arg I%in Jrr (P, s), (5.47a)
st. g(P) <s, (5.47b)
PeP, (P)n[-1,1)"mmxe, (5.47¢)
s >0, (5.47d)
with
) n é (kts, P) -z me il e, (P-19)
JTR(P,S):Z”&]C (‘ ~ +¢ Z 1 +o|ls|y,
s, P (k—1,5) 1
k=1 [G (Kts, )L;) 1 j=0 [G“ (P )}(;) 1

(5.48)
as an approximation to the cost in (5.42), where g (P) is defined as in (5.41) but with
p(xz) (-, t, P) replaced by the support function ﬁf) (-, t, P) of the zonotope outer approx-

imation Z (t, P) = Z (7@ (¢, P)):

o (5.47a) and (5.48): We avoid the need for an outer approximation of the reachable
set in (5.42) by replacing it with the approximated parameterized reachable set
Z (t, P) (see Sec. 5.4.2). Further, we replace the constraint violation in (5.42) with
the slack variable s (see next bullet point for more details).

o (5.47b): We replace the support function pg(cz) of the zonotope outer approximation
with the support function ﬁ(xz) of Z (7@ (t, P)), i.e., the zonotope outer approxi-
mation of the parameterized reachable set. Further, we include input, state, and

oytox+ox;

final state constraints in (5.47b) but relax them with s € R5, so that (5.47)
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5 Piecewise Constant Controller Synthesis

always has a feasible solution even if AP € Py (]5) Vk € {1,....,0u4 +ox +ox} :

gk (P) < 0 holds true, i.e., no feasible solution of (5.47) for s = 0 exists. We force
a reduction in constraint violation for infeasible P by penalizing s in the objective
function, where the exact penalty multiplier o > 1 is chosen large enough (see,
e.g., [50] for a discussion on penalty multipliers) so that the minimization of con-
straint violation is always prioritized over minimizing the objective function for
s =0.

o (5.47¢): To control the accuracy of the approximated, parameterized reachable set,
we restrict P to its trust region, i.e, P € P, <]5> N [=1,1]"memexa (see Sec. 5.4.2
for details).

The trust-region subproblem in (5.47) can be reformulated as a smooth optimization
problem (see Sec. 3.2.2) and thus allows us to use off-the-shelf optimization codes, such
as the interior point optimizer® [111] (IPOPT). Further, regularity of (5.47) follows from
Prop. 3.2. As it turns out, we can express the objective value (5.48) at a critical point
in P only, which allows the definition of the approximated cost J (P).

Proposition 5.2 (Stationary Objective Value). At a critical point of the smooth refor-
mulation of (5.47) with optimizer P, the optimal objective value — only dependent on P
- 1s given by

J (P) = Jrr (15, max (0, g (P))) . (5.49)

Proof. Follows from Prop. 3.1. O

Remark: Because R (t, ]5) =R (t, ]5) (see (5.44)), the cost J (P) from (5.42) and the
approximated cost .J (P) as defined in (5.49) are equal at P = P, i.e., J (P) =J (P)
Thus, choosing 5 = max (O, g (P)) as in Prop. 5.2, the initial guess (]5, §) for solving

the smooth reformulation of (5.47) ensures that we start optimizing from the actual
controller cost.

5.4.4 Tuning of the Trust-Region Radius

Previously, we derived an approximation to the controller cost J (]5) in (5.42), where
P is a critical point of (5.47). In this section, we show how the value of the trust-region
radius can be adapted after each iteration of Alg. 4 so that the objective value J (]5) of
(5.47) at a critical point P approximates .J (]5) arbitrarily closely.

After the trust-region subproblem in (5.47) is solved to a critical point P, we have
both the approximated cost J (]5) (see Prop. 5.2) and the cost J (]5), calculated from

the outer approximation of the closed-loop reachable set, available (see Alg. 4). This
inspires the following tuning rule.

Shttps://github.com/coin-or/Ipopt
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Theorem 5.1 (Tuning of Trust-Region Radius). Let J (]5) and J (P) be defined as in

(5.42) and (5.49), respectively, where P is a critical point of the smooth reformulation
of the trust-region subproblem (5.47). If we adapt the trust-region radius v according to

3 min (1,07 (P) = 7 (P)[) ). (550

where v : [0;00) = Ry is an arbitrary, monotonically decreasing function with v (0) = ¢,
v()=1, andVr > :v(r) =c, where L >¢>1 and 0 < ¢ <e, then

()= (P)]<e
is achieved after a finite number of iterations for e > 0.

Proof. Comparing (5.42) with (5.49), it is clear that %15% ‘j (15) —J (15)‘ = 0 since
lim dg (2 (7?, (t,ﬁ)) ,?:' (7@ (t,ﬁ))) = 0 due to %13(1)]5 = P and 7~2(t,15) = R(t,P).

¥—0
Therefore, following (5.50) for a finite number of steps yields a trust-region radius v > 0

such that ‘j (]5) -J (IE’)‘ < ¢, which concludes the proof. ]

5.4.5 Computational Complexity

We again differentiate between the complexity of the offline controller synthesis and
the complexity of applying said controller online. We again make use of Ass. 5.1. For
simplicity, let £ > 1 for the order of the controller template introduced in Sec. 5.3.2 and
assume that the number of monomials a of the controller template grows at least with

O (n), ie., O(n+a) =0/ a).

5.4.5.1 Offline Complexity

We first inspect the complexity of the different components of the iPGSC approach.
Since my is fixed, it suffices to inspect the algorithm for mg = 1.

Controller Template: The complexity of the polynomial composition dominates with
O (an'™") (see Sec. 5.3.6.1).

Reachable Set Computations: The combined complexity for the closed-loop reachable
set computation and the parameterized reachable set computation is bounded from above
by O (n® 4+ n%a® + n3alogn) (see Sec. 5.3.6.1).

Controller Computation: Since the maximum number of steps lnax € Ni in Alg. 4 is
fixed, it suffices to check the complexity of one trust-region iteration. As we already
considered the complexity for the reachable set computations above and because the
trust-region tuning has lower (or equal) computational complexity by visual inspection,
it suffices to derive the solution complexity of the trust-region subproblem in (5.47).
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5 Piecewise Constant Controller Synthesis

Computing the optimal controller parameters P requires the solution of the smooth
reformulation of the non-convex optimization problem in (5.47). Following the same
argument as for the complexity of the controller computation in Sec. 5.3.6.1, the com-
putational complexity of solving the trust-region subproblem is at most O (a?n?).

Overall Complexity: The offline complexity of the iPGSC approach is identical to the
PGSC approach, i.e.

0 (Ci(;fg})sc (”)) =0 (Céog)sc (n)) 029 O (Cref (n) + an' " + a2n4) . (5.51)

5.4.5.2 Online Complexity

The online complexity of iPGSC is identical to that of PGSC, i.e.
n n (5.34)
O (ptlsc () = O (cbdbo () "= 0 (an). (5.52)

5.4.6 Experiments

In this section, we demonstrate the applicability of the proposed iPGSC approach by
comparing it against the PGSC approach introduced in Sec. 5.3. For that comparison, we
revisit both the controlled Van-der-Pol oscillator and the bicycle benchmark described
in Sec. 5.3.8. We set ¢ = 0 for all benchmarks in this section.

5.4.6.1 Bicycle (Single Track)

We consider the bicycle model with the dynamics given in (5.38) and parameters given
as in Tab. 5.1. Additionally, we explicitly enforce the final state constraint Xy =
{—cyo + ¢} @ X O for the iPGSC approach now (also see Sec. 5.3.9 for why we only
enforce it here).

Fig. 5.10 compares the performance of PGSC against iPGSC, where runtimes were
34.7s and 1965, respectively. The deviation and size of the final reachable sets is
csize (Rpasc (tf)) = 0.65 and csize (Ripgsc (t¢)) = 0.17. Clearly, the PGSC approach
is outperformed by iPGSC even with At enforced, albeit at the cost of significantly in-
creased computation times, which are mainly due to the more frequent computation of
reachable set outer approximations.

In Fig. 5.11, the progress of the iPGSC trust-region algorithm is visualized over the
iterations. First, as remarked at the end of Sec. 5.4.3, the approximated cost equals the
formally correct controller cost at the current controller guess PU~1). Second, we see
how the trust-region radius v is decreased as the iterations at ¢ € {1,3} are rejected to
recover a “good enough” approximation of the parameterized reachable set for the next
iteration.
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Figure 5.10: Comparison of the PGSC approach and the iPGSC approach for the single-track
(bicycle) model. A linear controller template is used.

5.4.6.2 Controlled Van-der-Pol Oscillator

We consider the Van-der-Pol oscillator model described in (5.39) with benchmark pa-
rameters given as in Tab. 5.2 but with a quadratic controller, i.e., Kk = 2.

Fig. 5.12 compares the control performance of PGSC against the proposed iPGSC
approach, where PGSC and iPGSC took 19.68s and 146.66s, respectively, and further
csize (Rpasc (tr)) = 0.79 and csize (Ripagsc (tf)) = 0.67. Clearly, iPGSC achieves a
better control result, even though we additionally enforce final state constraints Ay =
{—cyo +z:} B X ©) for the iPGSC approach: By approximating the parameterized
reachable set only locally around the current controller parameters, the iPGSC uses a
more accurate approximation of the closed-loop reachable set during the optimization of
the controller parameters. In contrast, the PGSC approach computes its parameterized
reachable set only as a global approximation of the closed-loop reachable set.

5.4.7 Discussion

As the numerical experiments indicate, iPGSC synthesizes controllers with better per-
formance compared to the PGSC approach (and thus the GSC approach by extension).
Further, iPGSC uses state constraints directly as provided by the user without the need
for manual constraint tightening or bloating since we control the accuracy of the pa-
rameterized reachable set automatically using the trust-region radius. Furthermore, its
design naturally allows to improve existing controllers by providing them as an initial
guess to the algorithm. Because we only accept iterations that improve the control per-
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Visualization of the solver progress for the PGSC approach (bicycle benchmark).
Values between j(P(i*I)) and J (P(i)) for 1 < i <5 — where PG—1 and P®
are the initial and critical points of the trust-region subproblem — are linearly
interpolated (P(®) = P(©)). The opaque red vertical bars at i € {1,3} visualize
a rejected iteration. As one might expect, the trust-region radius ~ is shrunk at
each rejected iteration to ensure a more accurate approximation for the next step.
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Figure 5.12: Comparison of the PGSC approach and the iPGSC approach for the Van-der-Pol
model. Both approaches use a quadratic controller template.

formance, the iPGSC algorithm can guarantee that the control performance of the newly
computed controller is at least as good as the one provided as an initial guess.

That said, all these advantages come at the cost of increased computational effort,
which is mainly caused by the need to compute outer approximations of the reachable
sets. With that in mind, the increased computational effort for iPGSC only occurs
offline and still has polynomial complexity (see Sec. 5.4.5.1) so that it should always be
the first piecewise constant synthesis algorithm to try on any system if very fast offline
computation times are not required.

5.5 Summary

Starting from the problem statement in Sec. 5.1, we reviewed existing approaches for
the piecewise constant controller synthesis for disturbed nonlinear systems in Sec. 5.2
and extended existing work to include polynomial controllers and allow parameterized
reachable sets of arbitrary abstraction order in Sec. 5.3 to improve the performance of
the synthesized controllers. Furthermore, we introduced a novel trust-region algorithm
for piecewise constant controller synthesis in Sec. 5.4 that can directly consider state
constraints without the need for manual tuning.

Generator-space control (GSC) introduced in [99] synthesizes piecewise constant feed-
forward controllers that are linear in the initial state under input and state constraints.
With the initial set given as a zonotope, a zonotope is used to represent the controller,
where the center and generator matrix are parameters that need to be computed. An

115



5 Piecewise Constant Controller Synthesis

approximation to the closed-loop reachable set using that controller is computed by lin-
earizing the undisturbed nonlinear dynamics along a previously computed reference tra-
jectory. Because of this linearization, we obtained an analytic expression for the param-
eterized reachable set in the controller parameters. Using this parameterized reachable
set, a linear program (LP) is formulated which minimizes the distance of this approx-
imated reachable set from the target state and further minimizes the size of the final,
approximated reachable set as well as the control energy. Due to the parameterization of
the controller, input constraints can be exactly represented as linear constraints. Since
the parameterized reachable set is only approximately computed, state constraints can
only be considered approximately and require additional user input. Sub-optimal choices
of this input may require additional runs of the algorithm.

To better approximate the reachable set, we described the polynomial generator-space
control (PGSC) approach from our work in [37]: Here, we computed the parameterized
reachable set using a slightly modified version of reachability analysis from [5] with
a polynomial abstraction order to achieve better results. In contrast to the GSC ap-
proach [99] where only linear control laws are synthesized, we proposed a controller
which is polynomial in the initial state and showed that PGSC generalizes the GSC ap-
proach. Numerical experiments demonstrated the improved control performance due to
the increased abstraction order for the parameterized reachable set and the polynomial
controller compared to the GSC approach from previous work [99].

To avoid the need for the manual tuning of state constraints by the user as required
for GSC and PGSC, we introduced the iterative polynomial generator-space control
(iPGSC) approach as part of our work in [35] to solve the synthesis problem. To that
end, we first defined a cost function in the controller parameters as an approximation
to the general synthesis problem, penalizing the deviation from the target state, the
size of the reachable set, the input energy, and the constraint violations. Since this
cost function is non-differentiable and because its evaluation requires the computation
of the closed-loop reachable set, we optimized over this cost iteratively: We approximate
the non-differentiable cost in the neighborhood of the current controller parameters by
the differentiable trust-region subproblem, whose accuracy is ensured by restricting its
domain to a bounded trust region around the current controller parameters. The size
of the trust region is then updated by comparing the change in cost between the newly
synthesized controller and the current controller to the change predicted by the trust-
region subproblem. If the new controller improves the controller cost, we accept the step
and update the current controller parameters accordingly. The advantages of this novel
synthesis algorithm were demonstrated in numerical experiments.
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with Continuous State Feedback

Previously, we considered the synthesis of controllers which are piecewise constant in
time. Due to their simple structure, they are easy to implement and can be applied
efficiently online. Additionally, they also allow the incorporation of state feedback at
discrete points in time. In practice, however, it is often necessary to shrink the time be-
tween input updates, i.e., increase the number of piecewise constant controllers that need
to be computed, e.g., when a system is dominated by disturbances. Thus, larger distur-
bance sets may require a larger number of piecewise constant controllers, increasing the
computational effort required, both offline and online. In this chapter, we combine piece-
wise constant control with continuous state feedback in order to continuously counteract
disturbances without the need for a larger number of piecewise constant controllers.

To that end, we first introduce the synthesis problem for this combined controller
in Sec. 6.1 and present a solution approach from previous work [101],[98, Sec. 3.6] in
Sec. 6.2. We then propose a novel synthesis approach for the combined controller in
Sec. 6.3 which — for the first time — synthesizes the feedforward and feedback controller
simultaneously.

6.1 Problem Statement

In this chapter, we synthesize controllers for t € 7(0) = (7,7 +1] ;ch with0 <j <m¢—1
of the form (as proposed in [98, Eq. (3.43)])

u(t,z (), P, K) = ug (2(0), PO) + KO (z(t, P, K) — g (,P)),  (6.1)

where z (0) € X0 K (t) = KU) € R™*" for t € 7U), the controller parameters of the
piecewise constant feedforward controller ug (x (0), P(OJ)> (see Chap. 5) are given by

P = [P(O7O)T, P(Ovl)T’ cey P(O,mc—l)T] c [_1’ 1]mcnu><a, and

ag (t,P) =& (t,x (0), ug (x (0) ,P(O")) ,o) : (6.2)

is the feedforward trajectory that one obtains by starting from the initial state z (0)
and applying the m. piecewise constant feedforward controllers: Piecewise constant
controllers are able to solve a given reach-avoid problem efficiently when little or no
disturbance is involved (see Chap. 5). Thus, to steer the undisturbed system close to the
target state, the feedforward controller is applied. Since the actual system is affected by
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disturbances, the continuous feedback controller is applied on the difference between the
nominal feedforward state and the actual state — caused by disturbances — to minimize
this difference. We sometimes omit time indices and dependencies for readability, e.g.,
we write K instead of K (t). The feedforward part is a piecewise constant controller
as described in Chap. 5 with ms = 1 and therefore P = P, To simplify notation,
we further set PU) = P©J) for the remainder of this chapter. We again assume that
the bounded input constraints U = (Cy, dy) y with Cyy € R*™ and dyy € R, the
state constraints X = (Cy,dx)y with Cx € R°**" and dy € R°¥, and the final
state constraints Xy = (Cu,,dx;)y with Cx, € R%% ™™ and dy, € R%% are given as
H-polytopes.

Let R (t, P, K) denote an outer approximation of the closed-loop reachable set of the
combined controller u (t,x (t), P, K) from (6.1). Substitution of (6.1) into the general
synthesis problem in (3.1) then yields an optimization problem for the combined synthesis
of a piecewise constant feedforward controller with continuous state feedback, i.e. (also
compare to )

A A . s
PR —agmin om0 PK) — il + ¢ [ u(na (), PR dr}
(6.3a
s.t. Vt € [0,t] : Su (¢, P, K) CU, (6.3b

R ([0,t],P,K) C X, (6.3¢c
R (ts, P, K) C Ak, (6.3d

where

Su(t,P,K) =8y (t,P) ®c Sauy (t, P, K), (6.4)
follows from (6.1) with

Sug (8, P) = {u (z (0), POD) ‘ z(0) € X}, (6.5)
Sau (t, PK) = K9 (R (t,P,K) &, (—Rqy (t, P))), (6.6)

for t € 7U) with 0 < j < me — 1. Here, Ry, (t, P) denotes the reachable set of the
feedforward state from (6.2).
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6.2 Reachset Optimal Control

We already established that continuous state feedback is beneficial to quickly counteract
disturbances for systems where the disturbances are large or the dynamics of the system
are changing quickly. That said, the control goal is not only rejecting disturbances as
efficiently as possible but also steering the system close to the target state. Therefore,
the authors in [101] combine the GSC feedforward synthesis approach with a subsequent
optimization over the feedback matrices in order to minimize the effect of disturbances,
which we review in this section. The general structure of the reachset optimal control
(ROC) approach is detailed in Alg. 5 and visualized in Fig. 6.1. The most important
steps can be summarized as follows:

(i) We start by computing a reference trajectory steering the center of the initial set
close to the target state (1. 2).

(ii) Since the feedforward and the feedback synthesis problems are solved separately,
we compute the feedforward controller using GSC with adapted state and input
constraints (1. 3).

(iii) Next, we compute an initial guess of the feedback matrices for the feedback syn-
thesis (1. 4).

(iv) Given the feedforward controller from (ii), we then optimize the feedback matrices
to obtain a feedback control law that minimizes the deviation of the disturbed,
closed-loop state from the undisturbed feedforward state. However, we do not
directly optimize over the feedback matrices; rather, we parameterize all feedback
matrices using LQR control, i.e., the feedback matrices become functions of the
LQR weighting matrices Q € ST="* and R € S/ (also see Sec. 6.2.1); here, Q
and R are kept constant over all time steps. This reduces the feedback synthesis
to an optimization over the weighting matrices () and R. In each optimization
iteration, we compute a formally verified outer approximation to the closed-loop
reachable set for the combined controller (see Sec. 6.2.2) and then use this reachable
set to evaluate the objective function and check constraint satisfaction (1. 5).

Algorithm 5 Reachset Optimal Control

1: function REACHSETOPTIMALCONTROL(X O 1 U, X, X, X, Xp, W, mic, x¢)

2: []Iref,uref] = REFERENCETRAJECTORY (2{(0 SU XA, 1,me, xs, tg) > Sec. 5.2.1
3. P = GENERATORSPACECONTROL(X ) U, X X, {0}, 1, mc,x5,1) > Sec. 6.2.3
4: [Q,R} = INITGUESS(. .. ) > Sec. 6.2.5
5 |[R,R([0,4])] = opTPROB(P, Q, R, X0, U, X, Xt W, mc, b, et trer) > (6.16)
6: return {FA’, K,R([O,tf])}

7. end function
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reference feedforward control for
trajectory Tt all (0 ¢ x(0)
(a) (b)

\

X final reachable set f
reachable set using minimized reachable set
feedforward control using combined controller
(c) (d)

Figure 6.1: Overview of the ROC approach [101, adapted]. First, a reference trajectory is
computed (Fig. 6.1a). For the adapted input and state constraints, the feedforward
synthesis problem for the target state x¢ is solved using the GSC approach as
described in Sec. 5.2 (Fig. 6.1b). Since the feedforward synthesis problem does not
consider disturbances, the resulting closed-loop reachable set under disturbances
might be too large (Fig. 6.1c). Thus, we optimize over the feedback controller to
minimize the effect of the disturbance (Fig. 6.1d).
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We structure this section as follows: In Sec. 6.2.1, we briefly introduce the parame-
terization of the feedback matrices using LQR control, and then discuss the closed-loop
reachable set computation for a given combined controller in Sec. 6.2.2. In Sec. 6.2.3,
we discuss how the GSC approach can be used as a feedforward controller and then
describe the feedback controller synthesis in Sec. 6.2.4. Next, we briefly comment on the
role of initial guesses in Sec. 6.2.5. In Sec. 6.2.6, we then analyze the computational com-
plexity of ROC and finally discuss important properties of the algorithm in Sec. 6.2.7.
Note that we defer numerical experiments of ROC to Sec. 6.3, where we compare ROC
against our novel combined synthesis approach. We refer the reader to [101, Sec. VI]
for a comparison of ROC to other state-of-the-art approaches.

6.2.1 Feedback Matrix Parameterization

Directly optimizing over K@) for 0 < j < m. — 1 requires mengn, variables since K) e
R™ X"z In this section, we therefore introduce a parameterization for the feedback
matrices using LQR control (see Sec. 2.4) as proposed in [101, Sec. IV.B.], [98, Sec.
3.6.3] to reduce the number of optimization variables.

Since LQR computes a control law for an LTI system, we first linearize the nonlinear
dynamics f along the reference trajectory to obtain m. LTI systems. For t € 7(0) =
7,7 + 1] ;ch, we obtain the LTI system (A(j), B(j)) as

— _ ()
ox T=%in
u=uf))
w=0
BU) — of (z,u, w)
- _ .3
8” x_xlin
=)
w=0

where
0 _ L) G+
Lin = 5 (xref + T ) )
G _ , G)
Upin = Upets
and the reference inputs and reference trajectory are computed as described in Sec. 5.2.1
with mg = 1. To the best of our knowledge, the reason why the LTI systems (A(j), BU ))
are an appropriate choice for the computation of the LQR feedback matrix is not given
by the original authors; we provide more details in Sec. 6.3.1 as we use this parameter-
ization in a later algorithm. Assume that (A(j), BU )) is controllable per Corr. 2.1; the

corresponding LQR matrix K ) of the LTI system (A(j ), B(j)) with given (Q and R can
then be computed as described in Sec. 2.4. Intuitively, the assumption of controllability
of the linearized dynamics may seem quite restrictive; however, trying to control the
nonlinear dynamics when even the linearized dynamics (which are only valid approx-

imations in a small neighbor around 931(1]11) and ul(fn)) are not controllable seems rather
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ambitious. While keeping @) and R constant over the entire horizon reduces the number
of optimization variables, it may also reduce the overall performance of the controller as
we limit the range of possible feedback matrices. If this extra performance is required,
one may introduce separate weighting matrices () and R for each of the m. LTI systems.
Alternatively, one can also directly optimize over K7), in which case controllability is
not required; however, this means that one may also generate non-stabilizing feedback
matrices.

6.2.2 Closed-Loop Reachable Set

Since ROC optimizes directly over outer approximations of the closed-loop reachable set,
we discuss the closed-loop reachable set computation for a combined controller of the
form (6.1) for the conservative linearization approach (see Sec. 2.7.2) for a given KU)
(also compare to [98, Sec. 3.6.4]). The reachable set computation using conservative
polynomialization approach follows analogously and — since CORA implements depen-
dency preservation for polynomial zonotopes — does not require the dependent factors
in the extended state definition.

To retain the dependency between each initial state and its corresponding control

T
input, we define the extended state zeyt = [J:T, xz;f, A:EIZ;, /BT} so that the extended

dynamics for ¢t € 70 with 0 < j < m. — 1 are given by

f (2, (8,PD) + KO (Q, ) (x — (et + Adn)) ,w)
[ (@ref, Urer, 0)
AAzg + B (a (8. P9)) — )
0

fext (z,u,w) = , (6.7)

where the feedforward controller u (B , P(j)), parameterized in [, is defined as in (5.3).

Here, P denotes the optimal controller parameters that define the feedforward controller
as synthesized by GSC. The generating function of the extended initial set then is

= (8)

0 C
roa (B) = | g2

g

where X0 = {x(o) (ﬁ)}ﬁ = (cx,Gy0),. Note that we do not use the feedforward

state

21 (1) = € (,2(0),ur (2 (0), PY) ,0)

directly, but rather the same linearized approximation Zg = ot + AZg that is used to
compute the parameterized reachable set for the GSC approach. By doing so, we try to
bring the closed-loop reachable set of the combined controller as close as possible to the
parameterized reachable set, evaluated at the optimal controller parameter P. Since we
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6.2 Reachset Optimal Control

will replace zg by Zg during the feedback controller synthesis (see Sec. 6.2.4) and during
the online deployment of GSC (see Sec. 6.2.6.2), all formal guarantees still hold.

Applying the reachability algorithm from Sec. 2.7.2 to the extended system dynamics
in (6.7) for t € [0,¢t.] yields an outer approximation of the closed-loop reachable set,
given by

5(8) 1);

where its generating function is no longer ~dependent on B (e.g. due to reduction op-
erations during reachability analysis) but 5. Since this dependency is required for the

evaluation of the dynamics in (6.7), we extended the state with 5, making (B) avail-
able. The next extended initial set at t = t. is then given by

v (,Q, R, §)
L (m aQ R B)
oz (7:B) |

5 (5)

and hence R (t,Q, R) = {rm (t, Q,R, 3) }5 for t € [0, t;] follows by the iterative applica-

tion of the above steps.

ext (57 Q R)

6.2.3 Feedforward Controller Computation

Because the feedforward and feedback synthesis are executed sequentially, one can sim-
ply use the GSC approach described in Sec. 5.2 to compute the feedforward controller
parameters. However, we cannot directly use the input constraint set U as is: If we
compute the feedforward controller for the input constraint set I/, the feedforward con-
troller may use up all of the input capacity, leaving no available input capacity for the
continuous feedback controller. As a result, the user needs to specify a tightened input
constraint set & C U in addition to the adapted state and final state constraint sets X'
and X;, which are necessary for non-conservative constraint checking.

6.2.4 Feedback Controller Computation

With the feedfoward controller fixed, we only describe the synthesis of the feedback
matrices here. To pose an approximation of (6.3), we subsequently introduce an approx-
imation of its objective function and an approximation of its constraints as proposed in
[98]. To that end, we first introduce all required generating functions.
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6 Piecewise Constant Controller Synthesis with Continuous State Feedback

From Sec. 6.2.2, the generating function of the extended reachable set is

T$ <t7 Q? R7 B)
/r.mref (t7ﬁ)
T'Azg (tv ﬁ)

5(5) 1)
Let m, € N, denote the number of steps during reachability analysis per interval ()
for 0 < j < me—1, and let 7" = jIo 4 [k k+1]At for 0 < k < m, — 1 with
At = mtf (6.4) and (6.8), the generating function for the set of applied inputs
S, (t,Q,R) = {§u (t,Q,R, B) }/5’ =S, (t,p,Q,R) for a fixed P and t € 7k (or t =

7(5:3) gince reachability analysis returns both time-point and time-interval solutions) can
be computed via

Rext (t’ Q7 R) = (68)

Su(t:Q R B) =u(8(B),PD) + KV (Q,R) (re (£.Q R, B) — sy (£:Q, R, 5))
where
Tz (t,Q,R,B) = T (t,B) + TAzg (t,Q,R,B) .
We define
(S0t Q. R) = (eu (£, Q. R) , Gu (£,Q, R))

5
2 ({r. (r@.RA)},) = et @.R) .G (1.Q. R,

Objective Function: Let 4 (t,z,Q,R) = u (t,x,p,Q,R). The objective function in
(6.3a) can be approximated as (also see [98, Sec. 3.5.3])

t - d
ot Al — ol +¢ [ i n Q)

te
<lle(t.Q ) ~atly + (G 0. QR |+ max ¢ [T i(e.n QR g

mr 1me—1

<lle(te, Q, R) — x|y + H[G (tr, @ R >H

(... B)],

HBH <1 k; 0 j=0
(.00

{ (T J)’Q’R)](;)

where the first inequality follows from the triangle inequality, the second inequality
follows from applying the worst-case value during the entire interval of length At, and
the last inequality again follows from the triangle inequality.

my—1me—1

+At< >y

k=0 j5=0

<

: (6.9)
1

C(tfanR) — If
[G (tfa Q7 R)]()
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6.2 Reachset Optimal Control

Constraints: Denote with p&z) <‘, rk9) Q, R) the support function of Z <3u (t,Q, R))
For the input constraint from (6.3b) with & = (Cy, dy) 5, it holds that

Vi e [0,t]: Sy (t,Q,R) CU (6.10)

T viefo,t): 2 (Su(tQ.R) CU (6.11)

= U 2(S("™.QRr))cu (6.12)
0<k<m,
0<j<mc—1

PrOp<:';l'6 ng) (Cu') [07 tf] 7Q7 R) S d[/h (613)

where

(2) — (2) (k.3)
o (Cu 0.4, Q.R) = max  p{P) (Cu.r*9.Q.R).
0<j<me—1

Further, denote with pg(tz) (-,t,Q, R) the support function of Z ({rw (t,Q,R,B) }5>
Then

R ([0 H,P,Q.R) C X
Prop. 4.4 5 (k.5)
— U Z ( e (T )
Yoz (e ra)),
0<j<mc—1
P%'G pg(vZ) (CXa [07 tf] ) Q7 R) < an (614)
where
p:(r:Z) (CXa [07 tf] ) Qa R) = O<]£r<1ax_1 (Z) (C){, TUCJ): Qv R) )
0<j<mc—1
and

R (t:,Q,R) C X
retiz (fn (morf)},) <

Pt )2 (O tr,Q,R) < dag. (6.15)
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6 Piecewise Constant Controller Synthesis with Continuous State Feedback

Optimization Problem: Collecting (6.9) and (6.13) to (6.15) yields the optimization
problem

my—1me—1
alfei] -~ E X é sl e
s.t. pu ) (O, [0,4],Q, R) < du, (6.16b)
?) (Cx,[0,t],Q, R) < du (6.16c¢)
?) (Capr 6, Q, R) < dy, (6.16d)
Q S {dlag \ q€ [q, q]}, (6.16¢)
R e {diag(r) | r € [r, 7]}, (6.16f)

where we start from Q = diag (¢) and R = diag (7) with { } C RY* and [r,7] C R}*: To
avoid semi-definite constraints for @) and R, the authors in [101] restrict the weighting
matrices to positive diagonal matrices. Since the computation of K@) (Q,R) for 0 <
me — 1 in dependence of @ and R is invariant when multiplying @ and R with some
positive scalar, i.e., KU) (Q, R) = KU (sQ, sR) for s > 0, the authors in [101] further
propose to set ¢ = q1 = 1.

6.2.5 Initial Guess For Feedback Synthesis

Since the feedforward controller is fixed and KU) (Q, R) for 0 < j < m. — 1 is a function
of @ and R, it suffices to find an initial guess for @) and R. Because solving (6.16)
requires the evaluation of the closed-loop reachable set for each optimization iteration
(see Sec. 6.2.4 for details), providing good initial guesses @ € S'*/"* and R € S’*"™ can
save a lot of computation time. Such an initial guess computatlon is outside of the scope
of this thesis; that said, a possible initial guess — an idea from the code of the authors
of [101] — can be obtained by solving (6.16), but replacing the outer approximations
of the closed-loop reachable set for the nonlinear dynamics with approximations using
reachability analysis of a linearized sequence of LTI systems. This has the advantage
that linear reachability analysis is much more efficient than reachability analysis for
nonlinear systems.

6.2.6 Computational Complexity

We again use Ass. 5.1. We distinguish between the complexity of the offline controller
synthesis and the complexity of applying the controller online, both in n.

6.2.6.1 Offline Complexity

Since we already discussed the offline complexity of GSC (see Sec. 5.2.6.1), we focus on
the complexity of computing the continuous feedback controller.
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6.2 Reachset Optimal Control

Closed-loop Reachability Analysis: Computing the reachable set for a given combined
controller has a complexity of at most O (n%) [59, Sec. 4.1.4].

Feedback Optimization Problem: The computation of the closed-loop reachable set in
each optimization iteration when solving (6.16) naturally dominates the computational
complexity with O (n5) (if the conservative polynomialization algorithm is used; see
Sec. 2.7.3). Since (6.16) cannot be reformulated as a smooth optimization problem
(see Sec. 6.2.7 for details), there is no straightforward way to bound the number of
optimization iterations.

Overall Complexity: Since the optimization problem to solve is not differentiable, we
cannot make a statement about the overall complexity of ROC.

6.2.6.2 Online Complexity

Evaluation of the combined controller requires the evaluation of the GSC feedforward
controller, one matrix vector multiplication between the feedback matrix and x — Zg, and
the forward simulation of Zg. If a fixed-step ODE solver is used, the online computational

complexity for the forward simulation of Zg is at most O (b (nxe + C(C?él)c (n))) Ass. 5.1

(0] (n2 + C(((})él)c (n)), where b € N collects both the number of fixed steps as well as the
number of fixed function evaluations per step: We have n, dimensions, the evaluation
of f in each dimension requires e elementary operations, and we need to evaluate the
feedforward controller b times for the computation of the feedforward input.

With the complexity of the matrix-vector multiplication of at most O (nyn,) = O (n?),
the online complexity of the ROC approach is

O (cliots (n)) = O (cEb (n) +n?)
(5.15) { (n?), X0 = x0 |, (6.17)
O (cLp (n) +n?), otherwise '

6.2.7 Discussion

Using the GSC approach for the feedforward synthesis, ROC is conceptually an intu-
itive extension for the inclusion of a continuous feedback term: By directly optimizing
over outer approximations of the reachable set, constraints can be easily checked using
Prop. 4.6. With an appropriate choice of both the tightened feedforward input con-
straint set as well as the adapted state and final state constraint sets, ROC significantly
improves the control result compared to GSC when the disturbance sets get larger [101,
Sec. VIJ.

However, this direct optimization over the reachable set in (6.16) requires the recom-
putation of an outer approximation of the extended reachable set in each optimization
iteration. Further, the absolute values in (6.16) cannot be resolved as done previously:
Such a reformulation requires that the same generator for different values of () and R is
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6 Piecewise Constant Controller Synthesis with Continuous State Feedback

used for each resulting inequality. Since we have no way of identifying the same genera-
tor for different values of () and R, this approach cannot be used. Since a reformulation
of absolute values is not possible, differentiability of (6.16) is strictly speaking not given.
Thus, applying most gradient-based solvers to (6.16) will yield no theoretical convergence
guarantee. Furthermore, gradients for (6.16) cannot be computed analytically and thus
gradient information has to be approximated using finite differences (see [53, Chap. 5]
for details on finite differences) if a gradient-based solver is used. Additionally, ROC re-
quires the user to choose the adapted constraint sets — such as adapted state constraints
and tightened feedfoward input constraints — appropriately, which makes the approach
non-trivial to apply for non-experts. Lastly, ROC first computes the feedforward con-
troller and only then synthesizes the continuous feedback controller. Since the choice
of the feedforward controller directly influences the feedback controller, this separation
into two synthesis steps might result in a sub-optimal controller (also see Sec. 6.3.10).
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6.3 Iterative Polynomial Reachset Optimal Control

The ROC approach first synthesizes a feedforward controller and then computes the
continuous feedback control law while keeping the feedforward controller fixed. Not only
does this generally result in a sub-optimal solution, but it also introduces additional algo-
rithm parameters, such as the adapted input and state constraints, which have to be set
appropriately to arrive at a performant controller; this can limit the applicability of ROC
by non-experts. To avoid these additional parameters, we present the iterative polyno-
mial reachset optimal control (iPROC) approach from our work in [35], which solves the
synthesis problem for the combined controller simultaneously, i.e., without separation
of the feedforward and feedback controller synthesis: Since (6.3) is generally not effi-
ciently solvable, we approximate (6.3) — similarly to iPGSC — using a non-differentiable
cost function in the combined controller parameters. By locally approximating this non-
differentiable cost function with a differentiable optimization problem, we can iteratively
update our controller parameters based on this local approximation, where we control
its accuracy by restricting the admissible controller parameters for the optimization
problem to a bounded trust region.

As it turns out, parameterizing K7) = KU) (2) for 0 < j < m¢ — 1 in the controller
parameters z = {P(T), Qa, R{JT using LQR control — as used in Sec. 6.2 and orig-

MMy, XA

inally proposed in [101, Sec. IV.B| — is also beneficial here, where P € [—1,1]
are the feedforward controller parameters of the controller template from (5.20), and
Q € ST and R € S} are the feedback controller parameters. For now, we sim-
ply take this parameterization as a given and defer its motivation and introduction to
Sec. 6.3.1. Fig. 6.2 visualizes the general idea of iPROC, where each step of Alg. 6 is
briefly described subsequently.

(i) Starting from an initial guess for both the feedforward controller parameters P and
feedback controller parameters Q and R (1. 3), we first compute an outer approx-
imation to the undisturbed feedforward reachable set for the current feedforward
controller (1. 5).

(ii) Using this feedforward outer approximation, we then construct a locally accurate
approximation of the undisturbed feedforward reachable set around the current
controller parameters (1. 6).

(iii) We evaluate the cost of the initial controller, parameterized by the initial con-
troller parameters, using an outer approximation of the closed-loop reachable set
of this initial controller (1. 7-8). We then iteratively update the current controller
parameters by executing the following steps:

(a) Starting from the current controller parameters, we solve the trust-region
subproblem — which is a locally accurate, differentiable approximation of the
controller cost — to obtain a new controller candidate (1. 10): To ensure ac-
curacy, we restrict the domain of controller parameters z to a bounded trust
region, whose size is determined by the feedforward and feedback trust-region
radii v and n € (0, 1].
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6 Piecewise Constant Controller Synthesis with Continuous State Feedback

(b) We try to compute an outer approximation to the closed-loop reachable set
of the new controller candidate (1. 13-18): For very large trust-region radii,
the inaccurate approximation of the reachable set may lead to a controller for
which the closed-loop reachable set computation encounters numerical errors.
In that case, we shrink the trust-region radii and restart the iteration.

(c) We then compute the cost of the newly synthesized controller (1. 19). (1. 20).

(d) To ensure the accuracy of the trust-region subproblem, we compare the dif-
ference in the controller cost to the difference predicted by the trust-region
subproblem and tune the trust-region radii accordingly (1. 20).

(e) If the newly synthesized controller has a lower cost than the current controller
candidate, the step is accepted and we update all necessary values (1. 23-24).
We terminate the algorithm if the change from the previous best parameters to
the current best parameters is small enough (1. 26). Otherwise, we recompute
an updated parameterized feedforward reachable set (1. 29) and continue with
(iii-a).

The remainder of this section explains iPROC in more detail: We start by introducing
the feedback matrix parameterization using LQR control in Sec. 6.3.1 and describe the
closed-loop reachable set computation of the combined controller in Sec. 6.3.2. We
then derive the controller cost as an approximation to (6.3) in Sec. 6.3.3. Because
the evaluation of the cost is computationally expensive, we compute a locally accurate
approximation to the parameterized feedforward reachable set in Sec. 6.3.4, which is then
used in Sec. 6.3.5 to construct the trust-region subproblem in each iteration to locally
approximate the controller cost. In Sec. 6.3.6, we then derive tuning rules for the trust-
region radii, which limit the domain of the controller parameters to a local neighborhood
around the current controller parameters, to guarantee an accurate approximation of
the controller cost. Since the trust-region subproblem is a differentiable optimization
problem, we demonstrate the computation of necessary derivatives using differentials in
Sec. 6.3.7. Since the proposed algorithm strongly benefits from good initial guesses for
the controller parameters, we briefly discuss possible initial guesses in Sec. 6.3.8 and then
derive the computational complexity, both online and offline, for the iPROC approach
in Sec. 6.3.9. Finally, we demonstrate the applicability of iPROC with a comparison to
the ROC approach in numerical experiments in Sec. 6.3.10, and discuss advantages of
the algorithm in Sec. 6.3.11.

6.3.1 Feedback Matrix Parameterization

Directly optimizing over K @) for 0 < j < m¢ — 1 requires mcengn, variables since
KU) € Rm*ns In Sec. 6.2.1, this same parameterization has already been introduced:;
in this section, we focus on the necessary, additional requirements to use this parame-
terization for iPROC. First, we briefly motivate the choice of LTT systems for the LQR
control approach. Then, we further show that the LQR feedback matrix is continuously
differentiable in the controller parameters z, which is a necessary requirement to later
optimize over them (see Sec. 6.3.5).
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Initial reachable set

Reachable set during optimization

Final reachable set

R (04]) TRy (0.4]) <
COR(@E) O Reg ) X0

Figure 6.2: Visualization of the iPROC approach. Starting from an initial guess for both the
feedforward controller parameters as well as state and input weighting matrices of
the LQR formulation, the feedforward controller steers the reachable set closer to
the target state while the feedback controller simultaneously minimizes the effect
of the disturbance.
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Algorithm 6 Iterative Polynomial Reachset Optimal Control

1: function ITERPOLYREACHSETOPTIMALCONTROL(X ) U, X', X, W, me, x4, k)

2 y=n=

3: [P Q, R} INITGUESS(...)

4: zZ= { ) QT R( )}

5 Rag = REACHFF(X(O) P, t;, k) > see Sec. 5.2.5.2 with
6: [7@ s } = REACHPARAMFF (X (O P~y R, t;, k)

7: [7@ <t f(} = REACH(X(0) 2 R, tr, k)

8 J = COoST(Rext)

9: for k =1,k <lpax; k++ do

10: 2 = TRSUBPROBLEM(Z, 7,7, Rag, Rext, U, X, X;)

11: try

12: [fzext,f(} = REACH(X() 2, R, b1, K)

13: catch

14: v =1y

15: n=3n

16: [fzmﬁ (t,P), ﬂ = REACHPARAMFF (X0 Py R, t;, k)
17: continue

18: end try

19: J = cOST(Rext)
20: [7,m] = TUNERADII(Y, 1, Rag, Rext, Rexts J, J )
21: if J < J then
22: v =tol (J,J)
23: Z=2%J=J, Rext = Rext, K = K
24: Rag = [Rext} (nat(Lms))
25: if v < p then
26: break
27: end if
28: end if
29: [73 (t, P) ,7} = REACHPARAMFF (X P v R, t;, k)
30: end for

31: return P, K, {ﬁext}

32: end function

(1:ng)

> Sec. 6.3.8

ms=h=1
> Sec. 5.4.2

> Sec. 6.3.2
> Sec. 6.3.3

> Sec. 6.3.5

> Sec. 6.3.2

> Sec. 5.4.2

> Sec. 6.3.3
> Sec. 6.3.6

> Sec. 5.4.2
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LTI systems: We now derive the LTI systems required for the computation of the
feedback matrices using LQR control. We split the state

z(t,z) =xg (t,P) + Az (t,z), (6.18)

T
where P are the feedforward parameters, and z = {P(?)’ Qr{:), R%F:)} are the combined

Ny XNy Ty, XMy,

controller parameters with LQR weighting matrices @) € S|%”"* and R € S*”"". Since
the feedback controller tries to follow the undisturbed feedforward state xzg and x =
xg+ Az, we ideally try to steer Az to the origin. For the m, feedback matrices K (¢, z) =
KU) (2) with t € 70) and 0 < j < m, — 1 that need to be computed, we can thus
compute the m. LTI systems required for LQR control by performing a first-order Taylor
expansion of Az = f (x,u,w) — f (zg,ug,0) around x = zg, u = ug and w = 0, which
yields (arguments omitted where clear from the context for readability)

Ai =3 —ig = f (zv,u,w) — f (zg,ug,0)

)
< f (o, 0) + LG o)
xr U=ug
w=0
of (z,u,w) of (z,u,w)
MR =T TR =
- f (xfbuffao)
~AD (2) Az + B (P)w, (6.19)

since u (¢, (0), z) = ug (:B (0) ,P(j)) + KU (2) Az (t, 2) for t € 7U) with 0 < j < me—1
(see (6.1)) and where

. of (x,u,w
AU (P) = f(ax) rmal)(P) (6.20)
u=uif) (P)
. of (z,u,w
BYW (P) = f(ﬁu) el () (6.21)
u=uil)(P)
. of (z,u,w
EYD (P) = f(ﬁw) rmal)(P) (6.22)
u=uif) (P)
Ag) (z) = AD (P) + BY (P) K (2), (6.23)

with

j r,. . . .

ul(fn) (P) = cug (P(j)) :
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Here,

2({s(5.79)},) = (om (P9) .o (P9) - 05 2 1,
2 (Rug (t:P)) = (g (t,P), G (1, P)) _,

are the zonotope outer approximations of {ﬂ (,B,P(j))}ﬁ and ﬁmﬁ (t, P) from (5.21)

and (5.44) for ms = 1, whose centers ¢, (¢, P) and ¢y, (P(j) are used to define the

linearization points for the linearized matrices in (6.20) to (6.22). As a result, we use
the feedforward input and the parameterized feedforward reachable set to extract their
centers as approximations for a reference trajectory parameterized in P; the zonotope
outer approximation is a preferred approximation of the geometric center (see Ex. 5.2).
Note that in (6.19), we replaced the implicit dependence of the linearized dynamics
on the initial state zg (0) = x (0) with ¢, (0, P): This approximation is motivated by
the fact that the feedforward controller generally minimizes the size of the undisturbed
reachable set and the feedback controller minimizes the effect of the disturbance.

If controllability for all P can be assumed, the LQR parameterization K (t,z) =
KU (2) using the weighting matrices @ € S7%"* and R € S’ — which are constant
for the entire time horizon — and the system matrices AY) (P) and input matrices BY) (P)
is then well-defined and motivated as follows: By design, LQR then yields the stable
closed-loop system matrices Ag) (z) (see (6.23)) and thus tries to bring Az, which is

approximately described by the m. systems (Ag) (z),EY) (P)), to the origin. While
keeping Q and R constant over the entire horizon reduces the number of optimization
variables, it may also reduce the overall performance of the controller as we limit the
range of possible feedback matrices. If this extra performance is required, one may
introduce separate weighting matrices for each of the m. LTI systems. Alternatively,
one can also directly optimize over K@), in which case controllability is not required;

however, this means that one may also generate non-stabilizing feedback matrices.

Differentiability: In Prop. 3.1, we showed that the abstracted synthesis problem can be
replaced by a smooth optimization problem which shares its minimum. Since Prop. 3.1
requires all involved functions to be sufficiently smooth, we must show that the LQR
feedback matrix K@) (z) is continuously differentiable with respect to z.

Lemma 6.1 (Continuous Differentiability of LQR Matrix). Let (A (P), B (P)) for P €
[—1,1]™<"*% denote an n,-dimensional controllable LTI system, where A (P) and B (P)
are k-times continuously differentiable in each matriz element. Then the LQR gain
matriz K (z) for the system (A(P),B(P)) and weight matrices Q € S}=" and R €
S:L]f"“ is k-times continuously differentiable with respect to the collected variables z =

T
T T T
76 Qb ROJ
Proof. We first prove the differentiability of X with respect to z. The algebraic Riccati
equation (see (2.25)) is

F(2)=AP)'X(2)+X(2)A(P)—X(2)B()R'B(P)'X(2)+Q=0.
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From the implicit function theorem [27, Th. 1B.1, Prop. 1B.5], we know that X, (2)

. . . . . . . . . dF Y\
exists, is unique and k-times differentiable in a neighborhood around z if det (ﬁ) # 0.

Since K = —R7!BT X (see (2.24)), we have

dF =ATdX +dXA—-dXBR'BTX — XBR'BTdXx
= (A+ BK)"dX 4+ dX (A + BK)

&2 4R, = (L, B(A+BK)" + (A+ BK)" R1,,) dX,,

and thus 1
o)
2= ALBA]
dX() cl cl»
where we used the definition of the Kronecker sum and A, = A + BK. Since A is
stable by design, i.e., real (A (A)) < 0, it follows that real (A (Ag{ H Ag)) < 0 [70, Th.

13.16] and thus det (%) = det (Az; B Ag) # 0. As a result, X (z) exists, is unique,

and k-times continuously differentiable in a neighborhood around z, and since we made

no assumptions about z, the result follows for all P € [—1,1]™<™"*% @ € S}=*"* and
R c Snu XNy
++

The differentiability of K then directly follows from (2.24) and the fact that R €

St O

Remark: As it turns out, one can use Lem. 6.1 to derive an analytic approximation of
the LQR matrix with arbitrary precision, which we now briefly sketch. The second-order
Taylor expansion of Kjj (z) for 1 <i < n, and 1 < j < n, around some expansion point
z € R"# is given by

Kij (2) = K5 (2) + i, () (2 = 2) 4 5 (= )7 Hig, (2) (= 2) + BD (s~ 2), (6:24)

where Rg)) (z — z) is the remainder of the second-order Taylor expansion in (6.24) and
[29, Corr. 7.2]
RrY (z—2)

m 94 1. 6.25
2=220 ||z — 2|3 (6:25)

Thus, if we want to compute K (2) for some 2 € R™ starting from z, we apply (6.24)
recursively n € N times, yielding

Kij (z(k‘“)) = Ky (Z(k)> + Jr,, (Z(k)> (Z(kﬂ) _ Z(k)>
+ % (z(kﬂ) _ Z(k)>THKij (Z(k)) (Z(kﬂ) _ Z(k)> + Rg’) (Z(kH) _ z(k)>
= Kij (z(k)) + JKk,; (z(k)) Az + %AZTHKZ.J. (z(k)> Az + RS’) (Az),
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Figure 6.3: Visualization of the decrease in error for the recursive approximation of the LQR
feedback matrix as defined in (6.26) and (6.27).

where Vk € {1,...,n—1} : Az = b+ _ (k) = 2;2, 2 = 2" and Jr,; (z(k)) and
3
as ||Az|3 for Az — 0 (see (6.25)) and increasing n dercreases |Azl|,, the total error

=

Hp,, (z(k)) can be computed using Lem. 6.1. Since R;;’ (Az) tends to 0 at least as fast

nRg) (Az) shrinks for increasing n. We define

K (24) = K (W) + Jxe, (V) A, (6.26)

ij ij

Kz(f) (z(k+1)> = Kj; (z(k)) + Jx, . (z(k)) Az + %AzTHKU (z(k)> Az. (6.27)

V)

The following example demonstrates the expected decrease in error with increasing n.

Example 6.1. Let an LTI system (A, B) with A = 1 and B = 1, where n, = 1 and

_ T

ny = 1, be given. Further, we set Q = R =1 so that z = {1, 1} since we assume that
A and B are constant and thus omit the feedforward parameters in z. Fig. 6.3 visualizes
the error of the first-order and second-order approximations in (6.26) and (6.27) with

T
z2= [107 5} for increasing n. As expected, the error decreases for increasing n and the
second-order approximation achieves a smaller error for the same n and large enough n.
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6.3.2 Closed-Loop Reachable Set

During each iteration of Alg. 6, an outer approximation to the extended closed-loop
reachable set needs to be computed. The combined controller for ¢ € ) with 0 < 7 <
m. — 1 is given by (see (6.1))

u(t,z,2) = ug (2 (0), PD) + KO (2) (z(t) - 2a (1)),

where ug (m (0) ,P(j)) is defined as in (5.20).
To retain dependencies of the combined state, feedforward state, and feedforward
input on the initial state during the closed-loop reachable set computation, we define

T
the extended state Xext = [xT, ZL'?;;, ug} with the extended flow given by

fzyug + K (t,2) (x — zg) ,w)
fext (:L'extaw) = f (xﬁauﬁao) 5

and the extended initial set

)
x0py=41 29
u (ﬁ ’ P(O)) B
Reachability analysis then yields
Tz (ta ﬂ7 57 Z)
Rext (t,2> = Trg (t767£7p) 5
i (0)
a(p.P0) ]),

for t € [0,1]t., where 7, and r;, denote the respective generating functions and the
dependent factor & is caused by the abstraction and reduction errors as well as the
convex combination required for the computation of the time-interval reachable sets.
The extended initial set for ¢ € [1,2] . then is

/B’g

from which the remaining m. — 1 steps until ¢ = ¢; follow analogously.

6.3.3 Cost of the Controller

In this section, we approximate (6.3) with a cost function. To that end, let the ex-
tended closed-loop reachable set Rext (f,2) at z (see Sec. 6.3.2), containing an outer
approximation of the closed-loop reachable set R (¢, z) and an outer approximation of
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the closed-loop feedforward reachable set R, (¢, P), be available for m, € Ny reacha-
bility steps, i.e., interval sets for t € [k, k + 1] ;TCT and time point sets for ¢ = k‘:n—cr with
0<k<mem,—1 are given.

The remainder of this section is structured as follows: First, we review the split of the
state and the input, which simplifies all subsequent computations. Then, we approximate

the objective function and constraints of (6.3) and form the cost as an approximation
to (6.3).

State and input separation: Let the split of the state be defined as in (6.18), where P

T
are the feedforward parameters, and z = [P(::F), Q%F:), Ra} are the combined controller
parameters (for details see Sec. 6.3.1)). Further, let

Az (t,2) € Sap (t,2) = R (£, 2) e (—Ray (, P)) | (6.28)

collect all Ax as defined in (6.18) (we use Sa, instead of Ra, since a reachable set
requires a flow equation according to Def. 2.25). By definition of the exact sum, we have

w(t,2) ER(t,2) = Ruy (t, P) Be San (t,2) C Ry (£, P) ® Sas (L, 2), (6.29)

where the last inclusion follows from the fact that ignoring dependencies always results in
an outer approximation. By removing these dependencies, Ry (¢, P) can be computed
independently of Sa, (t,z). Naturally, the removal of these dependencies introduces
conservatism but we argue that this does not cause a large outer approximation: Without
any disturbances, Sa, (t,z) = 0 and thus R (¢,2) = Ry, (¢, P). As the disturbance set
grows, the size of Sa, (,2) is mainly affected by the size of the disturbance set (see
Sec. 6.3.4 for the derivation of the approximated flow of Ax).

Similarly, one can define an input separation following (6.4) as
Su(t,z) = Sug (£, P) @e Say (t, 2) C Sug (t, P) @ Saq (t, 2), (6.30)

where the set of feedforward inputs is given by Sy (¢, 2) = {ﬂ (ﬁ, pPU ))} for t € 7U) with
0 <j<mc—1and Sa, (t,2) contains all input deviations Au (t,z) = K (t,z) Ax (t, 2)
as defined in (6.5) and (6.6).

Objective: Based on the separation of the reachable set into the feedforward reachable
set Rag (t, P) and the set of deviation states Sa, (¢, z) from (6.29) as well as the cor-
responding separation of the combined input into the feedforward input set S, (¢, P)
and the set of deviation inputs Sa, (¢, z) from (6.30), we bound the objective function

138



6.3 Iterative Polynomial Reachset Optimal Control

in (6.3a) from above by

te
max {lo(tr2) ~ i, +¢ [ ura ) dr}

x(t,2)ER(t,2)

= max xg (te, P) + Az (t,2) — x
2 (t,P)ERzg (t,P) { H ﬂ( b )+ ( ’ ) f”l
Ax(t,z)ESAL(L,2)
Au(t,z) ESAL(L,2)
18]l o <1

fo (3.29) + 22 ar

< max ||cge (¢, P) — xf + Gop (te, P + max Ax (tg, z
ll€]l oo <1 H i ( f ) f ff (b )fnl Ax(ts,2)EZa, (t,2) | (t )Hl
meIme 1 pjtet-(kt1)8 4 .
(4) (4)
¢ ]ZO b /tc+kr (Hgﬁlj}él Cug (P )+G“ff (P )£H1
+ max Au (T, z dr
s i Au(r 2l )
Cag (L1, P) — ¢ T (2) (2)
me—1my—1 (P(]))
DY < ( PU))
=0 k=0 O2N
+ 1% max (p(AZu) (_Inuv T(j7k)a Z) ap(AZu) (Ian(j,k’)v Z)) ) )
where
Zog (t,P)= Z (Rdfff (t,P)) = <Cl'ff (t,P) s Gag (t, P))Z (6.31a)
Zas (t,2) = Z(R(t,2) Be (—Ray (1, P))). (6.31b)
_4(I= @) — () )
Zu (t.P) = Z ({u (8, P )}/3> = (eug (P, Gy (P )>Z (6.31c)
ZAu (ta Z) =K (tv Z) ZAac (ta Z) ; (631d)
are the zonotope outer approximations of Ry (t, P), Sug (t, P), Saz (t,2), and Sa,, (¢, 2)

with pg(ci) (-, t,2), ,o(AZx) (-, t,2), pq(f;) (-,t,2), and p(AZu) (,t,z) denoting the corresponding

support functlons The first inequality follows from the separation of zg and Az as
well as ug and Awu using the triangle inequality, where we replaced all sets with their
respective zonotope outer approximations as defined in (6.31). The second inequality
then follows from applying the triangle inequality again to separate the center and the
generators for states and inputs (also see Sec. 5.2.4). Furthermore, it holds that

Az (t 17 S —1, .t E) (1, ot
s A (e 2) = 1 max () (<t 2) P8 (T ,2))
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which follows from 0 € Za, (t,2) and the central symmetry of Za, (¢, 2) since it is a
zonotope. Similarly, it holds that

max [ Au(r 2|l = 1, max (o5 (<In, 7 2) 08 (1,72 2))

Au(T,2)EZa(T,2)

Constraints: We conservatively encode the constraints of (6.3) as

Vi € [0,tf] : Zug (8, P) ® Zau (t,2) C U, (6.32)
Zq ([0,t],2) ® Za2 ([0, 8], 2) C X, (6.33)
Zitﬁ" (tfv Z) D Zaz (tfa Z) C A, (634)

where we used (6.29) and (6.30) and replaced all sets with their respective zonotope
outer approximations from (6.31). Let

(2) (. - (2) (. = (2) (. =

px ( 77-7 Z) - ”FGTE—I(ISJ@);mr) (pl‘ff ( 77-a Z) + IOA;;; ( >T7 Z)) )
Zz o zZ - (2) _

PP ()= max (o) (072) + 0K (72))

with ;
T- (n) = {T = [0,0+ 1]Ef

0<0<n—1,707#@}, (6.35)

for some interval 7 € [0,t¢]. Following Prop. 4.6, the set containment constraints in
(6.32) to (6.34) can thus be encoded by

p$E (o, 0, t5], 2) — dyg
9(2) = | o (Cx,[0,8],2) — dx| <0, (6.36)
pg‘Z) (CXf7 tfa Z) - de

since the bounded input constraints U = (Cy, dy) 57, state constraints X = (Cx,dx) y,
and final state constraints Xy = (Cx;, dx;) ; are all given as H-polytopes.

Cost: Thus, we propose the cost function (also see (5.42))

J(2) = llewg (t1, P) = 2elly + [[[Gan (5, P,

15, max (pE) (<L, te,2) , plsy (In, o, 2))

me—1mp—1 Cug (p(j))
DY <‘

= = Gug ( P(j)) 0 (6.37)

1
1T ma (o) (~ I 709, 2)  p2) (1,709, 2)) )

+ 0 [[max (0, (2))l, ,

where we penalize the constraint violation by choosing the exact penalty multiplier
o € R, large enough such that constraint violations always dominate all other terms in
(6.37) (see Sec. 5.4.1).
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6.3.4 Parameterized Reachable Set

In Sec. 5.4.2, we described how the feedforward trust-region radius v can be used to
construct an approximation of the feedforward reachable set for the iPGSC approach
that can be brought arbitrarily close to the tight outer approximation of the closed-loop
feedforward reachable set. In this section, we derive how this approximation can be
used to approximate the closed-loop reachable set for the combined controller — which is
required to solve (6.3) — without recomputing outer approximations of the closed loop
reachable set during each optimization iteration.

Using the state separation from (6.29) allows us to compute the parameterized feed-
forward reachable set of xg independently of Az. Since the parameterized feedforward
reachable set can be computed as described in Sec. 5.4.2, we first derive an approximated
flow for Az, and then discuss how this flow can be used to find an efficient approximation
for the set of deviation vectors Sa; (¢, z). That said, we only need the support function
of this approximation in all directions which are normal to the half-spaces of the poly-
topic input, state, and final state constraints (see (6.37)); since Rext (£, 2) is available for

the current controller parameters z (see Alg. 6) and thus p(fx) (,t,z) can be efficiently
computed, we next construct an approximation for the support function of Az that only

approximates the unknown difference from p(i;) (-,t,2) to ,o(AZx) (-, t,2).

Approximated reachable set: Let the sequence of LTI systems for Ax as derived in
Sec. 6.3.1 with Aq (¢, 2) = A((f) (z) and E (t, P) = E®) (P) for 0 < k < me¢mgq be given,
where instead of m. LTI systems, we linearize m¢mq times: One may introduce mq € N
to obtain a better approximation of the original nonlinear dynamics. Since these LTI
systems only approximate the flow for Az, we can only compute an approximation of
Saz (t,z). To that end, we compute the reachable set of the linearized flow in (6.19)
using reachability analysis for linear systems (see Sec. 2.7.1)

- _ é
RE) (t 4 6,2) = eACIRE) (4. 2) @ / AT E (1 PYWdr, (6.38)
0

for t + 0 < t; with 7@@ (0,z) = {0}. In contrast to Sa, (t,z), its approximation
7@(52 (t,z) has a flow and thus is a reachable set. Since W is given as a zonotope
and the dynamics consist of me.mq LTI systems, one can compute an arbitrarily tight

outer approximation of the reachable set in (6.38) [114, Sec. IV.A]. However, since
7@(5;) (t,z) will be formed in each optimization iteration of the trust-region subproblem
problem later, its growing representation size due to the repeated Minkowski sums (see
Sec. 2.6.5) when increasing m. or mq means additional computational effort, especially
since we want to compute both Jacobian and Hessian matrices for the optimization
of the trust-region subproblem. To maintain a constant representation size, we thus
propose to evaluate (6.38) using ellipsoids. With W = £ (W) being an ellipsoid outer
approximation of W according to Th. 4.1, we compute the ellipsoidal reachable set of
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the linearized flow of the mmq LTI systems with [65, Lem. 2.2]

6
RE (t+6,2) = eMEIRE 1. 2) & /0 2B B (¢ PYE (0, Qw) do. (6.39)
Since the representation size of ellipsoids remains constant, there is no need to manually
approximate the integral in (6.39) and we can directly use numerical integration methods
(see Sec. 6.3.7 for more details on computing (6.39)). However, while ellipsoids are
closed under linear maps, the Minkowski sum of two ellipsoids is not an ellipsoid in
general (see Sec. 2.6.3). While efficient methods for the outer approximation of the
Minkowski sum exist [47], finding the minimum-volume ellipsoid is not required for
our purposes since we only need a good enough approximation. To save computation
time, we instead propose to approximate this Minkowski sum by simply adding their
respective shape matrices. While this does not result in an outer approximation, we
argue that it is a good approximation of the Minkowski sum up to a scaling factor:
First, for two ellipsoids (0,U) 5 with U € ST and (0, V) with V' e S’{", it holds that

0,U) & (0,V); € (0, 2U + QLQV>E for ay +as = 1 and aj,as > 0 [28, Th. 4.2].

' g
Choosing a1 = ag = % thus means that an outer approximation of the Minkowski sum is
given by the sum of their shape matrices, scaled by a scalar factor (here 2). Second, we
can interpret the two ellipsoids (0,U) and (0, V), as confidence ellipsoids of two zero-
mean, independently distributed Gaussian random variables with covariance matrices @)
and U, respectively [81]. Then (0,U) and (0, V) describe an area of the support of
the two underlying random variables such that any realization of these random variables
lies within (0,U)p and (0,V), with some probability. It follows that the covariance
matrix of the sum of these two random variables is given by the sum of the covariance
matrices of each random variable.

Approximated support function: So denote with 7@@ (t,z) = £(0,Day (t,2)) the
propagation of W through (6.39), where we replace the Minkowski sum of two ellip-

soids with the sum of their respective shape matrices. We now derive the approximated
support function p,, (-,t, z) of p(AZx) (-, t,2).

We start with the support function of ﬁfi (t,z), which is given by

P9 (1,t,2) = IT Dy, (t,2) 1+ €, (6.40)
where [ € R™ and € < 1 to achieve differentiability for all z since
VieR™ :1TDp, (t,2)1 >0,

due to Da, (t,z) = 0. Using the support function [)(Agg)ﬁ (I,t,2) of 7?@ (t,z) and the

known support function value p(AZx) (I,t,z) at the current controller parameters z, we are

now ready to define the approximation of the support function ,o(fm) (I,t,2) using the

support function [)fg)c (I,t, z) of the ellipsoidal reachable set 7?,(&2 (t,2) as

~ _ ~(& ~(&€ _
Pae (Lt 2) = p) (11,2) + xaa (1) (P50 (11, 2) = 50 (L1, 2) ) (6.41)
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710222 (l,t,Z) Xp(AZx) (lata 5) 7[)(&2 (l,t,Z) 7ﬁA$ (l,t,Z)

Figure 6.4: Visualization (1D) of the approximation of the support function p(z) (I,t,2): Gen-

Ax
d ~(€) (2)

erally, we assume that 5-p. (I,t,2) approximates the d%p n. (1,1, %) reasonably
well for z € [z(_)7z(+)] = [z —r zZ+7r] with a given radius r € Ry; for illus-
trative purposes, we here thus assume sign (ﬁfg (I,t, z)) = sign (p(AZgg (I,t, z)) for

z € [z(’), z(+)] (see right plot). With appropriate scaling, we obtain the reasonable
approximation p(Ai) (I,t,2) with pa, (1,t,2) = p(Ai) (1,1, %) (see left plot).

) (1.t,2)
where [,t) = Pag (L67)
Xaw (10 = 58,5

tions we made previously, we do not assume that its magnitude is accurate. Instead, we
define the scaling function ya, (I,t) which is chosen such that the scaled approximation
is identical to the support function of the outer approximation, i.e.

: Since ﬁgi_ (I,t, z) is calculated based on various approxima-

P2 (1.4,2) = xae (L) 7 (1,1, 2),

holds for z = z. Using the scaled approximation xa. (I,t) ﬁ(ﬁz (I,t,z), we then only

approximate the unknown difference
z z - (& (€ _
pie) (11, 2) = &) (1, 2) = xae (1) (55 (1,1 2) = 50 (11, 5))
so that we recover pu, (I,t,2) = p(AZx) (I,t, 2) by substitution of z = z into (6.41). Fig. 6.4
visualizes this approximation using a 1D example.

An approximation of the support function for the set of input deviations Sa, (¢, 2)
can be derived analogously. Since S, (f,2) is known, it only remains to compute an
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approximation of the support function of S, (¢, 2) to approximate the input constraint
in (6.3b). It follows from (6.6) that Sa, (t,2) = K (t,2) Sax (t, 2), and thus

880 (8,2) = K (8, 2) RY) (t,2) = (0, K (,2) Daa (£,2) K (1,2)")

With

PO (1, 2) = \JK (1, 2) Dag (t2) K (1, 2)7 +c, (6.42)

given analogously to (6.40), we can — equivalently to (6.41) — define

~ Z - ~(& ~(& -
P (ot 2) = &) (1, 2) + xau (1) (5K (11, 2) = %) (1,2 (6.43)
as an approximation to the support function p(f;) (-,t,2) of Za, (t, 2) as defined in (6.31d)
(2) >
. R ON (L,t,2)
with xay (I,t) = A )

Combining (6.29) with (6.41) and (6.30) with (6.43) finally yields

po (Lt 2) = p2) (1,1, P) + ppy (1,1, 2) (6.44)
Py (1,1, 2) = p’gti) (1,t, P) + Pau (I,t,2), (6.45)
where we used (2.26), ﬁg) (I,t, P) denotes the support function of the feedforward reach-

able set approximation Z (ﬁm (t, P)) according to Sec. 5.4.2, and pg) (I,t, P) denotes

the support function of 2, (t,2) as defined in (6.31c). Choosing mq large enough fur-
ther motivates the use of (6.44) and (6.45) to obtain the approximated support functions
for time intervals (instead of time points in (6.44) and (6.45))

zan (la [kv k+ 1] 57 Z) ~ ﬁAz (la (k + 1) 67 Z) )
ﬁAu (la [k7 k + 1] 67 Z) ~ ﬁAu (la (k + 1) 5a Z) :

For later convenience, we introduce the definition of the support function approximations
over any time interval 7 C [0, t¢] as

Py (L7, 2) = x| (%ETI}%szfmy-)ﬁ;%;) (1,7, P) + pag (1,7, Z)) ; (6.46)
pu (1, 7,2) = x| (p(u? (1,7, P) + N (1,7, z)) , (6.47)

where 7T (+) is defined in (6.35), we assumed that m, > mq with m, being the number of
reachability steps per duration t. and mq being the number of additional linearization
points for (6.20) to (6.22) per duration t.
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6.3.5 Controller Computation

Ideally, we want to optimize over the controller cost in (6.37). However, its evaluation
requires the computation of an outer approximation of the closed-loop extended reach-
able set for each controller parameter value z, so that direct optimization over (6.37)
is computationally expensive. For the efficient, simultaneous synthesis of the combined
controller, we thus need to find a smooth approximation to (6.37). In Sec. 6.3.4, we al-
ready derived expressions for the approximated support function for both the combined
state and input set. In this section, we use these expressions to approximate (6.37).

Trust Region: As demonstrated in Sec. 5.4, the trust-region radius v is required to
restrict P to a local, compact neighborhood around the current controller guess P.
Similarly, we now introduce the trust-region radius 7 € (0, 1] to restrict ) and R to local
neighborhoods of Q € M@ and R € M) respectively, i.e.

Q¢ M1(7Q) (Q) N M@,

Re M (R)nM®,
where M(©@Q) ¢ St and MEB) S« ™ are bounded, given sets from which @ and
R are chosen, and where

M@ (Q) ={Q+hg (nd) | M|, < 1}, (6.48)
M (R) ={R+hr(aN) | |N], <1}, (6.49)

are bounded sets defined by the trust region 7. Here, hg : [—1,1]P*9 s S"=*"= and
hr:[—1,1]"° — S™X"u can be any sufficiently smooth functions which generate sym-
metric matrices. That said, this creates semi-definite constraints in the final optimization
problem which can significantly impact solver times. Therefore, we restrict @ and R to
diagonal matrices, i.e., we set

with ¢ > ¢ € R}, 7 > r € R, and dependent factors w € [—1,1]" and § € [—1,1]™.
Additionally, we set ¢1 = @ = 1 to eliminate the invariance of the LQR computation
under equal scaling of Q and R. We remark that more general choices are possible while
still avoiding positive definite constraints, e.g., one can generate symmetric, strictly
diagonally dominant matrices with real positive entries, which is sufficient to ensure
positive definiteness (follows from the Gershgorin Circle Theorem [11, Th. 0]).
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Optimization Problem: Starting from the current controller parameters collected in

_ - _ T
zZ= [P(:S, Q(T:), R(T:)] , an approximation to the controller cost in (6.37) is given by

min Jr (2, 5) (6.50a)
st §(2) < (6.50D)
PepP, ( P) N [=1, 1], (6.50¢)
Qe M;}Q) (Q) AM@, (6.50d)
Re M (R) n M5, (6.50e)
s=[sf, sk, sﬁf >0, (6.50¢)
with
Jrn (2,8) = |ug (tr, P) — ]l H e (06 P)]
+ 1] max (fa, (—Ing 5, 2) s Pag (Ing B, 2))
. Me—1ma—1 Cug (p(j))
+¢ Jz:% kz:% (‘ G (P(j))(:) 1 (6.51)
A (e (5] (1 79.)) )
+ o |lslly,
and

Pu (Cu, [0,t5], 2) — duy
ﬁ:ﬂ (CXf’ le, Z) - de

where o (S R+ and (5 = m

e (6.50a) and (6.51): We replace the outer approximations used in (6.37) with their
respective approximations derived previously. Additionally, we have m.mq time
intervals instead of mcm, as in Sec. 5.4.1 and thus adapt the sum accordingly.
Lastly, we replace the constraint violation with a slack variable (see next bullet
point for more details).

e (6.50b): Instead of incorporating the constraints in the objective function, we
enforce input, state, and final state constraints with §(z) < s directly; however,
we relax these constraints with s > 0 so that (6.50) always has a feasible solution,
even if there is no feasible solution for s = 0. To still ensure feasibility, we penalize
s in the objective function with o € R...
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o (6.50c) to (6.50e): Because we replaced tight outer approximations of the closed-
loop reachable sets and input sets with their respective approximations, (6.50) is
only accurate in a neighborhood of z. We therefore restrict z to a bounded set
around Z.

Since (6.50) can be written as the abstracted synthesis problem, it can be reformulated
as a smooth non-convex optimization problem according to Prop. 3.1 and the KKT
conditions are always necessary for this smooth reformulation due to Prop. 3.2. We
show in Sec. 6.3.6 that (6.50) can approximate (6.37) arbitrarily closely. For this proof,
we require a cost value of the trust-region solution only dependent on Z, which we
introduce subsequently.

Proposition 6.1 (Stationary Objective Value). At a first-order critical point of the
smooth reformulation of (6.50) with optimizer Z, the optimal objective value is given by

J(2) = Jrr (2,max (0,3 (2))), (6.53)
where g (2) is given by (6.52).

Proof. Follows from Prop. 3.1. O

6.3.6 Tuning of Trust-Region Radii

Since the trust-region subproblem approximates the cost to find a new controller can-
didate, it is paramount to analyze how close this approximation is to the real cost;
otherwise, optimizing the trust-region problem might not decrease the actual cost of the
controller. However, if the trust-region subproblem and thus its approximated objective
value (see Prop. 6.1) is close enough to the real cost, optimizing (6.50) — and thus re-
ducing the approximated cost in (6.53) — also reduces the real cost in (6.37). In this
section, we therefore show that the trust-region radii v and n can be tuned so that the
approximated cost described in Prop. 5.2 stays arbitrarily close to the actual controller
cost from (6.37).

To that end, we first define Ja, (2) equivalently to .J (z) but replace all approximated
feedforward sets and corresponding feedforward support functions with their respective
formally correct versions using the closed-loop feedforward reachable set available at Z.
Intuitively, Ja, (z) then contains no inaccuracies (compared to J (z)) from approximat-
ing the feedforward reachable set and hence is only inaccurate due to inaccurate support
function approximations for Az and Au. We are now ready to state the main result of
this section.

Theorem 6.1 (Accurate Trust-Region Subproblem). Let 2 denote a first-order critical
point of the reformulation of the trust-region subproblem in (6.50). Then

<, (6.54)
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is achieved after a finite number of trust-region iterations with given tolerance € > 0 if
we adapt the trust-region radii according to

v + min (1, v (max (e, ea.)) 7).+ (6.55)
0 < min (L, (ean) 7). (6.56)

with
ey = |J(2) = Jaz (2)] (6.57)
e = |Jar (P.Q.R) ~ J (P,Q,R)|, (6.58)
enn=|Jas (2) = Jas (P,Q.R) = (7 (2) = J (P,Q, R))], (6.59)

where v : (0;00) — Ry, is an arbitrary, monotonically decreasing function with v (0) = ¢,
v(W)=1, limov(r)=c¢ ;>c>1 and0 <y <e
T oo L

Proof. The proof is structured as follows: We bound (6.54) from above by using (6.57)
to (6.59), and then show that all latter expressions can be made arbitrarily small by
following the tuning rules in (6.55) and (6.56).

It follows from the triangle inequality that

<efy+ eAy T €A - (6.60)

Since Ja, (%) uses the outer approximation of the feedforward reachable set, it follows
that lim ey = 0 since lim Ry, (t:P) = Ry (t,P) = Ray (£, P) (see (5.44)). Since
lim T (P,Q,R) = Jaz (), Jax(2) = 7 (2) by construction, and lim J (P,Q,R) =
J (Z), we further have lim e , = 0. Lastly, it holds that lim Jaz (2) = Jas (p,Q,R)

y—0 ’ n—0
and lim J (2) = J (]5 Q R) because lim £ = [PT QT RT ]T and therefore it holds
71—0 s 70 O O L O I
that lim ea , = 0.
n—0 ’

Hence we can always achieve eg, < 6, ea, < 6, and ep, < § for § > 0 by follow-
ing (6.55) and (6.56) for a finite number of steps, yielding ’j(é) —J(2)| < 34, which
concludes the proof since ¢ is arbitrary.

Evaluating (6.57) to (6.59) requires — in addition to the extended closed-loop reach-
able set already available at z = z and z = 2 — the extended closed-loop reachable

. _ _ 1T
set at z = {Pg), Qg), R(Tz)} : While the feedforward trust-region radius - ensures
that the feedforward approximation remains accurate, it also indirectly contributes to
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inaccuracies in the approximated support functions of Az and Awu. Thus, even if ~ is
small enough so that the approximation of the feedforward reachable set is accurate, the
approximated support function for Ax and Awu might still be too inaccurate in P. As a
result, we consider both the accuracy of the feedforward reachable set as well as the ac-
curacy of the feedforward parameters in the disturbance support function approximation
(see (6.55)) for the tuning of 7. Put differently, we bound

en = ’jm (2) = J(é)‘ <ean+ean

from above, which allows us to assess whether the error en , due to v is too large or
the error ea, due to 7 is too large. Alternatively, one can skip this separation by
setting eg, = ea, = ea and then apply (6.55) and (6.56), albeit at the cost of possibly
unnecessarily shrinking either « or 5. In this thesis, we choose v from Th. 6.1 as a linear
function interpolating between ¢ and ¢; that said, a better choice for v may be possible.

6.3.7 Feedback Derivative Information

For the efficient implementation of the trust-region subproblem in Sec. 6.3.5, it is ben-
eficial to provide derivative information for the objective function and the constraints.
Since the parameterized feedforward input sets are generated by the polynomial con-
troller template and the approximations to the parameterized feedforward reachable
sets are computed according to Sec. 5.4.2, both can be expressed as polynomial zono-
topes and thus their derivatives are straightforward to compute. Thus, we focus on
the computation of the first-order and second-order derivatives for the approximated
support function p,,, (I,t,2) and pu, (I,t, z) with respect to z € R"=.

Deviation state: For convenience, we restate (6.40) and (6.41) here:

ﬁAm (lat? Z) = p(Az;) (l7t7 2) + XAz (lat) (ﬁ(Agm) (l7t7 Z) - ﬁ(Agg); (l7t7 2)) ;

/7(3 (I,t,2) = \/lTDAx (t,2z)l +e.
€) (2)

Thus, only the derivative of g (I,t, z) is required since p . (I,t, Z) and xa4 (I,t) are not

dependent on z. For the derivative of ﬁfg (I,t, z), we require the derivative of each matrix

element of the positive-definite shape matrix Da, (¢,z). The corresponding ellipsoid is
given by ’/é(Ag) (t,2) = (0, Dz (t,2))p and we repeat the propagation equation for W

from (6.38) here for convenience:

- 4 _
RE)(t+6,2) = eI RE) (1, 2) @ / eAatD0-T B (¢ PYyWdr, (6.61)
0
where A (t,2) = A(t,P)+ B(t,P) K (t,2).
In order to compute the Hessian matrix H o) (I,t, z) of ﬁ(Ai): (I,t, z), we use differentials
Ax

as introduced in Sec. 2.2. For the sake of simplicity and because ﬁfi (t+0,2) is de-

fined recursively, we assume that 7@262 (t, z) with first-order differential tensor dDa, (t, z)
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and second-order differential tensor d2Da, (t,2) are given and we want to the compute

derivative information for Da, (f, z) with £ = t+4. From (6.20) to (6.22), it is clear that
A(t,P) =A% (P), B(t,P) = B® (P), and E (t,P) = E®) (P) for 0 < k < memgq — 1
can be precomputed, and therefore we assume that (arguments omitted for readabil-
ity) the first-order differential tensors dA € RX7:XnaXne dB ¢ RIXnzXneXnu and
dE € RXm=XnaXnw ag well as second-order differential tensors d2A € R™sX7:XneXna
d?B € R=Xn=XneXnu and d2F € R™=*"=XnaX"w are available (see Sec. 2.2). These can
be computed by computing the Hessian matrix of each element of A, B, and E. For this
example, we directly express all results with differential tensors instead of differentials
(see Sec. 2.2 for details).
(&

We start by applying the differential operator to p A; (l £, z), yielding

P (b8.2) =T Dae (£.2) 1+

ITdD A, (f, z> I .
78 (17,7) (002
A ITd2D A (5, z) I 1TdDn, (f, z) l
~(&) . ~(&)
d? ~ (l,t, Z) 2[3(;2 (l,f, z) 2/3(5; (l,f, 2)2 Ax (l,t, Z) )
Td2Da, (£, 2)1 1 ] )
2”(52 (l,ﬂ Z)) — ﬁfi (l,t7 Z) d (Ag; (l,t,z) dp(Aga)c (l,t,z)
B ITd2Dn, (7, z) 1 —2dpE) (l, ,z) dp) (l,f, z) 653

where dﬁfg)c (l,f, z) € RIXn=xIx1 gand dQﬁ(Ag; (l,f,z € R=>1=XIxX1 - Jonoring trailing

singleton dimensions, we thus have

t
278 (1.4,2) |
)

e () - 2(05) oo
Azx
He) (1.,2) = % (d%fﬁ (1.2, 2) + (@8] (1, z))T) : (6.65)

due to Th. 2.4 and Th. 2.5. However, the differential tensors dDa (f, z) and d?>Da, (f, z)
still need to be computed.

With the shape matrix Da, (¢, z) as defined in (6.61), its differential tensors — when
using the sum of the shape matrices as an approximation of the Minkowski sum as
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discussed in Sec. 6.3.4 and the definition of the linear map of ellipsoids from Sec. 2.6.3
— are then given by

Dp, (f, z) =eAalt2)op (t, 2) (eACl(t’z))T +V(tz2),
dD Ay (f, z) = de?at2)0D) (t, 2) (eACl(t’Z))T + A2\, (t,z) (eACl(t’Z))T
MDD, (1,2) (det D) av (1,2),
d’Dn, (f, z) = d2eAat2)0 ) | (t,2) (eAd(t’z)>T + 2deAat2)0 D | (t,2) (deACl(t’Z))T
4 At 2D () (deAcl(t,z))T
At Dy (1,2) (@A) 1PV (1,2),
where

V(t,2) = /0 Uit ) dr, (6.66)

Ul(r,t,z) =M (1,t,2) WM (T,t,z)T,
M (1,t,2) = e B (¢ P),

such that [ eAatDO-TE (£, PYWdr = (0,V (t,2)), with W = <0,W>E and W €

St X" That said, we still require the differential tensors of V (¢, z).
Using Prop. 2.1, the differential tensors of V' (¢, z) are simply

§ 1)
v (t,2) = d / U (7 t,2)dr = / dU (7, 2) dr, (6.67)
0 0

&2V (t,2) = /0 " BU (rot, ) dr, (6.68)
dU (1,t,2) = dM (7,t,2) WM (7,t,2)" + M (7,t,2) WdM (7,t,2)" ,
dPU (1,t,2) = d>M (7,8, 2) WM (7, t, 2)" + 2dM (7,t,2) WdM (,t,2)"
+ M (1,t,2) Wd> M (T,t,z)T,
dM (7,1, 2) = de? G E (¢, P) 4 AT GE (¢, P,
M (7,1, 2) = 2T B (¢ P + 2dea TR (¢, P)
1 eAat2) -1 2 (t, P),

with dW = 0 and d?W = 0. We can now evaluate V (¢, z), dV (t, 2), and d?V (t,2) in

(6.66) to (6.68) by numerical integration for a given ¢ and z. It now only remains to
compute the differential tensors of ee(t:2)t,

Since the differential tensors of eA<(t:2)t also require the the differential tensors of
A (t, 2), we first compute dAy = dA + dBK + BdK and d?Aq = d?A + d’BK +

dBdK + Bd?K by applying the chain rule from Prop. 2.1, where dK € R X"=XnuXnz and
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d’K € R"=Xn=XnuXne are computed according to Prop. A.3 and Prop. A.4, respectively.
The differential tensor of the matrix exponential with d¢ = 0 can then be computed by
using its definition, i.e.

0o k Kk
Aat __ (Acl) 3
k=0

so that
o ¢k (dAdA’gfl + Aad (Algl_l»

d@AClt = Z k‘ )

k=1
oo tk (dQAdAffl + 2dAqd (A’ch) + Aqd® (Algfl»

2 Aclt —
d’e - Z k! )
k=1 :

where we used
d (Agﬂ) = dAq AL + Agd ( él) ,
& (A7) = P Aq iy + 2dAad (AL) + Aad® (A1),

for ¢ > 1 and where the infinite series of the matrix exponential can be truncated after
a finite number of steps since its convergent for any Aqt [49, Prop. 2.1].

Deviation input: Analogously to the deviation state, we only require the derivatives of

ﬁ(Ai)L (I,t, z) as defined in (6.42), here restated for convenience:

PN (1. t.2) = I D (8,2) 1+ e
where
Dpy, (t,2) = K (t,2) Dag (t,2) K (t, 2),
dDpy (ta Z) =K (tv Z) dD g (tv Z) K (tv Z) + 2dK (ta Z) Dag (t’ Z) K (ta Z) )
dQDAu (ta Z) =K (ta Z) d2DA1‘ (t7 Z) K (t7 Z)T + 2d2K (ta Z) DALL' (t7 Z) K (t7 Z)T
+4dK (t,z)dDag (t,2) K (t,2)" + 2dK (t,2) Dag (¢, 2) dK (t,2)T .

Its derivatives are then — analogously to (6.62) and (6.63) — given by

A ITdDa, (1,2)1
dpx, (l,t, z) — 2;3(5 (z,<f, Z; :
"Dy, (f, z) 1 —2dp%) (z, i z) dp) (z, i z)

dQﬁg‘i)l (l,f, Z) = 25(53 (l,f, 2) ,

so that its Jacobian and Hessian matrix follow identically to (6.64) and (6.65) using
Th. 2.4 and Th. 2.5.
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6.3.8 Initial Guess

Due to the structure of the iPROC approach (also see Alg. 6), good initial guesses may
drastically reduce the number of overall iterations. As a result, we shortly describe
possible initial guess computations for both the feedforward controller parameters and
the feedback controller parameters.

We initialize the feedforward controller parameters by executing the GSC approach
described in Sec. 5.2. If polynomial feedforward controllers are to be used, PGSC can
also be employed to compute an initial guess. While iPGSC may also be used, it is not
as suitable for the initial guess computation since there is no point in fine tuning P for
the given input capacity without considering the input capacity needed for the feedback
controller.

For the feedback controller parameters ) and R, one may simply set Q = I,,, and
R = I,,. Since the feedback matrices are parameterized as LQR gain matrices, any
choice for @ and R results in (locally) asymptotically stable systems for Ax = = — zg,
which describes the deviation of the closed-loop, disturbed state from the undisturbed
feedforward state.

6.3.9 Computational Complexity

We again use Ass. 5.1 and distinguish between the offline and the online computational
complexity in n. For simplicity, let « > 1 hold for the order of the controller template
introduced in Sec. 5.3.2 and let

N, = ANy + Ny + Ny, (6.69)
O(a) >0 (n), (6.70)

so that O (n,) = O (an).

We provide an upper bound on the polynomial complexity of the offline computa-
tion in Sec. 6.3.9.1 and then briefly describe the online application of the controller in
Sec. 6.3.9.2.

6.3.9.1 Offline Complexity

The maximum number of iterations in Alg. 6 is fixed. As a result, it suffices to derive the
complexity for a single trust-region iteration. As the numerical experiments in Sec. 6.3.10
will demonstrate, this does not really affect the performance of iPROC as the number
of iterations in practice is often small and independent of the state dimension.

Controller Template: The dominating complexity is given by O (an'**) according to
Sec. 5.3.6.1.

Reachable Sets: The combined complexity of computing the closed-loop reachable
set and the parameterized feedforward reachable set can be bounded from above by
O (n® +n?a® + n3alogn) (see Sec. 5.3.6.1).
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Trust-Region Subproblem: Solving (6.50) involves the precomputation of the Jaco-
bian and Hessian matrices with complexity O (a?n?) (see Sec. 5.3.6.1) of the feedfor-
ward reachable set approximation and the computation of the objective and constraint
functions during optimization. Since the number of function evaluations v (¢) can be
polynomially bounded in % for the accuracy € > 0 of a first-order critical point if second-
order methods are used [18], we focus on the complexity of one evaluation of the objective
and constraint function subsequently.

We now analyze the complexity of evaluating the approximations to the state deviation
and input deviation support functions (and their corresponding derivatives) from (6.41)
and (6.43). For a worst-case complexity analysis, we only consider the computation
of the Hessian matrix of these approximations. For their computation, we require the
feedback matrix using LQR control with complexity O (n3) (see Sec. 2.4), its second-
order tensor with complexity O (n2 + nn2) = O (a?n®) (see Prop. A.4) using (6.69),
(6.70), and 2w < 6, and the second-order tensor of the approximated shape matrix Da,
which is computed via (6.39). For the computation of Da,, we evaluate (6.39) mcmq
times, where one evaluation is dominated by the complexity of computing the second-
order tensor of the matrix integral in (6.39). Here, computing the second-order tensor of

eAa ()0 dominates with complexity O (9n<n?) = (a?n“2), where ¥ € N denotes
the finite number of terms from the infinite series of e?<(4:2)% to compute the matrix
exponential accurately enough; the complexity for each of the ¥ terms is O (n;’nz),
which follows from the complexity of multiplying two matrices but where each element
multiplication is the outer product of two n,-dimensional vectors (also see Sec. 6.3.7). To
derive the computational complexity of solving the integral in (6.39), we solve the ODE
corresponding to this integral with complexity O (bdn¥n?) 59 g (a?n“*2), where b €
N, collects the fixed number of function evaluations per ODE step and the total number
of ODE steps: For instance, the classical Runge-Kutta integration scheme requires four
function evaluations per step and the number of ODE steps can be assumed fixed if
a solver with a fixed step size is used. Evaluation of (6.39) m.mgq times over v (¢)
optimization iterations and computing the second-order differential tensor for the LQR
gain matrix m. times thus yields the overall complexity

0 (U (€) me (niw + ning + mdbﬂn‘;nz» =0 (a2n6) 7

for one objective and constraint function evaluation of (6.50).

Overall Complexity: The offline complexity of iPROC can thus be bounded from above
by
0 (Ci(;f}f{)OC (”)) =0 (cg’gé (n) +an'™ + n° + n*a® + n’alogn + a2n6>

619 (Cref (n) +an' " + a2n6) , (6.71)

if the GSC approach is used to compute an initial guess for the feedforward parameters
(see Sec. 6.3.8) and where O (cref (7)) denotes the complexity of the reference trajectory
computation as detailed in Sec. 5.2.1.
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6.3.9.2 Online Complexity

The feedforward controller evaluation has the same complexity as the PGSC approach,
ie. O (c%oé)sc (n)) 524
back controller evaluation is dominated by the simulation of the feedforward state with
complexity O (b (nze + cg}él)sc (n))) = O (an) using (5.34) and Ass. 5.1, where b € N
collects the total number of function evaluations for a fixed step-size ODE solver: Eval-
uating the dynamics f requires O (e) = O (n) elementary operations e € Ny by Ass. 5.1
for each dimension and we need to evaluate the feedforward controller for all b function
evaluations. Thus, the overall online complexity can be bounded from above by

O (an) since we use the same controller template. The feed-

0 (cpioc (1) = O (ke () +an) “27 0 (an).

6.3.10 Experiments

In this section, we compare the performance of ROC to our novel iPROC synthesis al-
gorithm. Since derivatives for the optimization of the synthesis problem of ROC cannot
be computed analytically (see Sec. 6.3.7), ROC uses parallel computing to numerically
approximate the derivative information using finite differences (see [53, Chap. 5] for
details on finite differences): For the processor used in this thesis, this means that ROC
uses eight processing cores compared to a single core used by iPROC. Put differently,
ROC uses around eight times more computational power than iPROC. That said, the
experiments will demonstrate that iPROC is still competitive, even with much less com-
putational power. We set ( = 0 for all benchmarks in this section and use an optimality
tolerance p = 1072 and controller order x = 1 for the iPROC algorithm.

6.3.10.1 Space Rendezvous

We present the space rendezvous benchmark proposed in [38, p. 3.6], [20] for the ap-
proaching mode. The dynamics of the controlled spacecraft, given in a coordinate system
relative to the target as shown in Fig. 6.5, are given by

T = x3, (6.72a)

Ty = T4, (6.72b)

is = nay + 2nag + r% - r% (r+z1) + % (6.72¢)

4 = Py — 2nwy — — g+ —2, (6.72d)
re me

where ¢ = 1.4350 x 10"¥ m® min =2, r = 42164 x 10°m, m, = 500kg, n = |/-%, and r. =
\/(r+ Sx)2 + 85. Let z = [sy, Sy, Uz, vy} denote the state with spatial coordinates

T
[sx, sy} and velocity {fux, fuy}, and denote with v = [Fx, Fy} the input to the
system, where F, and F), are thrust forces. The parameters of the benchmark are shown
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pL

b(2)

spacecraft

earth

Figure 6.5: Depiction of the relative coordinate system for the spacecraft model. Here, b(1) € R?
and b® € R? denote the basis vectors of the relative coordinate system in some
global coordinate system.

in Tab. 6.1. For ROC, we additionally set & = 0.754 and X = X. We note that the
original authors of the benchmark in [20] proposed Vg = {’U € R? ‘ Uz + vg < 3.3}
as state velocity constraints. Generally, an arbitrarily tight inner approximation of
Vorig can be computed by first inner approximating Veriz using Th. 4.4 and then using
[8, Th. 7] for the exact conversion from a zonotope to an H-polytope; however, the
resulting H-polytope has potentially many halfspaces. For this benchmark, a crude inner
approximation of Ve suffices: Looking at Fig. 6.6, the velocity constraints in {563, x4}
are easily satisfied. Therefore, we compute a parallelotope inner approximation of the
velocity sphere constraint as V = Z ({0, 3.3%I3) ), using Th. 4.4.

Both ROC and iPROC find a feasible solution in 553 s and 732s, respectively, where
csize (Rroc (tf)) = 0.19 and csize (Riproc (tr)) = 0.15. Fig. 6.6 shows the solution for
both approaches, with a more detailed comparison of their final reachable sets in Fig. 6.7.
Additionally, Fig. 6.8 shows the progress of iPROC over the iterations, which validates
the result of Th. 6.1 that the approximated trust-region problem can approximate the
formally verified controller cost arbitrarily closely.
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Table 6.1: Parameters for the space rendezvous benchmark.

Parameter Value
Me 5
T
x© —95, —30, 0, 0| ,diag(|2, 2, 0.1, 0.1 >
[ | diag (| )
Uu (0,2),
w (0,0.113) ,
X SxV
-1, 0
S <tan20°, -1 ,l180]>
tan20°, 1 o
. G*l
% Z(<0,3.32IQ>E)1:<0,G>Z: o1 , 1y
H
te 200s
T
s [—1, 0, 0, 0}
K 1
r1-T9 plane r3-r4 plane
40 T T I T T
2,
1,
0,
_1,
—9|
_40 | | | | | | | | |
—100 —80 —-60 —40 —-20 O 20 -3 -2 -1 0 1
—: 4 —x© sim. (ROC)
C—Rroc (tf) I Rroc ([0, tf]) sim. (iPROC)
T Riproc ([0,t])  CRiproc (tr) CITAG
X xf

Figure 6.6: Comparison of the ROC approach and the iPROC approach for the space ren-
dezvous benchmark. Fig. 6.7 shows the final, closed-loop reachable sets of both
approaches in more detail.
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x1-T9 plane r3-x4 plane

1072 1072
T T 1 T T
5 [ |
0.5
0 X 0 X
—0.5
_5 L |
| | | | | _1 | | | | |
~1.1  —-1.05 -1 —-095 —-09 -1 —0.5 0 0.5 1

T Rroc (tr) C—IRiproc (tr) Xt

Figure 6.7: Comparison of the final closed-loop reachable set of ROC and iPROC for the space
rendezvous benchmark.

6.3.10.2 Kinematic Single-Track Model (Car)

We consider a variant of the kinematic single-track model®

T1 = u] + wy, (673&)
To = Ug + Wa, (673b)
ig = 1 COS (xg) y (673C)

)

:i?4 =2 sin (IEQ) s (673d

T
where z = [v, U, s, sy} is the state of the system, v is the longitudinal veloc-

T
ity of the vehicle, ¥ € [—m, 7] is the vehicle heading, {sx, sy} denote the spatial

T T
coordinates, and u = [ul, ug] = [a, d)] is the input to the system, where a is

the longitudinal acceleration and ¢ is the steering rate. All benchmark parameters
are shown in Tab. 6.2. To arrive at a feasible solution for ROC, we additionally set

U = diag ({0.3, 0.7D U, weigh the final reachable set in the objective function of the

combined controller in (6.9) with Qop,; = diag ({0.5, 10, 1, 1} ), and weigh the undis-
turbed, final reachable set in the objective function of the feedforward computation with

Qgﬂ:diag(h, 1000, 1, 1})2.

!Sec. 5, https://gitlab.lrz.de/tum-cps/commonroad-vehicle-models/-/blob/master/
vehicleModels_commonRoad.pdf
2These values are mostly obtained by trial and error.
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Figure 6.8: Visualization of the solver progress for the iPGSC approach (space rendezvous
benchmark). Values between J (Z(i_l)) and J (é(i)) for 1 <4 < 8 — where z(=1)
and 2(9 are the initial and critical points of the trust-region subproblem — are
linearly interpolated (2(0) = 2(0)). Opaque values at i € {1,2,4, 7} visualize rejected
iterations.
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Table 6.2: Benchmark parameters for the car model.
Parameter Value

Me 5

Cr0) [20, 0, 0, O]T

x () <cX<O),diag([0.2, 0.02, 0.2, 0.2])>
u <0,diag([9.81, 0.4])>Z

W <0,diag([2, 0.08})>Z

X {—cyo Tz} & X

te 1s

s [20, 0.2, 19.87, 1.99}T

K 1

Fig. 6.9 depicts the reachable sets of the ROC and the iPROC approach for the car
benchmark, where Fig. 6.10 shows the final reachable sets of both approaches in more
detail. The sizes of the final reachable sets using (5.37) are csize (Rroc (tr)) = 0.39
and csize (Riproc (tf)) = 0.13, where computation times for ROC and iPROC where
487 s and 497 s, respectively. While both ROC and iPROC find feasible solutions, ROC

requires manual tuning (see, e.g., u above) while performing worse, i.e., finding a larger
final reachable set.

6.3.10.3 Water Tanks

We now compare the scalability of ROC and iPROC for a model of n € N, water tanks
[9] as shown in Fig. 6.11. The dynamics are given by

i‘l =UuU+w— k\/29$1,
=k (\/2955i—1 - \/2917%') ,

for 2 < ¢ < n, where zj is the water level of the k-th tank for 1 < k < n, u is the
inflow into the first tank, w is the uncontrollable inflow into the first tank, and we set
k = 0.015 and g = 9.81. The parameters for this benchmark are listed in Tab. 6.3 and
Fig. 6.12 shows the reachable sets for n = 4 tanks.

Tab. 6.4 shows the control performance using the metric given in (5.37) and the
computation times for both ROC and iPROC for up to eight tanks, where ROC uses
parallel computing and thus more computational resources. That said, the iPROC
approach seems to scale better with the system dimension in this benchmark than ROC
while also performing better overall.
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Figure 6.9: Comparison of the ROC approach and the iPROC approach for the kinematic

single-track model (car).
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0.21 |- - 2.1 s
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Figure 6.10: Comparison of the final closed-loop reachable set of the ROC approach and the
iPROC approach for the car benchmark.

161



6 Piecewise Constant Controller Synthesis with Continuous State Feedback

A
,»:<

I v w

T2 V. i

3 — {1l

=

Figure 6.11: Model of the water tank, where x; denotes the water level of tank ¢ for 1 <i <3
and v+ w denotes the inflow rate caused by the input and the disturbance [9, Fig.
5, adapted].

Table 6.3: Benchmark parameters for the n-dimensional water tank model.
Parameter Value

Me 2

Cx(0) 10- 1,

x© (cx©:1n),

U <1a 1>Z

w (0,0.02),

Xt {—cxo + i} o XO
te 120s

Tt 10-1,

K 1
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Figure 6.12: Comparison of the ROC approach and the iPROC approach for the n = 4 tank
benchmark. The final state constraint X; is only shown for reference but not
included in the controller synthesis.

Table 6.4: Scalability comparison of iPROC and ROC for the tank benchmark using 2 to 8
tanks with m. = 2 and no final state constraints.

nr. of tanks 2 4 6 8
time [s] (iPROC) 116 218 473 1056
time [s] (ROC) 30 102 383 1209

csize (R (t)) (iIPROC) 0.17 1.62 3.66 5.77
csize (R (t)) (ROC) 048 2.00 4.00 6.06

nr. of iter. (iPROC) 10 8 8 8
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6 Piecewise Constant Controller Synthesis with Continuous State Feedback

6.3.11 Discussion

Compared to ROC, iPROC synthesizes the combined controller jointly and thus does not
require the user to provide tightened feedforward input and adapted state constraints or
weighting matrices for the feedforward or feedback synthesis. Additionally, the numerical
experiments in Sec. 6.3.10 demonstrate that iPROC can synthesize more performant
controllers than ROC, albeit at the cost of higher computation times, especially for
lower-dimensional systems. Nevertheless, Tab. 6.4 indicates that iPROC scales better
than ROC for an increasing number of system states in practice. Overall, iPROC is
an almost one-click synthesis approach for the synthesis of a combined controller which
requires minimal user input.

That said, the tuning of the trust-region radii can still be improved: While Th. 6.1
provides a general framework for how the radii can be adjusted, choosing the monotoni-
cally decreasing function and its parameters adequately so that iPROC works well over
a range of systems is not trivial. Additionally, while not discussed here, it might further
be possible to choose the m, controller pairs of feedforward and feedback controller and
the feedforward controller order s automatically. Furthermore, it may be possible to ob-
tain an initial guess for P, @), and R by solving the synthesis problem for the combined
controller for a finite set of initial states using optimal control.

6.4 Summary

In this chapter, we described the reachset optimal control (ROC) approach from [101] and
introduced our novel iterative polynomial reachset optimal control (iPROC) algorithm
from [35], which — for the first time — synthesizes the feedforward and feedback controller
simultaneously and thus avoids the introduction of additional algorithm parameters.
ROC synthesizes a combined controller, consisting of a piecewise constant feedforward
controller, which is linear in the initial state, and a continuous state feedback term.
Using the GSC approach, the feedforward controller is first synthesized separately. The
feedforward controller then is kept fixed and the feedback controller is optimized: To
evaluate the objective function and the constraints, an outer approximation of the closed-
loop reachable set has to be computed in each iteration. To reduce the number of
optimization variables for the feedback controller, LQR control with diagonal weighting
matrices for LQR are used. In summary, ROC allows for a straightforward extension
of the feedforward synthesis to the combined synthesis of a feedforward controller with
continuous state feedback by combining reachability analysis with optimization.
However, even though the feedforward controller has direct influence on the feedback
controller, ROC keeps the feedforward controller constant during the feedback synthe-
sis, yielding suboptimal results. Furthermore, this sequential optimization introduces
additional algorithm parameters that need to be tuned by the user. Additionally, the
feedback synthesis recomputes an outer approximation to the closed-loop reachable set
in each optimization iteration, and thus is computationally expensive. As a result, we
proposed the novel iPROC approach, which — for the first time — jointly synthesizes
the feedforward and feedback controller iteratively: Since the original synthesis prob-
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lem is in general hard to solve, we approximate it with a cost function. Because the
evaluation of this controller cost is computationally expensive as it requires reachability
analysis, we avoid optimizing over it directly and rather propose a smooth optimization
problem in the controller parameters, which approximates this cost and can be solved
with any off-the-shelf optimization solver. That said, this optimization problem approx-
imates the cost accurately only in a local neighborhood of these parameters. Thus we
restrict the domain of the approximated optimization problem to a trust region around
the current controller parameters and iteratively update them whenever the cost de-
creases. We adapt the size of the trust region in each iteration to ensure the accuracy of
the approximated parameterized reachable set. Hence, iPROC enables the simultaneous
optimization over the combined controller parameters and avoids the introduction of
additional algorithm parameters that need to be tuned by the user. The effectiveness of
iPROC was demonstrated using numerical benchmarks.
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7 Conclusion and Future Directions

7.1 Conclusion

In this thesis, we developed different control synthesis algorithms which combine reacha-
bility analysis and optimization theory to obtain non-conservative and formally verified
results. To formulate efficient algorithms, we further developed new set conversions
between zonotopes and ellipsoids. The presented algorithms all operate on disturbed
nonlinear systems, respect input and state constraints, and have polynomial complex-
ity in the state dimension, making them applicable to a wide range of tasks, such as
autonomous driving and human-robot interaction tasks.

We first introduced the general synthesis problem and defined the abstracted syn-
thesis problem, which is constructed such that all relevant optimization problems from
subsequent chapters can be generalized to this problem. We showed that the abstracted
synthesis problem can be reformulated as a smooth non-convex optimization problem.
Because many solvers find solutions to an optimization problem by solving the associated
Karush-Kuhn-Tucker (KKT) conditions, we furthermore proved that any critical point
of said optimization problem is regular. As a result, the first-order KKT conditions are
always necessary conditions for all novel optimization problems in subsequent chapters,
and thus many off-the-shelf optimization solvers can be used.

For an efficient and numerically stable way to pose and solve these synthesis problems,
we further derived novel conversions between sets, such as ellipsoid-zonotope conversions
from our work in [36]. These conversions are necessary since not all set operations
are closed under all set operations. As a result, the same operation for two different
set representations may have different tightness and computational efficiency. Since
we synthesize controllers under input and state constraints, we furthermore reviewed
existing methods to check the containment of two sets, which are used in subsequent
chapters to, e.g., check the state constraint satisfaction of a given reachable set.

Next, we first focused on the synthesis of piecewise constant controllers. Here, we
introduced the generator-space control (GSC) approach from previous work in [99] for
the synthesis of piecewise constant controllers for disturbed nonlinear systems under
constraints. While GSC is computationally efficient since it only requires the solution of
a single linear program (LP) for the synthesis of its controller, it only optimizes over the
reachable set of the linearized dynamics. Thus, we proposed polynomial generator-space
control (PGSC) from our work in [37] as an extension of GSC, which synthesizes piece-
wise constant controllers that are polynomially dependent on the initial state based on a
polynomial abstraction of the nonlinear dynamics. However, since both GSC and PGSC
only approximate the reachable set without any formal guarantees, the inclusion of state
constraints always requires additional input from the user. To solve this problem, we
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introduced the iterative polynomial generator-space control (iPGSC) approach, allow-
ing us to synthesize polynomial, piecewise constant controllers under input and state
constraints without the need for additional user input.

However, piecewise constant controllers often cannot counteract disturbances effi-
ciently when disturbances are large or act quickly, resulting in larger reachable sets.
Thus, we first described the reachset optimal control (ROC) algorithm from [101], which
synthesizes a piecewise constant feedforward controller with continuous state feedback
for nonlinear disturbed systems under input and state constraints. However, because
this synthesis is executed sequentially, i.e., the feedforward controller is computed first
and then fixed in the subsequent optimization of the feedback control term, the resulting
controller may be suboptimal. Furthermore, this sequential computation approach pro-
duces additional algorithm parameters that require manual tuning by the user. Thus,
we proposed the iterative polynomial reachset optimal control (iPROC) approach from
our work in [35] which — for the first time — synthesizes a feedforward and a feedback
controller simultaneously by solving a single optimization problem. To avoid extensive
reachability computations, we approximated the synthesis problem and used trust-region
radii to restrict the domain of the controller parameters for this approximated optimiza-
tion problem to ensure accuracy.

7.2 Future Directions

We presented approaches for the formally verified controller synthesis of disturbed non-
linear systems under input and state constraints. Subsequently, we propose possible
directions for future research to extend this work.

In PGSC and iPGSC, we use a piecewise constant controller which is polynomially
dependent on the initial state. While this can achieve better control performance than
linear controllers as demonstrated in Sec. 5.3.8, it requires the user to choose the ap-
propriate controller order. Formulating the synthesis problem for a single initial state,
optimal control may be able to quickly solve the synthesis problem for a set of possible
controller orders to find a suitable choice. Additionally, one might be able to directly
identify exponent vectors of the controller template which contribute most to good con-
trol performance. Such a sparse controller template could avoid an unnecessarily large
number of controller parameters.

While our proposed approaches, specifically iPGSC and iPROC, already reduce the
number of algorithm parameters that need to be set by the user, the number of piecewise
controllers for iPGSC and the number of feedforward and feedback controller pairs in
iPROC still needs to be chosen by the user. Here, optimal control for a single initial
state could be used to determine the effect of a varying number of controllers on the
control performance: By formulating the synthesis problem for a single initial state,
optimal control methods can be used to quickly solve the synthesis problem for a given
number of controllers. Since these methods are very efficient, evaluating the optimal
control problem for a larger number of controllers might be feasible.
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Furthermore, we assumed that the time horizon is split uniformly, i.e., each controller
is always active for the same amount of time. However, there might be instances where
a large number of controllers is only required for a short time interval — e.g., due to
quickly changing system dynamics — so that subdividing the time horizon uniformly to
achieve the required number of controllers for this short time interval is quite inefficient.
Here, ideas similar to numerically integrating differential equations might be able to
identify points in time where a higher number of controllers is required: Adaptive step-
size solvers for ODEs are able to automatically decrease the time step size when the
dynamics require a finer time resolution. A similar approach might be able to identify a
non-uniform time discretization for the number of controllers.

Lastly, we approximated the synthesis problem in iPROC to avoid the computation
of the reachable set in each optimization iteration. While this approximation is less
expensive to compute than the reachable set in practice, it still evaluates the Riccati
equation and its derivatives in each optimization iteration to compute the LQR feedback
matrix for the feedback controller. To further reduce the computational effort and speed
up the optimization, one may approximate the trust-region subproblem using yet an-
other, inner trust-region approximation: We initially compute the Jacobian and Hessian
matrices of the outer trust-region subproblem and then form an inner approximation by
assuming that these computed Jacobian and Hessian matrices are constant. By again
restricting the domain for the controller parameters of this inner approximation to a
trust region, we can control the accuracy of this inner approximation. As a result, we
avoid the recomputation of the derivative information in each optimization iteration of
the trust-region subproblem.
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A Appendix

A.1 Abstracted Synthesis Problem

A.1.1 Reformulation Equivalence

Proof of Prop. 3.1. We first prove the second claim by deriving the optimizers §, W, 7,
V, T, and p as functions of Z, i.e., in dependence of %2 only. We note that the KKT
conditions used in this proof are always necessary for (3.5) due to Prop. 3.2.

Value of @w: We start by analyzing the complementary slackness conditions of (3.5b),
given by

(A.la)
: (A.1b)

where A(H) ¢ R’z“g and \(5) € R;“g are the corresponding optimal Lagrange multipliers
with 1 < ¢ < n,,. Further, the stationary condition with respect to w is given by

R R Nk Ns T
O O VD D I 7 ;(gk)) —0, (A.2)

m) m
k=1m=1

where )ZEZ)L) € quo is the optimal Lagrange multiplier of the (km)-th constraint in (3.5d).

Now assume that @; > |h; (£)|. It then holds that 5\5+) = :\,E_) = 0 due to (A.1). Since
(A.2) must hold for general I > 0 and M € RLy*™, it must also hold for I = 1, and

M = 0, from which 5\§+) + 5\1(_) = 1 follows, and thus by contradiction, it must hold that
w = [h(2)], (A.3)

since @ > |h (2)| (see (3.5b)).

Value of §: The complementary slackness conditions of (3.5¢) and the stationarity
condition in y are given by

_@ (B(i,:)/) (2) - Z/i) =0, (A4)
iz (R(i,:)P (2) - yi) =0, (A.5)
1-¢ ~G=0, (A.6)
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for 1 < i < ny, where § € R;‘% and E € R;% are the optimal Lagrange multipliers of
the respective constraints in (3.5¢). It follows from (A.6) that gz + ¢ = 1. Assuming
7; > max (B(@;)P (2) ,R(L;)p (2)) implies §Z = (; = 0 due to (A.4) and (A.5), and thus

follows by contradiction and due to (3.5¢).

Value of §: The relevant KKT conditions in s are

0 —0m — O =0, (A.8)
bm (Gm — 8m) =0, (A.9)
Dy = 0, (A.10)

for 1 < m < ng, where § € RY; and J e RY; are the optimal Lagrange multipliers of
the constraints in (3.5g) and (3.5i) and we define § = p — b. Summing (A.9) and (A.10)

yields Smgm — <5m + zg‘m $m = 0, where a subsequent substitution of Sm + ﬁm = o from
(A.8) and solving for §,, results in

OmGm
Sm = . A1l
b = (A.11)

Now let Z = {i € {1,...,ns} | § <0}. Then Vi € T : §;j; = 0 since necessarily §; = 0
for §g; < 0 due to s; > 0 and (3.5g) (statement trivially holds for §; = 0). For J =

. A. ~ A. N
1,...,ns} \ Z, we further have Vj € J : §g; > 0 (25) 55 > 0(:19) 9; =0 (:>8) d0; =o0.
j J J J

Thus, (A.11) can be written as

. Gm, Gm >0,
Sm = A.12
" {O, otherwise ( )

for 1 < m < ng. To express § in Z only, it remains to derive § = p — b in Z only. Thus,
we assume g, > 0 for the remainder of this proof.

Value of p: The stationarity condition in p and the complementary slackness condition
of (3.5f) are given by

—17 Ay + 0 = 0, (A.13)
[ﬁl(m)}k (Vkm + Tkm — ﬁm) =0, (A.14)

for 1 <m <ngand 1<k < ng, where ’Ay(m) € Rg’f) is the optimal Lagrange multiplier of
the m-th constraint in (3.5f). Now assume that p,, > max (f/(;,m) + T(:7m)) for g, > 0.
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It then holds that 4(,,) = 0 due to (A.14), and thus om = 17 A(my = 0 due to (A.13);
however, we previously proved that Sm = ¢ for §,, > 0, and therefore

Pm = Max (‘A/(:,m) + T(,m)) for gm, > 0, (A15)

follows by contradiction.

Value of V: Since P, = Max (‘7(:7m) + T(:,m)) for g, > 0, there must be a set of indices

Kmy €{1,...,n%} for which holds that

Vk € Iﬁ(m) :vl_cm + Tl_fm = Pm for g, >0, (A.16a)
Vk € {1, Ce ,nk} \ Iﬁ(m) :‘A/Em + T]_gm < Pm for gm > 0. (A.lﬁb)

From (A.13), (A.14), (A.16a) and (A.16b), it then follows that

13 Am) = ) > [’?(m)h = Om. (A.17)
kEK(m)

The stationarity conditions in Vj,, for 1 < k < ni and the complementary slackness
condition of (3.5d) are given by

—15252) + [%m] L= 0 (A.18)
{XEQ)L <{F((7’7€1))} (i,:) (Ah (2) + M) — Vkm) =0, (A.19)

k)
m)

€ quo is the optimal Lagrange multiplier of the (km)-th
(AR (%) +Mu§)). It then

for 1 < i < q, where )ZE

constraint in (3.5d). Now assume that V,;m > max (F((T’Z))

follows from (A.19) that X@) = 0 and thus {'Ay(m)} = 0 due to (A.18). Since then

k
chelﬁ(m) h(m)]fg =17 Am) = 6 = 0 (see (A.17)) but we previously showed that 6 = o
for g, > 0 (see derivations for §), it follows by contradiction that

Vo = max <F(k)

"o (m) (AR (2) + Mﬁ))) for gm > 0. (A.20)

Value of 7: The stationarity conditions in Ty, for 1 <k <ni, 1 <m<n, 1 <i<gq
and the complementary slackness condition of (3.5e) are given by

T 5 (k) 4 —
—15 by + [Fem], = 0, (A.21)

2= T ) =0, (A.22)
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where égi)b) € quo is the optimal Lagrange multiplier of the (km)-th constraint in (3.5e).
Similarly to V, assume now that T,;m > max (GE%p(é)) with &k € /C(m) as defined in
(A.16) for gm > 0. Tt then follows from (A.22) that (%) = 0 and thus Ay =0 due
to (A.21). Since then Zl?:e@m) h(m)} - 1L Am) = 6 = 0 (see (A.17)) but we previously

showed that 6 = o for g, > 0 (see derivations for §), it follows by contradiction that

A

T, = max <G8€rz)p (2)) for g, > 0. (A.23)

Collecting all optimizers: We can now write §,, for 1 <m < ngy as

gm >0
. (A.12) Gm = Pm — bm
(Aéﬁa) V%m + chm — b,
(A-3),(A.20),(A.23) s (F(('r]i)) (Ah(2) + M |h (2)|)> + max (GEQ);) (2)) —bm
(A.16a) k 5 5 k) o(z
= max {max (F() (4h (2) + Mk (9)])) + max (G0 (2))} = b
and thus

5, {g’”(é)’ 9m (2) > 0, (A.24)

B 0, otherwise

or equivalently 8§ = max (0,9 (£)), where g is defined in (3.4). Therefore, substitution of
§, W, and ¢ in (3.6) by (A.24), (A.3), and (A.7) yields Jsmooth (2,8, W, 9) = J (2).

Same minimum: It remains to prove the first claim. Let (z*,s*) denote a global
optimizer of (3.2). By design, it must hold that s* = max(0,g(z*)) since, if s* >
max (0, ¢ (z*)), choosing (z*, max (0, g (2*))) achieves a smaller minimum but (z*, s*) is
assumed to be a global optimizer. Thus, the minimum J (2*) = J (2*, max (0, g (z*)))
is attained. Previously, we showed that the minimum objective value at a critical point
(2, §,1Z;,gj,f/,f,f)) of (3.5) is J (2). We now prove the equivalence of (3.2) and (3.5) by
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contradiction: Assume that j(z*) < j(é) Then (5, 5,w,7,V, T, ]3) with

z=2z,
§ =max (0,9 (z")),
w = |h(z")],

for 1 <k <mny and 1 < m < ny is a feasible point of (3.5) with

Tamootn (28,05, V. T,p) = J (%) < J (2),
but (2,§,u?,f, f) is a global optimizer by assumption; thus, .J (z*) > J (%) follows by
contradiction. Similarly, now assume that J(z*) > J(2). Then (2,max (0,9 (2))) is a
feasible point of (3.2) with J(z*) > J(2), but (2", s*) is a global optimizer by assump-
tion; thus, J (2*) = J(2) when combined with J (z*) > J(2) as proven above, which
concludes the proof. O

A.1.2 Necessity of First-Order Optimality Conditions

N . T
Proof of Prop. 3.2. Let & = {QT, st wf, 47, V(T) T(:T), ﬁT} € R" denote a col-
lected critical point of (3.5) with g (#) < 0, where

+h(2)]  [@
—h(3)| |
Rp(2)| _ |9
Rp(2)] |9

F{N) (AR (2) + M) = 14 Vi,
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ie., §(2) € R™ collects all constraints of (3.5). Since there are no equality constraints,
the Mangasarian-Fromovitz constraint qualification (MFCQ) from Prop. 2.3 requires
that there exists a direction

, d®

d=[a@", 4" aw" DD

(
with d®) € R, d(8) € R, d®) € Rmw, DV) ¢ Rmexns - DT) ¢ Rexns and dP) ¢ R™s,
such that J,, () d < 0 for a given 2, where A = {a € {1, ..., m} | §, () = 0} denotes the
active constraint index set and J;, (Z) is the Jacobian matrix of all constraints active
at r = 2.

In the worst case, all constraints are active. That said, use the fact that — between
7z < zZi and z; > z for 1 < i < n, — only one of the two constraints can be active at
any given time since z; < z; by assumption. To make the presentation more compact,

T
o, wr]

we write these two constraints as ‘z —3(z+ 2)‘ < 3 (zZ — 2z). The non-differentiability

at z = % (z + Z) is of no consequence as both constraints are inactive at z = 2, and its
derivative is hence given by

d% (yz —z - % (z — z)) = diag (sign (2 — 2)) .

Then we have

+Jp, (%) d® _ d®)
—Jy (Z) d(w)
BRI, ()] o [a®
Ll d
RJ,(2) d
(k) 2 J(2) @)\ _ p(V)
| Dax {max (F(m) (AJh (2)d*) + Md )) ka}
1<m<ng
max (g, (£) d) = max | | =7 0 7 (5) 4 (1)
| Dax {max (G(m)Jp (2)d ) - ka}
1<m<ng
(V) (T) (p)
1§HTlna§XnS {max (‘D(,m) - D(:,m ) — Um }
d® — q(s)
diag (sign (2 — 2)) d?)
i —d®) |
h(d®) — qw ]
Fld®) — g
a T V)
Fiy (4©) - o
d (D(V)7 DD — )
d® — q(s)
diag (sign (2 — 2)) d®
—d®)
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where
B (d®)) = max (+J, (2)d?, ~Jj (2)dD), (A.26a)
7 (d9) = max (RJ, (2)d®), RJ, (2)d)) (A.26b)
Fin (), d™)) = max (F{) (AJy (2)d®) + Md™)) (A.26¢)
G (4®)) = max (G{1) 7, (2)d) (A.26d)
d (DY), D)) = max (D) ~ DT ). (A.26¢)

Since we assume that all functions are sufficiently smooth, their gradients are at least
continuous, and since 2 is bounded (see (3.5h)), the expressions in (A.26) are bounded
for bounded d since they are also continuous. Choosing

A

d(z) — _gsign (2 — 2) s
) = b (d®) + ¢,
d® =7 (d®)

AV) _ % i(z) G(w
D() =L ( ( ),d( )) +€,
AT _ A 5(2)
Dy = Gy (d) +e
AP — Cj([)(V)’ [)(T)) + e,
d®) = max (0, tf(p)> + €,
with € € Ry yields i
TE (Z)% —dWw
(A d®) d(w _ D(V)
A 3 (T)
max ()(d()) D() <0,
d (DY), DM — q»)
j(p) —d®
diag (sign (£ — 2)) d®
—d®

and thus there exists a d for any # such that J54 (Z) d < 0, concluding the proof. O

A.2 Complexity Analysis

Proposition A.1 (Parameterized Reachable Set). Let f : R™ x R"™ — R"* denote
the system dynamics and let n = min (ng, ny,). Further, we assume that the number of
dependent factors and dependent generators of the given initial set grows at most with
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O (na) and O (n), and the number of elementary operations to evaluate f; for 1 <i < mny,
and all its necessary derivatives grows at most with O (n). The complexity of computing
the parameterized reachable set using the conservative polynomialization approach (see
Sec. 2.7.8) can then be bounded from above by O (n5 +n2a® + nlalog n).

Proof. We simply follow the proof in [59, Sec. 4.1.4], where we make the necessary
changes according to the made assumptions.

We discuss the complexity of all listed operations in [59, Eq. (4.18)] due to the different
assumptions separately:

o Linear map: O (n®) [59, Prop. 3.1.18]

o Minkowski sum: O (na) [59, Prop. 3.1.19]

o Exact sum: The merge operation has complexity O ((na)2> [59, Prop. 3.1.5] and

the compact operation has complexity O (n2alog n) [59, Prop. 3.1.7], so that the
overall complexity can be bounded from above by O (n%a?).

o Cartesian product: O (1) [59, Prop. 3.1.22]
o Linear combination: O (n?) + O (n?) = O (n?) [59, Prop. 3.1.26]
o Quadratic map [59, Prop. 3.1.26]

O ((na)2) +0 (nan) + O (nnnn) + O (nn (n + nalog (nn)))

=0 (n2a2 +n* 4+ n3alog n)

+ Reduce: O (n?) [59, Tab. 3.5]

e Restructure: Not used to preserve dependencies

e Zonotope enclosure: O ((na)n +nn) = O (an?) [59, Prop. 3.1.14]
o Interval enclosure: O (n?) [59, Tab. 3.3]

Thus, adding all the listed complexities above as in [59, Eq. (4.18)] yields
O (a2n2 + n* + an®log n) .

Since we assume a dimension of n and that the number of generators and number of
elementary operations to evaluate f and its derivatives grows at most with O (n), the
upper bound on the complexity of computing the Lagrange remainder follows directly
from [59, Sec. 4.1.4] as O (n5) The overall complexity thus follows, concluding the
proof. O

178



A.3 Derivatives of the LQR Feedback Matrix

Proposition A.2 (Polynomial Zonotope Composition). Given are the polynomial zono-
topes A = (-,G,Grests E)py, = {a(a)},, where G € R™™, Gregt € R and E €

N2X™ and B = <-,G<1>,0,E<1>>PZ = {b(8)}5, where G1) € R™*7 and EM) € N™>4,

Further, let d = maxj<p<m, max (E(:k)) be the mazimum monomial exponent. An
upper bound on the complexity of computing the polynomial zonotope {a (b (,8))}ﬁ =

<-,G, GreSt’E>PZ is given by
@) ((d (ng + np) + mn) qd) .

Proof. We first derive the complexity of computing {bi (ﬁ)d}ﬁ for i € {1,...,n,} and

maximum exponent d of a (). Then, we extend this complexity result to the computa-
tion of {a (b(8))} 5. Note that the centers of A and B are ignored as they can be included
in the generator and exponent matrices.

k . .
Let {bi (ﬁ)k}ﬁ = <"GE@)=)’O’E(]€)>FZ for k € {0,...,d} and any i € {1,...,n,} with

Géf)) € RIx" and E®) € N»x4d*, The computation of E®*) has complexity O (ank)
since E® € Nx4" (see [61, Prop. 12, Proof]). Similarly, the computation of Ggf)) €

RIX4" for i € {1,...,ns} has complexity O (qk). Because E(*) is the same for all i,
the complexity of computing {bi (ﬁ)k}ﬁ for all i € {1,...,n.} and k € {0,...,d} is
O (d(na+m)a’).

Next, we form the m monomials of {a (b(5))} 5 Each monomial consists of at most
ng — 1 multiplications of the already computed polynomial zonotopes {bi (ﬁ)ki}ﬂ for

i € {1,...,n,} and corresponding exponent k; € N with >} k; < d. The exponent
matrix of the product of n, polynomial zonotopes has at most dimension ny x ¢¢ due
to > pe, ki < d and thus the complexity of computing any monomial of {a (b(53))} P

is bounded from above by O (and>. Finally, we multiply the k-th monomial, now
represented as a polynomial zonotope with a generator matrix of dimension at most
1 x ¢%, with the corresponding column G € R" for all k € {1,...,m} with com-

plexity O (m (nqd)) and bring these m monomials into a single polynomial zonotope

a(b ={-, G, CGest, E by concatenation with complexity O (m (1)). Collecting
p Pz
all complexities then yields the desired result. O

A.3 Derivatives of the LQR Feedback Matrix

In order to optimize over the gain matrix K (z), we derive its Jacobian and Hessian
matrices in App. A.3.1 and App. A.3.2, respectively.

To that end, let (A (P), B (P)) denote a controllable LTI system with A (P) € R"=*"=
B(P) € Rw>™ P e [—1,1]"""¢ Q € S§=™, and R € S}*"™. Further, let z =
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T
[P (T)a sz RF{:)} € R", and we define n = max (ny,n,). For convenience, we restate

that the optimal LQR feedback gain matrix is given as (we omit arguments from now
on)

K=-R'BTX, (A.27)

with
F=ATX+XA-XBR'B'X+Q=o0. (A.28)

For later convenience, we define here the closed-loop system matrix as Aq = A + BK.
Further, we introduce the commutation matrix Mp € {0,1}"*™™ for a matrix D €
R™ ™ which is implicitly defined by

T
MpDgy = (D )(:) .
According to Sec. 2.2, we can replace differentials with their corresponding differential
tensors, and thus we derive the below expressions directly for these tensors. Due to
the definition of the sums and products of these differential tensors, one can replace d[]
at any point with dJ to recover the “differential” version. Let the differential tensors
dA € Rlxnzxnzxnm7 dB € }Rlxnzxnmxnu7 dQA c ]an><nz><nac><nz7 d2B c anxnzxnmxnu7
dQ € RIXn=xnexnz and dR € RMX"=XmuXnu 4]] with respect to z, be given. Lastly, let
e = cen denote the number of elementary operations required to evaluate any element of
A, B, or any of its differential tensors, where ¢, € R,. Thus, for a given differential tensor
M € Rn=xn=xnxn_jts evaluation complexity is bounded from above by O (en?n?) =
O (n?n3).

A.3.1 Jacobian of Feedback Matrix

Proposition A.3 (Jacobian Matrix of LQR Feedback Matrix). Let (A (P), B (P)) be a
controllable LTI system with A (P) € R"*"e gnd B (P) € R"*"u for P € [—1,1]M<"*%,
where each element of A and B is at least once differentiable with respect to P. Further,
denote with @ € Sﬁ”iﬁ”i‘ and R given LQR weighting matrices. The vectorized Jacobian

dK,
. (:) o+ .
matriz —= is given by

df;(‘) =~ (K"®R ") dR() — (X®R™) MpdB, — (LW R7'BT) dX(), (A.29)
where
—1
Xy = — (Ahmal)  ((XRL)Ma+ (LR X)) dAy + (KTREKT) dR,

+ ((X X KT) Mp + (KT X X)) By + dQ(:)),
(A.30)
with an upper bound on its computational complexity of O (ng‘" + n4nz), where w € Ry
1s the exponent for the current complexity of matriz multiplication.
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Proof. Applying the differential operator to (A.28) yields

0=dATX + ATdX + dXA+ XdA + dXBK + XdBK + KTdRK + KTdBT X
+ KTBTdX +dQ

0=dX (A+ BK)+ (A+ BK)" dX + dATX + XdA + KTdRK + XdBK
+ KTdBTX +dQ

0= ((A4RL) + (LR AT)) dX() + (X B 1) Ma + (I, ® X)) dA,
+ (K" R K")dRgy + ((XRET) Mp + (K" R X)) dB() + Q)

where we used (A.27), and the vectorization follows from (2.1). Solving for dX(,) then
yields (A.30). With

dK =d (—R‘lBTX>
=R YRR 'BTX — R 14BTX — R7'BTdX,

we finally arrive at (A.29) after vectorization, which concludes the first part of the proof.
-1

Looking at (A.30), the complexity of computing (Ag | AZ}) is at most O ((ni)w)

which follows from (Ag EEIAg) € R"*": and the computational complexity of the

matrix inverse being equal to that of the matrix multiplication [17, Prop. 16.6]. All
remaining operations in (A.29) and (A.30) can then be computed by a fixed number

of “matrix-vector” products of a (n? x n?)-dimensional matrix and a (1 x n, x n? x 1)-

dimensional differential tensor, which has complexity O (n'n.) since the matrix-vector

product of a n?-by-n? matrix and n?-by-1 vector has complexity O ((n2)2>, but we
need to multiple a 1-by-n, vector with a scalar for each “inner” multiplication. Since
forming the Kronecker product of two n x n-dimensional matrices has complexity O (n?*),
the overall complexity of computing the Jacobian of the vectorized gain matrix with
respect to z is at most O (n®n, +n* +n2“ + nn,) = O (n2* + n'n,) when including the
evaluation complexity O (n3nz) of the precomputed differential tensors, which concludes
the proof. O

A.3.2 Hessian of Feedback Matrix

Proposition A.4 (Hessian Matrix of LQR Feedback Matrix). Let (A (P),B (P)) be a
controllable LTI system with A (P) € R">*"= gnd B (P) € R"™=*™ for P € [—1,1]™<"*%,
where each element of A and B is at least twice differentiable with respect to P. Further,
denote with Q € SU7 " and R given LQR weighting matrices. The Hessian matriz
Hk,; () of the i-th row and j-th column of K € R™>*"e with 1 <i <ny and 1 < j < n,
is given by

HKij (2) =

N =

(dQKij + (dQKij)T) , (A.31)
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4,2

with a computational complezity for all nyn, entries of at most O (n?’ + nn2), where

KT = — d*XBR™' +2dX (~dB+ BR™'dR) R
+ X (~d*B +2(dB ~ BR™'dR) R™'dR) R, (A.32)
—1
Xy = (Ahmal) o), (A.33)
P20 = - (dzM + d2MT> : (A.34)

PM= +X (d2A +dBR™! (—2BTdX —2dRK — dBTX) + dZBK)
+dX (2dA +2dBK — 2BR™YdRK — BR—lBTdX)
— KTdRRYdRK, (A.35)

dK and dX are given as in Prop. A.3, and w € Ry is the exponent for the current
complexity of matrix multiplication.

Proof. Applying the differential operator to (A.28) yields (see proof of Prop. A.3)

dF = dATX + ATdXx

182
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A.3 Derivatives of the LQR Feedback Matrix

and applying the differential operator again results in

dF = + PPATX + dATdX +dATdX + ATd%X
+ d?’X A+ dXdA + dXdA+ Xd*A
— (- d*XBK — dXdBK +dXBR 'dRK + dXBR 'dB"X + dXBR 'BTdX
— dXdBK — Xd’BK + XdBR 'dRK + XdBR 'dBTX + XdBR'BTdX
+dXBR YdRK + XdBR 'dRK + 2KTdRR™'dRK + KTdRR 'dBTX
+ KTdRR'BTdx
+dXBR YdBTX + XdBR'dBTX + KTdRR™'dBTX — KTd’BT X
— KTdBTdx
+dXBR'BTdX + XdBR'BTdX + KTdRR™'BTdX — KTdBTdXx
— K'BTd*X)
PF = + PATX +2dATdX + ATd?X
+ d’X A+ 2dXdA+ Xd*A
+ d>XBK + 2dXdBK — 2dXBR 'dRK —2dXBR'dBTX —2dXBR'BTdXx
+ Xd*BK — 2XdBR'dRK — 2XdBR 'dBTX —2XdBR'BTdX
—2KTdRR'dRK — 2KTdRR*dBTX — 2KTdRR'BTdX
+ KTd*>BTX 4+ 2K7dBTdX
+ KT'BTd%X.

Next, we define
d?F = AT?X + d?’X A+ d*>XBK + KT'BTd?X — d°C, (A.36)
where

—d?C = + d*ATX +2dATdx
+2dXdA+ Xd*A
+2dXdBK —2dXBR 'dRK — 2dXBR 'dBTX — 2dXBR'BTdXx
+ Xd’BK — 2XdBR 'dRK — 2XdBR 'dBTX —2XdBR'BTdX
—2KTdRR 'dRK — 2KTdRR *dBTX — 2KTdRR 'BTdX
+ KTd?BTX + 2KTdBTdx
=d®’M + d®M7T,
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collects all terms not containing d?X, and where
d>M = + Xd*>A +2dXdA + 2dXdBK — 2dX BR™'dRK — 2XdBR'BTdX
—dXBR'BTdXx
+ Xd’BK — 2XdBR'dRK — XdBR™'dB"X — KTdRR™'dRK
=X (dQA — 2dBR'BTdX + d®BK — 2dBR™'dRK — dBR—ldBTX)
+dX (sz +2dBK — 2BR™YdRK — BR*lBTdX)
— KTdRR™YdRK
= + X (d?A+dBR™' (~2B7dX — 2dRK — dB"X) + d*BK)
+dX (2dA +2dBK — 2BR 'dRK — BR—lBTdX)
— KTdRR™YdRK.
Further, it holds that
ATPX + XA+ d*>XBK + KTBTd?X = AL?X + d’X Aq.
After vectorization of d>F = 0 from (A.36), it thus follows that
(afi@al) X, = 2,
and therefore
Xy = (ATEAL) " 0y,
Using the definition of K from (A.27) and applying the differential operator twice yields

KT =d(-dXBR™' - XdBR™' + XBR*ldRR*)
= —d’XBR ' —dXdBR '+ dXBR 'dRR™!
—dXdBR™' — Xd*?BR '+ XdBR 'dRR™!
+dXBRYdRR ' 4+ XdBR"'dRR™' —2XBR'dRR™'dRR™!
= —d’XBR ' —2dXdBR ' + 2dXBR'dRR!
— Xd’BR™ ' +2XdBR'dRR™!
—2XBR 'dRR YdRR™!
— _d®’XBR! 424X (—dB + BR—ldR) R
+ X (~d®B+2(dB ~ BR™'dR) R™'dR) R™".

Evaluating these products and sums of tensors, we obtain d2K7T € R"=*"= X" X"u which
yields d?K by transposition. Since

PRy =d2TdKijdz, 1<i<ny, 1<j<ng,
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the Hessian tensor Hg (z) € R™=*"=X"uX"z that contains the Hessian matrices of all
nyng entries of K € R™*™ is given by

1
Hic (i) = Hrcy (2) = 5 (K + @K, (A.37)

for 1 <i<nyand1l<j<n, dueto Th. 2.5.
-1
The computation of (Ag EHAE) in (A.33) has complexity O (n?”) (see proof of

x
Prop. A.3). Further, all remaining operations in (A.32) to (A.35) can be computed as a
product of an (n, X n, x n x n)-dimensional differential tensor and a (n xn)-dimensional
matrix, the tensor product between two (1 x n, X n x n)-dimensional differential ten-
sors, and a “matrix-vector” tensor product of an (n2 x n2)-dimensional matrix with
a (ny x ny x n2 x 1)-dimensional differential tensor: The complexity of the first oper-
ation is O (n“n2) since normal matrix multiplication has complexity O (n) but here
each scalar multiplication is replaced by the multiplication of an (n, x n)-dimensional
matrix with a scalar. The complexity of the second operation is at most O (n‘*’nz)
since normal matrix multiplication has complexity O (n“) but here each scalar multi-
plication is replaced by the outer product of two n,-dimensional vectors. Finally, the
complexity of the third operation is bounded from above by O ((n2)2n2> since the
matrix-vector product of a (n2 X nz)—dimensional matrix and a n’-dimensional matrix
is O ((n2)2), but here each element is a (n, X n,)-dimensional matrix and so each el-
ement multiplication of the “outer” matrix-vector product is the multiplication of a
scalar with a (n, x n,)-dimensional matrix. Thus, the combined complexity is then
O (n®n2 4+ n2 + n¥n? + n¥n2 + ntn?) = O (2 + n'n2) (computational complexity of
dK and dX from Prop. A.3 can be thus be ignored) when including the evaluation
complexity of all differential tensors of at most O (n®n?2), which concludes the proof. [
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